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Abstract

The flow of dilute suspensions in a rotating filter separator consisting of a rigid, porous, polyethylene cylindrical filter
rotating within an outer cylindrical shell was studied using laser-based velocity measurement techniques. The centrifugal
instability of the Taylor—Couette flow results in toroidal vortices stacked in the annulus. The velocity field of the particles is
very similar to that of the fluid indicating that the vortical structure readily entrains particles. Profiles of the concentration of
particles in the device show that the particles tend toward a concentration polarization layer near the porous inner cylinder
due to the radial flow, but the concentration in the layer is reduced as the velocity gradient near the wall is increased. This
steep velocity gradient is a consequence of the vortices in the flow redistributing the azimuthal momentum. The vortices also
distribute the particles uniformly across the annulus between the porous inner cylinder and the outer shell. Particles typically
form a thin cake on the inner cylinder due to the radial flow. However, there is a critical Taylor number, which is related to
the rotational speed of the inner cylinder, above which the particles are swept off of the inner cylinder and resuspended in the
vortical flow.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the top of the annulus between the coaxial cylinders
and travels axially in the annulus. The filtrate passes
Rotating filter separation is an innovative filtration through the porous inner cylinder and is channeled to
technology that could provide cost-effective separa- the hollow shaft supporting the inner cylinder where it
tion, concentration, and clarification in a wide range exits at the bottom of the device. The suspension be-
of applications, because it appears to be superior to comes increasingly concentrated as it moves along the
other types of filtration in the slowing of plugging of annulus. Finally, the concentrated suspension exits at
the filter poreq1-8]. A cylindrical rotating filter sep-  the bottom of the annulus. Because the fluid flow in a
arator consists of a porous cylinder rotating within a rotating filter separator minimizes the plugging of the
concentric non-porous cylinder. A suspension enters pores of the filter, substantially less filter area is needed
than with traditional cross-flow filtration to achieve the
"+ Corresponding author. Tek+1-847-491-4265: same thr(_)ughput, at I_east for the present application of
fax: +1-847-491-3915. rotating filter separation of bloofb,9]. Furthermore,
E-mail address: r-lueptow@northwestern.edu (R.M. Lueptow). the filter medium of a rotating filter needs cleaning or
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Several engineering analyses and experiments on
Nomenclature the blood plasma separation system using rotating fil-
d annular gap width tration have been done. It has been shown that the
Dp particle diameter filtrate flux rate using a commercial plasma separa-
F; force due to shear tor based on rotating filtration is one to two orders of
Fp force due to Stokes drag magnitude higher than that for traditional cross-flow
r radial coordinate filtration of blood[6,18]. Beaudoin and Jaffriff] pro-
ri radius of inner cylinder vided some evidence that the action of Taylor vortices
Io radius of outer cylinder is more important than the centrifugal sedimentation
Rea axial Reynolds numbed/v) of the particles on the anti-fouling nature of the device.
Rer radial Reynolds numbetJgd/v) In addition, mathematical models of the filtration flow
S Stokes number have been proposed that use relatively simple mod-
Ta Taylor number 1 2d/v) els for the effect of the supercritical Taylor vortices
Tagit  critical Taylor number for the [6,19]. Perhaps, the most thorough work on rotating
appearance of vortices filtration was done by the Belfort group, both model-
U radial velocity ing and experimentf20,21] Their work, which was
vt fluid velocity focused on the membrane—particle interaction, indi-
Up particle velocity cated that particle intrusion into pores of the rotating
W axial velocity membrane was the dominant type of fouling.
z axial coordinate Of course, the two-phase character of the suspen-
sion is key to the underlying physics of the flow and
Greek letters separation. The rotation of the porous inner cylin-
2 angular velocity der results in a flow configuration that is similar to
n radius ratio £i/ro) cross-flow filtration except that the filter moves past
n dynamic viscosity the suspension rather than the suspension flowing par-
v kinematic viscosity allel to the filter surface. The higher concentration of
0 tangential coordinate particles near the filter surface and the deposition of
Pp particle density particles on the surface, or cake layer, are reduced by
the shear. At a microscopic level, a single particle trav-

els generally parallel to the surface of the filter until

replacement less frequently because the pores of theit reaches the pore where some of the fluid is sucked
filter plug with particles more slowly than in standard into the pore. A particle that is carried with the fluid
cross-flow filtration. has several forces acting on it. Drag and lift forces re-
A handful of studies have evaluated the perfor- sult from the fluid motion. A body force results from

mance of rotating filter separators for specific sep- the centrifugal field if the particle has a different den-
aration applications. Rotating filter separators were sity than the fluid. Thus, very near to where the fluid
first tested for skim milk separatiofi,10] and for is sucked into a pore, the centrifugal body force along
fermentation[2]. The device has also been tested for with shear induced lift forces and other back-transport
use in oil-water separatiof3,11] and concentration  mechanisms tend to drive a particle that is denser than
of biological suspensiong,5,12—14] Several studies  the fluid away from the pore. The interplay between
have also addressed the performance of a commercialthese forces depends on the particle and fluid den-
rotating filter separator for separating plasma from sities, the particle and pore sizes, and the fluid flow
whole blood[15-17] Key to these studies is interest field. Away from the pore, the lift and drag due to the
in Taylor vortices, a stack of toroidal vortices that ap- Taylor vortex flow and the centrifugal forces affect
pear in the annulus between a rotating inner cylinder the particle motion. The Taylor vortices were origi-
and a stationary outer cylinder above a critical speed nally thought to wash particles off the filt§t2], but

as a result of a centrifugal instability, or on the effec- have more recently been shown to simply redistribute
tiveness of using the device for particular applications. azimuthal momentum thereby increasing the shear at
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the porous inner cylindej22—25] Recent analytical

