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Abstract

The feasibility of a newly developed micro-separator/classifier is examined numerically and experimentally. The main section of the
device is a curved channel with a rectangular cross-section, which has a bifurcation at one end. The width, depth and curvature radius
of the channel are 200m, 170wm and 20 mm, respectively. This geometry creates secondary flow patterns called Dean vortices. The
concentration and classification are thought to be caused by the balance of high centrifugal acceleration that traps particles near outer
wall and the intensity of Dean vortices that enhance mixing and re-dispersion of particles in the secondary flow field. Although the
residence time is extremely short because of the channel size, it is confirmed by numerical simulations that secondary flow patters are
established immediately after entering the curved section and that the channel is long enough that several circulations are expected for
re-dispersion. Suspensions, whose weight concentration is 0.06 wt.%, are prepared as test fluids using ion-exchanged water and acrylic
polydisperse particles whose average diameters are 7, 10 qou 2@spectively. It is experimentally confirmed that the structure results
in concentration and classification for the all particles in Reerange of 150—600 (thBe range of 10-40). It is also verified that the
efficiencies increase with the particle size.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Shelby et al[5] there is very little literature available de-
scribing such microdevices. It is desirable to perform such

Research and development for the production of fine par- unit operations in a microdevice that can be directly con-

ticles using a microreactor is receiving much attention by nected to the upstream microreactor to create a so-called

many researcheffd—3], especially to achieve monodisper- chemical “microplant”. Based on this motivation, the fea-

sity and well-controlled morphology by taking advantages sibility of a novel curved microchannel is examined both

of high selectivity, mass and heat transfer rates. In the casenumerically and experimentally in this paper.

that desirable properties are not sufficiently achieved in a

microreactor, downstream unit operations such as concen-

tration, separation, classification are also needed. Since the, Concept of micro-separator/classifier

flow rate of the slurry is generally very small the application

of available apparatus such as classical hydrocyclones are Fig. 1depicts the concept of the proposed micro-separator/

unsuitable because of their huge volume compared with thatc|assifier. The main section is a curved microchannel with

of the microreactor. Even the smallest mini-hydrocyclone 4 rectangular cross-section whose width, depth and the cur-

[4] qurrently available whqse diameter is 1cm, has an op- yatyre radius in this study are 20@n, 170pm and 20 mm,

erating flow rate of approximately 150 I/h and would not be respectively. At the inlet the particles are dispersed homo-

suitable as a microseparation device. _ geneously. While passing through the channel, particles are
Therefore, demand exists for a microdevice for the con- exposed to a high centrifugal force because of the high

centration of slurry and the classification of particles suit- tangential velocity and a small radius of curvature. For in-

able for a new breed of microreactor. Except for work of gtance, a flow rate of 6.12 ml/min results in a mean velocity

and centrifugal acceleration of 3m/s and 450°wger the

* Corresponding author. Tek:81-3-5734-3035; fax4-81-3-5734-2882,  Cross-section, respectively. The high centrifugal accelera-
E-mail address: sokawara@chemeng.titech.ac.jp (S. Ookawara). tion is expected to work in favor of concentrating particles
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Nomenclature

Aave average centrifugal acceleration over the
cross-section of microchannel

Amax maximum centrifugal acceleration over the
cross-section of microchannel

D particle diameter

Deq equivalent diameter of microchannel

Din average diameter of particles contained in
slurry obtained from inner exit ports

Dout average diameter of particles contained in
slurry obtained from outer exit ports

De Dean number

lin absorbance at 900 nm of slurry obtained
from inner exit ports

lout absorbance at 900 nm of slurry obtained
from outer exit ports

R curvature of curved section of
microchannel

Re Reynolds number

Tc circulation time of Dean vortex

Tr residence time of fluid

U mean tangential velocity over the
cross-section of microchannel

Umax maximum tangential velocity over the
cross-section of microchannel

VaveDean average secondary flow velocity over
the cross-section of microchannel

Vmaxpean Maximum secondary flow velocity over
the cross-section of microchannel

V* non-dimensional average secondary
flow velocity (=Vave pearfU)

Viitical non-dimensional critical secondary
flow velocity

Greek letters

n viscosity of suspending medium

0 density of suspending medium

vortices enhance the re-dispersion of the particles in the
dlurry.