I
results indicate that the interaction of forces on a par- Susﬁﬁgfigf’»[\\ | |
ticle results in particles tending toward a limit cycle S . [T N
orbit within a Taylor vortex that is not near the walls |
of the annulug26]. Our recent experiments covering Honeycomb_|| || ‘
a wide range of rotational speeds, patrticles, fluids, and | .
flow rates indicate that the key factor in preventing ) \’L J J
fouling is the high rotational shear enhanced by the (:FTBO\,\ B
redistribution of azimuthal momentum by the vortices — = T
and supplemented by the shear due to the axial flow 2ri=é.46
and centrifugal sedimentatid@5]. I L=45

In this paper, we present measurements in which we Outer o 2r0=?o.44
independently track the fluid and the particle motion Cylinder .
in a rotating cylindrical filter using two laser-based Rotating
velocity measure techniques, particle image velocime- Glass_— ﬁg:noe“rs
try (PIV) and particle tracking velocimetry (PTV). To Box Cylinder
track both fluid and particle motion we use two classes Concentrate ' . '
of particles: small PIV “tracer particles” to follow the Outlet M & | |
fluid flow and larger “inertial particles” as the partic- ~
ulate phase of the suspension. In addition, the images lz)iltrtelanta;
utle

obtained for PIV and PTV were interrogated to deter-

mine the particle concentration profiles in a rotating rig. 1. sSketch of the experimental set-up. Dimensions are in

filter device. Our goal here is to determine how closely centimeters.

the particles in the flow follow the fluid and to exam-

ine the anti-fouling nature of cylindrical rotating filter

devices. of the length of the annulus to the gap width was
45-48, depending on details of the individual test.
For some tests where the radial flow was set to zero, a

2. Experimental apparatus and procedure non-porous inner cylinder with diametgr= 4.34cm
was used, resulting in a radius ratio »f= 0.83, an

The flow system consisted of two concentric cylin- inconsequential difference with respect to the flow.
ders, an inner rotating rigid, porous, polyethylene  The working fluid flowed from an upper constant

cylinder and an outer glass cylinder with radii = head reservoir into a deep annular groove in the upper
4.23cm andry = 5.22 cm, respectively as shown in  endcap through four tangential inlet ports. This pro-
Fig. 1L The resulting gap width wag = ro — rj = vided a transmembrane pressure of about 20 kPa. The
0.99cm, and the radius ratio was= ri/ro = 0.81. fluid then passed through a flow-straightening section

The inner cylinder assembly consisted of a rigid, in the upper endcap consisting of two honeycomb
porous, polyethylene cylindrical sleeve with a wall sections (0.5 cm thick with a cell diameter of 0.1 cm)
thickness of 0.6cm fitted over an aluminum cylin- on either side of a 2:1 contraction section to straighten
der, which was mounted on a hollow stainless steel the flow and to provide an end boundary condition
shaft. The porous cylinder had a nominal pore size of nearly pure axial flow with minimal radial and
of 5um, a porosity of 20-30%, a specific density of azimuthal velocity components. The fluid exited the
0.94-0.95, and a permeability of8ax 102 cn?. The annulus via a deep annular groove in the lower endcap
inner cylinder was driven by a stepper motor capable with four radially oriented outlets. Fluid could also
of microstepping at 25 000 steps per revolution allow- pass radially through the porous sleeve of the inner
ing computer control of the rotational speed of the cylinder and then axially along an annular channel
inner cylinder to better than 0.1%. The two cylinders between the porous sleeve and the aluminum cylin-
were held concentric by aluminum endcaps. The ratio der, and finally radially inward through four holes
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to a hollow shaft where it exited the flow cell. The For the meridional plane measurements, the larger
volume flow rate was controlled by a valve below the inertial particles used as the particulate phase were
flow cell and was measured with electromagnetic or approximately 30Qum diameter Saran particles with
turbine flowmeters at the two outlets of the flow cell. a density of 1630 kg/f(1.63 g/cn3). For the latitu-
Fluid exited to a lower reservoir and was recirculated dinal plane measurements, the inertial particles were
to the upper constant-head reservoir with a pump. approximately 15¢qum PMMA spherical particles
Two separate sets of experiments were performed, with a density of 1200 kg/fh (1.2 g/cn?). The frac-
one measuring velocities in the meridionat-¢) plane tional volume concentration of the larger particles
and one measuring velocities in the latitudinai(6) was near 0.05 for the meridional plane experiments
plane. For a variety of practical reasons related to and 0.0001 for the latitudinal plane experiments to
the experimental apparatus and techniques, differentavoid speckle noise that degraded the PIV measure-
working fluids and particles were used in each case. ments. The speckle noise was most problematic for
For the meridional plane measurements, the working the latitudinal plane experiments, since light reflected
fluid was a mixture of water, glycerol, sodium iodide, from the particles in the laser sheet traveled through
and trace amounts of sodium thiosulfate to prevent a a significant distance in the suspension.
yellowish tint in the solutiorf27]. The sodium iodide For a given experiment, adjusting the appropriate
was used to increase the index of refraction of the fluid valves set the axial and radial flow rates. Then the
to match that of glass (1.47), so that the laser beam speed of the inner cylinder was ramped linearly to the
was not refracted at the curved fluid—glass interface. desired speed and the flow was allowed to develop
The fluid had a density of 1620 kgh(i.62 g/cni) and for at least as long as the mean residence time of the
nominal viscosity ofv = 3.15x 10-®m?/s (3.15cSt). suspension, which ranged from 1 to 10 min. In some
To track both fluid and particle motion we use two cases, it was necessary to readjust the valves and allow
classes of particles: small PIV “tracer particles” to the flow to develop after the inner cylinder reached
follow the fluid flow and larger “inertial particles” the desired speed due to changes in pressure drop with
as the particulate phase of the suspension. We dif- flow state.
ferentiate between the two types of particles in this  PIV and PTV depend on the illumination of a plane
way to suggest that tracer particles follow the fluid in the flow with a sheet of laser light. For the merid-
flow exactly by acting like fluid particles, which ional (- — z) plane measurements, the outer cylinder
ideally have infinitesimal size and a density identi- was surrounded a glass box filled with a refrac-
cal to the fluid. Inertial particles have a finite size tive index matched fluid to prevent refraction at the
and may have a density different from the fluid, curved surface of the outer cylinder. An electronically
so they may not follow the fluid flow exactly. Flu- shuttered 10 W argon laser was used to illuminate a
orescent polystyrene latex spheroids (provided by radial-axial plane through the axis of the cylindrical
Professor Joseph Katz, Johns Hopkins University) Couette flow device. Since the through-sheet velocity
with an average diameter of 25n and a density inthe azimuthal direction was so much larger than the
of 1100kg/n? (1.1 g/cn?) were added as PIV tracer measured axial and radial velocities, care was taken to
particles. These particles absorb 520 nm light most assure that the laser sheet timing was short enough and
efficiently and emit light at 630 nm. For the latitudinal the laser intensity great enough to capture a largely
plane measurements, the working fluid was a 40% overlapping population of particles in two consecu-
glycerol water mixture [1090 kg/fn(1.09 g/cn?) and tive images. For the latitudinal plane measurement, a
3.7 x 10°%m?/s (3.7cSt)] with 10-14m hollow 25-mJ per pulse dual YAG pulsed laser system was
glass spheres [1100 kgnf1.1 g/cn?)] as PIV tracer used to illuminate a latitudinak & 6) plane in the flow.
particles. In both cases, based on an analysis of howlIn this case, the light reflected from the particles was
well particles follow a flow[28], the tracer particles  imaged through a flat window in the endwall, making
are small enough to follow fluid velocity oscillations the glass box surrounding the experiment unnecessary.
up to very high frequency in spite of the density dif- A CCD camera (TSI Inc.) positioned perpendic-
ferences with the fluid. Furthermore, the axial flow ular to the laser sheet was used to record the flow
in the flow cell kept these particles in suspension. in the plane illuminated by the laser sheet. For the
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meridional plane experiments, the region that was im- ands2 is the rate of rotation of the inner cylinder. The
aged was at a location about one-third of the total flow axial Reynolds number iRe; = W (z)d/v, whereW

cell length from the exit of the device. For the lati- is the radially averaged axial velocity as a function
tudinal plane experiments, the laser sheet was posi-of axial measurement positian The radial Reynolds
tioned about one-quarter of the total flow cell length number isRe, = Ud/v, whereU is the average ra-
from the exit of the device. In both cases, the flow dial velocity. (The inner porous cylinder provides a
was fully developed at the measurement location. Ap- high resistance to the flow, and the pressure gradient
proximately 150-160 image pairs were captured at a along the length of the annulus is small. Taken to-
net rate of 15Hz. For the meridional plane measure- gether, these suggest a relatively uniform flux through
ments, images of the small fluorescing tracer particles the inner cylinder.) The Taylor number was varied
were obtained by using a filter that stopped blue—green from 0 to 1650, corresponding to cross-flow velocities
argon-ion laser light but passed the red light emitted of 0—0.5m/s; the axial Reynolds number was varied
by the tracer particles. Fluid velocity vectors based from 0 to 80, corresponding to cross-flow velocities of
on the tracer particles were calculated on a rectangu- 0 to 0.025 m/s; the radial Reynolds number was var-
lar grid of points using standard PIV techniques. PIV ied from 0 to 0.86, corresponding to radial velocities
is based on the cross-correlation of small regions of of 0 to 27 x 10~%m/s. These conditions span a large
consecutive digital images of the tracer particles. The parameter space that includes that for commercial ro-
average displacement of the particles from the first tating filters, such as those used for separating plasma
image to the second image results in a peak in the from blood (Plasmacell, Baxter Healthcare Corpora-
two-dimensional cross-correlation from which the av- tion). In this case, 10&: Ta < 500, 1< Re; < 5, and
erage velocity of the tracer particles, and hence the 0.003 < Rer < 0.007. Note that the axial Reynolds
fluid, can be obtained. Images of the larger particles number can vary somewhat with position along the
were obtained at reduced laser intensity with no op- length of the annulus due to the removal of fluid by
tical filter. At this light level, the light reflected and the radial flow.

emitted from the small fluorescing tracer particleswas  The flow in the annulus is strongly dependent upon
too dim to be recorded by the camera. Again PIV was the flow parameters. Above the critical Taylor number,
used to find the velocity, this time of the larger par- Tagit = 97 for the radius ratio in these experiments,
ticles. Thus, it was possible to record the velocity of toroidal Taylor vortices appear in the annulus. This
the two classes of particles separately. For the latitu-
dinal plane measurements, the CCD camera was po-
sitioned to view through a clear window in the lower
endcap of the test cell. In this case, images of both par-
ticles were obtained simultaneously. The larger parti-
cles were identified based on the brightness and size
of the patrticles in the image, and their locations were
recorded. Then an image with the large particles re-
moved leaving only PIV tracer particles was created
for PIV analysis to obtain the fluid velocity. Using the
locations of the larger particles and the PIV veloc-
ity field, the velocity of individual large inertial parti-
cles was obtained using particle tracking velocimetry
(PTV) in which the positions of individual particles
are tracked in consecutive images of the illuminated
plane[29].

The flow is characterized by three dimensionless
flow parameters. The ratio of centrifugal to viscous
forces is represented by the Taylor numb&, =
rif2d/v, wherer; is the radius of the inner cylinder Fig. 2. A schematic representation of wavy vortex flow.
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critical Taylor number is altered only slightly when a
radial or axial flow is preseriB0]. At slightly higher
Taylor numbers the vortices develop an azimuthal
waviness with an axial distortion, as shown schemati-
cally in Fig. 2 These waves travel around the annulus
in the same direction as the rotation of the inner cylin-
der with a velocity from about one-third to one-half
that of the inner cylindef31,32] The axial velocity
causes these wavy vortices to translate axially with
approximately the speed of the axial fl¢83,34].

3. Fluid and particle velocity fields

A typical flow pattern in a meridional plane for
zero radial flow along with a low axial flonRe; = 3

ST. Wereley et al./Journal of Membrane Science 209 (2002) 469-484

azimuthal wave of the wavy vortex. The axial flow
is left to right, but the axially averaged mean axial
velocity profile has been subtracted from the velocity
vectors to make the vortices more apparent. The upper
line at each time instant is the rotating inner cylinder
and the lower line is the stationary outer cylinder. The
waviness of the vortices is evident in examining the
motion of a single vortex. For instance, the leftmost
clockwise vortex clearly moves to the right with the
axial flow over one azimuthal wave period from the
first frame to the last frame. But the vortex is further
to the right in frame 1 than it is in frame 3 due to the
azimuthal traveling waves (shown schematically in
Fig. 2), which results in an axial oscillation of the vor-
tices at a single meridional plane as the wave passes.
At certain time instants, there is significant transport

at the axial measurement location) and a moderate of fluid between vortices. The waviness of the vortices

Taylor number corresponding to wavy vortex flow
(Ta = 314) is shown inFig. 3@). In this and subse-

quent figures, the velocity field at five time instants
is shown with time progressing from top to bottom.
Eight time instants correspond to the period of one

a) Fluid

b) Partlcle

and the transport of fluid between vortices are charac-
teristic of wavy vortex flow with no axial or radial flow
[32].

The key issue with regard to rotating filtration is if
the particles follow the fluid flow. Recall that three
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Fig. 3. The velocity field aRe, = 0, Ta = 314, Re; = 3. The axially averaged mean axial velocity is removed. Five time instants 1.0s
apart are shown with time progressing from top to bottom. Eight time instants correspond to the period of one azimuthal wave. The axial
flow is left to right. The upper line in each frame is the rotating inner cylinder, and the lower line is the stationary outer cylinder: (a)
fluid phase velocity; (b) particle phase velocity; and (c) slip velocity between the fluid and particle phases.
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phenomena could keep particles away from the rotat-

ing filter [25]. First, Taylor vortices could wash par-
ticles off of the filter[12]. Second, back-transport of
particles away from the filter surface related to the
shear due to rotation of the inner cylinder and the
axial cross-flow could induce migration of particles
away from the filte35]. Third, particles could sedi-
ment away from the rotating filter due to the centrifu-
gal field. However, for the situation studied here, the
density difference negligible. Thus, only the shear ex-
clusion effect as modified by the redistribution of the
azimuthal momentum by the vortices should play a
role in these experiment&ig. 3(b) shows the parti-
cle velocity field under the same conditions that fluid
velocity is shown inFig. 3(a) The particular time se-
guence shown ifrig. 3(b)was chosen to synchronize
its phase with that shown ifig. 3(a) but because
the two velocity fields were not obtained simultane-
ously, the vortex size and positions match only ap-
proximately. Nevertheless, it is clear that the particles
generally follow the motion of the fluid and their ve-
locity is of similar magnitude.

It is possible, though quite difficult, to subtract the
particle velocity field from the fluid velocity field to

475

determine the velocity difference (or “slip” velocity)
between the particles and the fluid. The difficulty
arises from the fluid and particle velocity fields not
being obtained simultaneously due to experimental
limitations. Thus, to determine the slip velocity, it
is necessary to match the phase of the waviness in
the fluid velocity data set to the phase in the parti-
cle velocity data set. Not only must the waviness be
matched between the two data sets, but the vortices
must also be aligned in the axial direction, because
the vortices are traveling axially in the annulus. The
tedious process of matching phase is based on visual
matching and the minimization of the least squares
difference between the data sets. Once the “best”
match is determined, the particle velocity can be sub-
tracted from the fluid velocity resulting in the velocity
difference field shown irFig. 3(c) Although a few
large vectors appear in the slip velocity field (due
to errors in the velocity measurements), most of the
vectors are quite short indicating that the particles
closely follow the fluid velocity.

The difference in velocity between the particles and
the fluid is more easily extracted from the latitudi-
nal plane measurements. fig. 4(a) the normalized

0.4 T T

(vp’r—vf’r)/ riQ

(Vp,e_vf,e)/riQ

Fig. 4. Difference between the fluid and particles velocitieRat= 0, Ta = 243, Re; = 30. (a) Radial velocity difference; (b) azimuthal
velocity difference. Inflow regions:@®), (—); outflow regions: ©), (——-).



476 ST. Wereley et al./Journal of Membrane Science 209 (2002) 469-484

radial velocity differenceyp r — vt r, where the pand  the fluid velocity in both inflow and outflow regions,

f subscripts refer to particle and fluid velocities, is except near the inner cylinder. Withi of the inner
plotted as a function of normalized radial position, cylinder, the particle velocity tends to be greater than
(r — ri)/d, for Ta = 243. The data is plotted for two  the fluid velocity in inflow regions and less than the
different axial positions with respect to the vortical fluid flow in outflow regions, although this result is
structure of the flow: at an outflow region where fluid not conclusive given the scatter in the data. This result
is flowing radially outward between vortices (open cir- also occurs at higher Taylor numbers of 343 and 592
cles, dashed curve) and at an inflow region where the with the difference as large as 6.2 at the highest
fluid is flowing radially inward between vortices (filled ~ Taylor number. The reason for the velocity difference
circles, solid curve). The typical velocity difference is not readily apparent based on the vortical structure
is negligible across the annular gap for both inflow of the flow field. However, it is important to note that
and outflow regions, as indicated by the least squaresthe largest velocity differences occur near the inner
curve fits. The scatter in the data shows that the fluid cylinder where the azimuthal velocity is greatest.
velocity and the particle velocity do not exactly match At this point, it is important to check if the large in-
due to a combination of experimental error and actual ertial particles should follow the flow based on a stan-
velocity differences. Similar results occur for Taylor dard analysis. A simple analysis can be based on the
numbers of 343 and 592. The azimuthal velocity dif- Stokes numbers = pngriQ/18ud, where pp and
ferencepp g — vt g, is shown inFig. 4(b)for Ta = 243. Dp are the density and diameter of the particles, and
First note that the scatter in the azimuthal velocity is the dynamic viscosity. A large Stokes number sug-
difference is greater than that of the radial velocity dif- gests that particles cannot follow the fluid flow, while
ference, probably due to the higher azimuthal veloci- a small Stokes number suggests that the particles
ties present in the system. Like the radial velocity, the will follow the fluid flow. In these experiments, the
azimuthal velocity of the particles typically matches Stokes number for the larger inertial particles ranged

04 T T T T

(Vp, r—vfy r)/ riQ

(vp’e—vte)/riQ

(r—ri)/d

Fig. 5. Difference between the fluid and particles velocitieRat= 0.2, Ta = 243, Re; = 28. (a) Radial velocity difference; (b) azimuthal
velocity difference. Inflow regions:@®), (—); outflow regions: ©), (—-).
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from 0.003 to 0.083, depending upon the operating calculate the concentration profile. Because the radial
conditions. Given these Stokes numbers, the resultsinflow results in a decreasing volume of suspending
presented above appear reasonable. That is, the parfluid as the fluid travels axially, the increase in particle
ticles follow the fluid flow fairly closely except near concentration with axial position depends on the axial
the inner cylinder where the particles are physically and radial Reynolds numbers. To permit comparison
prevented from following the fluid through the pores of concentration profiles under different flow condi-

of the porous cylinder. tions, each profile was normalized by average concen-
Fig. 5 shows the fluid and particle velocity differ- tration of particles at that particular flow condition.
ence for a small radial flowRg, = 0.2), a moderate The relative particle concentration profiles across

axial Reynolds numberRg; = 28 at the axial mea-  the annulus for three different radial Reynolds num-
surement location), and a Taylor number correspond- bers are shown ifrig. 6 for various Taylor and axial
ing to wavy vortices Ta = 243). The radial velocities  Reynolds numbers. In these figures, the radial position
of the particles and the fluid are nearly identical across is normalized by the gap width [so that- rj)/d = 0
the entire gap, as shown kig. 5(a) The azimuthal is at the inner cylinder and & r)/d = 1is at the outer
velocity difference is also near zero across the gap ascylinder], and a uniform particle distribution would
shown inFig. 5(b) although the inflow region has a correspond to a normalized concentration of unity.
slightly larger particle velocity in the middle of the The situation for no radial flow is shown Irig. 6(a)
gap and the outflow region has a slightly higher fluid where the two lower Taylor numbers correspond to
velocity near the inner cylinder. The scatter in the ve- non-wavy vortical flow and the higher Taylor numbers
locity difference at the outer wall may be attributed to correspond to wavy vortices. A relatively uniform
particles rolling or sliding on the wall and to the gen- particle concentration profile occurs across most of
eral difficulty in extracting particle images from the the gap regardless of flow conditions, although there
PIV data near the walls. However, the scatter in the appears to be a slight tendency for the concentration
data suggests that the most reasonable conclusion thato decrease with radial position. This puzzling result
one could make is that the particle and fluid velocities cannot be attributed to centrifugal forces, since this
are quite similar on average. would cause the particle concentration to increase
Measurements of the fluid and particle velocity with radius. The particle concentration drops substan-
fields at other combinations of Reynolds numbers and tially near either wall of the annulus. Very near the
Taylor numbers are consistent with those shown in walls, the presence of the walls prevents particles from
Figs. 3-5 In all cases, the particle velocity field is getting closer than one particle radius (about 0d)15
quite similar to the fluid velocity field. At some times from the wall. This also prevents us from measuring a
the radial inflow is evident near the inner porous particle concentration right at the walls [so the curves
cylinder forRer # 0, especially at inflow regions be-  do not extend ton(—rj)/d = 0 or 1]. However, the low
tween vortices. But on average the velocity difference particle concentration near the walls clearly extends
is negligible. substantially further from the wall than one particle
radius. This is mostly likely a result of the Taylor
vortices redistributing the azimuthal momentum such
4. Particle concentration profiles that it is nearly uniform across the gap with steep
gradients of azimuthal velocity in the radial direction
The same images of the particle phase that were near both the inner and outer cylindg2,24,32]
used to generate the particle velocity fields can also This azimuthal velocity gradient along with the axial
be interrogated to calculate the particle concentration velocity gradient from the imposed axial flow causes
profiles. To do this, the particle images were binarized large shear rates near both cylinders out of which
by setting the pixel values below a threshold to zero particles tend to migrate. Based on the results shown
and above the threshold to one. The area of contigu- in Fig. 6(a) the region of reduced particle concen-
ous pixels of high intensity was calculated. If the area tration is about 0.d thick. This thickness is about
was in the correct size range to be a valid particle, half the thickness of the region having the steepest
the centroid of the particle was recorded and used to azimuthal velocity gradient at this Taylor number.
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Fig. 6. Relative particle concentration profiles across the annular gap: (a) no radiaRélow,0: (-—--) Ta = 102 (non-wavy vortices),
Re; = 3; (—) Ta= 134, Re; = 17 (non-wavy vortices); (---Ja = 314, Re; = 16 (wavy vortices); €--—-- —)Ta= 314, Re; = 3 (wavy

vortices); (b) small radial flonRe, = 0.1: (-—--) Ta= 110, Re; = 3 (non-wavy vortices); (---JJa= 132, Re; = 19 (non-wavy vortices);
(—) Ta=877,Re; = 9 (wavy vortices); €--—-- ) Ta = 877, Re; = 22 (wavy vortices); (c) large radial flovRe, = 0.8: (—) Ta = 165,
Re; = 57 (no vortices); {—-—) Ta = 248, Re; = 33 (wavy vortices); (---JTa = 248, Re; = 57 (wavy vortices); (—)Ta = 1650,Re; = 42
(weakly turbulent vortices);~(--—-- ) Ta = 1650, Re; = 67 (weakly turbulent vortices).
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Although the thickness of the layer of reduced particle
concentration is less than the thickness of the steep
velocity gradient region, it is likely that the two are
related.

When the radial flow is non-zero, the particle
concentration profiles change substantially as shown
in Fig. 6(b) The two lower Taylor numbers in the
figure correspond to non-wavy vortices just above
the transition to vortical flow, while the two higher
Taylor numbers correspond to wavy vortices. Again
the particle concentration is lower near the walls for
the same reasons as kig. 6(a) indicating that the
steep velocity gradients due to the vortical transport
of the azimuthal momentum is still effective in keep-
ing particles away from the porous inner cylinder,
even with radial flow. But in this case, there is a high
particle concentration just outside of the particle ex-
clusion region near the inner cylinder that decreases
radially outward to about one-half of the distance
across the gap. From this point outward the particle
concentration is nearly constant until near the outer
cylinder. Clearly, the radial inflow works against the
vortical transport to carry particles toward the inner
cylinder.

Substantially higher radial flows, shownFig. 6(c)
also exhibit elevated concentrations in the near the in-
ner cylinder and lower concentrations near the outer
cylinder. Note that the axial Reynolds numbers are
necessarily higher in this case than in feg = 0.1
case to provide adequate axial flow to supply the large
radial flow through the porous inner cylinder. For the
lowest Taylor number (solid curve), the particle con-
centration, while low adjacent to the inner cylinder,
is much higher in the region near the inner cylinder
and lower near the outer cylinder than the other cases.
This result can be explained by the absence of vor-
tices that act to redistribute the particles radially at
this Taylor number. Since there are no vortices, par-
ticles accumulate near the inner cylinder. At higher
Taylor numbers, the vortical flow redistributes par-
ticles across the annular gap. Thus, while the parti-
cles are excluded from the immediate vicinity of the
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5. Cake formation and particle resuspension

As filtration progresses, a cake layer builds up on
the surface of the inner porous cylinder. A comparison
between situations with no radial flow and with radial
flow (Rer = 0.1) are shown irFig. 7 for Ta = 214
in the latitudinal plane experiments. In these photos,
the thin curve at the top of the image is the outer
cylinder and that at the bottom of the image is the
porous inner cylinder. The build-up of the cake layer
is quite evident for the case of radial flow in spite of
the lower particle concentration adjacent to the filter
surface evident ifrig. 6, because particles are carried
onto the filter surface by the radial flow through the
filter. The largest volume of particles on the surface
of the porous cylinder consisted of the larger inertial
particles, but many smaller PIV tracer particles were
also in the cake.

The growth of the cake layer thickness was mea-
sured by counting the bright pixels corresponding to
particles at the porous inner cylinder using similar im-
ages to those shown fRg. 7. The results are shown
in Fig. 8 for three Taylor numbers and an initial ra-
dial Reynolds number dRe, = 0.25. The polynomial
curve fits through the data are only to guide the eye,
not to suggest a form for the transient behavior of the
cake layer thickness. Since a constant pressure was
used in these experiments, the radial Reynolds num-
ber decreases to 38% of its initial value as particles
build up on the filter surface and the flux declined.
The cake layer thickness initially increases and then
levels off. As the rotational speed increases, the cake
layer thickness is reduced, probably as a consequence
of the combined effects of rotational shear and the re-
distribution of azimuthal momentum, both acting to
increase the shear at the inner cylind2s]. At the
lowest rotational speedid = 214), the cake layer is
about 3—4 particles thick. As the rotational speed in-
creases, the cake layer is reduced<t® particle di-
ameters thick foifa = 428 and close to one particle
thick for Ta = 642.

In the meridional plane experiments, we noticed

porous inner cylinder as a result of the steep azimuthal that increasing the speed of the inner cylinder after the
velocity gradient regardless of whether vortices are deposition of the cake layer resulted in the removal
present or not, the vortices redistribute the particles of particles, as shown ifrig. 9. In all three images,
toward the outer portions of the annulus reducing the the bright line at the top of the image is the rotating
build-up of high particle concentrations near the inner inner cylinder and the dark line at the bottom of the
cylinder. image is the stationary outer cylinder. The particles
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Fig. 7. The build-up of a cake layer on the inner cylindefTat= 214 andRe; = 29: (a) Rey = 0; (b) Rer = 0.1. The curved surfaces of
the outer (top of the image) and inner (bottom of the image) are evident.

were allowed to collect on the inner cylinder due to
a radial flow corresponding tBe, = 0.86 at a Taylor
number for which the flow was non-vortical. Then the
rotational speed of the inner cylinder was increased.
In Fig. 9(a)whereTa = 490 (corresponding to wavy
vortical flow), most particles remain caked on the inner
cylinder. But affa = 750, many particles are caughtin
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Fig. 8. Cake layer thickness as a function of timeRey = 30 and
Rer = 0.25 initially: (@) Ta= 214; () Ta= 423; (A) Ta = 642.

the vortical flow as shown ifig. 9(b) Most particles
seem to be at the periphery of the vortices with few
particles near the vortex centers consistent with other
recent experimental resulf36] and simulation$26].
Increasing the Taylor number to 875 removes more
particles from the inner cylinder, as showrHig. 9(c)

and distributes them throughout the vortices, probably
as a result of chaotic mixing inherent in wavy Taylor
vortex flow[37-39]

To quantify these observations, a layer of parti-
cles was allowed to form on the inner cylinder at a
low rotational speed and then the speed was ramped
up to determine the Taylor number where particles
were swept off of the inner cylinder. Three radial
Reynolds numberdRe = 0.1, 0.48, 0.86, were used
to span the range frequently used in commercial sep-
aratorg[6,9,14,20,21,40]A variety of axial Reynolds
numbers were considered. The experiment began by
setting the radial and axial Reynolds numbers at the
desired values with the inner cylinder turning at a slow
enough rate so that the flow was non-vorticl &

44) for about 10 min to permit a layer of particles to
accumulate. Then the inner cylinder rotation rate was
ramped so that the Taylor number increased at a rate of
14 Ta per second while images of the particles in the



ST. Wereley et al./Journal of Membrane Science 209 (2002) 469-484 481

Fig. 9. Images of the particles in the annulus Rg = 0.86, Re; = 11: (a) Ta = 490, (b) Ta = 750, (c) Ta = 875.

annulus (like those ifrig. 9) were recorded at 0.75 Hz. Repeating this resuspension experiment for sev-
A small number of tests at twice the acceleration pro- eral axial and radial Reynolds numbers permitted the
duced similar results, indicating that the acceleration evaluation of the effect of these parameters on the
was not a key parameter. The images of particles in the Taylor number at which the particles begin to resus-
annulus were analyzed to determine the particle con- pend (the knee in the curve kig. 10 as defined by
centration in the annulus as a function of the linearly the intersection of the horizontal line and the angled
increasing Taylor number. A typical result is shown in line), as shown inFig. 11 The line corresponds to
Fig. 10where the jagged curves are the data and the a linear regression fit to the data. The wide scatter
solid lines are fits to the data. At low Taylor numbers, in the data is a consequence of the wide range of
the particle concentration in the annulus remains con- parameters (3% Re; < 62; 01 < Rer < 0.86). Nev-
stant indicating that particles initially trapped in the ertheless, it is immediately evident that higher radial
cake layer on the inner cylinder remain trapped. How- Reynolds numbers require a greater Taylor number
ever, once the Taylor number is exceeded particular to resuspend particles because of the higher suction
value (in this case, just >500), the particle concen- at the porous inner cylinder. In addition, higher axial
tration in the annulus increases linearly with Taylor Reynolds numbers also require higher Taylor numbers
number indicating the particles initially trapped on to resuspend the particles. At first glance, this result
the inner cylinder were increasingly resuspended. is surprising since one would expect that the higher
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axial shear would more easily dislodge the particles axial Reynolds number dislodging particles from the

from the inner cylinder. But experiments measuring
the velocity field in Taylor vortex flow with axial and

inner cylinder at a lower Taylor number.
We recently proposed a dimensionless parameter

radial flow indicate that the time-averaged azimuthal related to the degree to which particles reach the sur-
velocity gradients at the inner cylinder decrease with face of a rotating filte25]. The force that induces

increasing Taylor number because of vortical trans-

the mass transport of particles toward the filter surface

port[41]. Thus, a higher shear stress occurs at a lower is the Stokes drag due to the filtrate flux. The Stokes
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Fig. 11. Taylor number at which initially deposited on the inner
cylinder are washed off with a linear regression fit to the data.
Re, is noted next to the data points.

drag perpendicular to the filter surface is counteracted
by shear stress, which acts parallel to the filter surface,
resulting in migration of particles away from the fil-
ter surface. The ratio between the shear force and the
Stokes drag for the geometry of a rotating filter can
be written as

Fpb  3Ud ~ 3Red

We found that when this number was of order 20 or
greater, the build-up of a cake layer on the surface of
the rotating filter was minimal. For the data plotted
in Fig. 11, this ratio was from 6 to 11 for all cases
except those at the lowest radial Reynolds number,
where the ratio was 43 and 46. The result§ig. 11
falling within less than an order of magnitude of 20
offers further support that the ratio of the shear force
to the Stokes drag is the key dimensionless parameter
related to the deposition of particles on the surface of
a rotating filter.
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6. Conclusions

The measurements described here provide direct
evidence of the physical mechanisms at work in a
rotating filter. The velocity fields of the particles and
the fluid are quite similar resulting in negligible slip
velocity. Thus, the particles largely follow the fluid
flow. The particle concentration profiles at zero ra-
dial flow indicate that the particles are excluded from
near the wall, probably due to a combination of the
large velocity gradient near the wall and the vortical
flow. For vortical flows in the presence of a radial
inflow, there is a peak in the concentration profiles
near the inner cylinder, but this peak is much smaller

483

gradients near the cylinders. This steep velocity gra-
dient is very effective in keeping particles away from

the inner cylinder and removing particles from the in-

ner cylinder that were carried there by the radial flow.

Then the vortical motion in the annulus carries the par-
ticles across the annulus further reducing the particle
concentration near the inner cylinder. As a result of
these mechanisms, the particles are less likely to foul
the filter than in standard cross-flow filtration.
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number above a critical value results in sweeping the
particles off the inner cylinder to resuspend them in
the vortical flow. This critical Taylor number not only
increases with increasing radial Reynolds number
as expected, but also increases with increasing axial
Reynolds number due to the reduced azimuthal ve-
locity gradient at higher axial Reynolds numbers. An
important limitation in the applicability of the results
of this research is that the inertial particles considered
here were fairly large (150-3Q0m). Thus, while the
general results are likely applicable to microfiltration
where the particles are typically10pm in diameter,

the details of the back-transport mechanisms at the
filter surface may be substantially different.

These results suggest the following model for the
motion of particles in a rotating filter. The radial flow
carries particles toward the inner porous cylinder. This
radial flow is opposed by the centrifugal force acting
radially outward on the particle, which is quite small in
this case because of the small difference in the particle
and fluid densities. The rotation of the inner cylinder
results in a velocity gradient near the inner cylinder
that leads to a reduced particle concentration near the
inner cylinder. The azimuthal velocity gradient is en-
hanced near the inner cylinder due to the vortical mo-
tion transporting fluid with high azimuthal momentum
outward from the inner cylinder and low azimuthal
momentum fluid inward from the outer cylinder. This
results in a nearly uniform azimuthal velocity near
across the annulus with very steep azimuthal velocity
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