The balance of the centrifugal acceleration and the in-
tensity of the Dean vortices will both influence the con-
centration distribution of slurry particles. If the centrifugal
acceleration is high while the Dean vortices are extremely
weak, only concentration effects will be apparent. Since the
opposite factor that influence the particle behavior does not
exist in this case, the micro-separator/classifier is similar
to a centrifuge that results in phase separation based on the
density differences, such as the microdevice developed by
Shelby et al. [5], athough their device seems to be suitable
for the batch operation due to its physical structure. On the
other hand, since the relative velocity between larger parti-
cles and the suspending medium is always larger than that
between smaller particles and the medium, the larger parti-
cles will tend to be concentrated near outer wall while the
smaller particleswill tend to move along with the Dean vor-
tices. Furthermore, the concentrated larger particles could
exclude smaller particles from near the outer wall region
by their physical volume. Therefore, smaller particles could
exist near the inner wall rather than the outer wall or the
concentration of smaller particles near the outer wall could
be lower than for homogeneous state. If the channel has a
bifurcation at the outlet end, then the larger particles flow-
ing near the outer wall will be obtained mostly from the
outer branch of the bifurcation, while the dispersed smaller
particles will be obtained from both branches or possibly
mostly from the inner branch. The principle is similar to
that of cyclones in which larger particles are contained
in the underflow by appropriate centrifugal acceleration
while smaller particles are equally contained in both over-
and underflow because of the small dlip velocity with the
suspending medium. It can be said that the nature of the
micro-separator/classifier varies from that of centrifuges to
cyclones according to the intensity of the Dean vortices. For
micro-separator/classifier, however, theincrease of operating
flow rates possibly results in an excessive intensity of Dean
vortices that re-disperse even larger particle. Therefore,
there should be an optimum balance that causes a classifi-

near the outer wall of the channel. On the other hand, therecation effect in the micro-separator/classifier. The balance
exists another factor that also influences the distribution of will be changed by many factors such as the flow rate, the
particles. In a curved tube, secondary flow patterns called channel size and the channel aspect ratio. It is possible that
Dean vortices that are normal to the angular velocity ap- the efficiency of concentration and classification can be

pear over the cross-section as showirig. 1L These Dean

Inlet end
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Fig. 1. The schematic diagram of separation/classification mechanism.

controlled.

In the present work, the assumed mechanism described
above will be examined numerically and experimentally as
afirst step before determining the optimum operating condi-
tions. The establishment and the circulation frequency of the
Dean vortices are especially important since this is crucial
for the classification. For subsequent studies the magnitude
of the centrifugal acceleration and the strength of the Dean’s
vortices are described using ssimple correlations. Since it is
difficult to measure the flow patterns in tiny channels the
flow patterns are modeled numerically using the commer-
cial CFD code FLUENT 6.1. Finally, experimenta evidence
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will be shown for both the concentration effects and classi-
fication.

3. Numerical smulations
3.1. Numerical method

There are many factors that influence the performance of
micro-classifier/separator such asthe size, aspect ratio, shape
and curvature of the channel; flow rate; size distribution,
density and feed concentration of particles; viscosity, den-
sity and non-Newtonian properties of suspending medium,
etc. First of al, a comprehensive understanding of the flow
field and the particle behavior is crucial among for areason-
able separator design. In our experiments, the particle con-
centration is very low (0.06 wt.%) and the relative viscosity
of the suspension is predicted to be about 1.001 based on
Einstein’sequation [6,7]. Therefore, it is supposed that pres-
ence of the particles does not significantly influence fluid
properties and thus the flow field. As such the flow simu-
lation performed without particles still brings fundamental
information which can be used in the present study. The
influence of the aspect ratio (= width/depth) on the perfor-
mance for larger microchannels will be reported elsewhere
[8]. The coupled particle and fluid flow modeling will be
performed in future work.

The commercial CFD code FLUENT 6.1, which is based
on the finite volume method, is employed for the simu-
lation of steady-state flow without particles in the micro-
classifier/separator. The governing equations are the
Navier—Stokes equations and the equation of mass conser-
vation for incompressible fluids. For the pressure-velocity
coupling and discretization schemes for convection terms,
the SIMPLE method with a second-order upwind scheme
is adopted in this study, respectively. Fig. 2 shows the ge-
ometry and boundary conditions for the simulation. The
geometry is identical to the microchannel used in experi-
ments except for that the outer branch and throughholes are
not modeled. The width of outer branch increases to twice
that of the other sections slightly downstream. Although the
change of width is originally made so that the concentrated
slurry could flow without high pressure loss and clogging,

Quter wall

Outer
branch

Outer Inner
outlet  outlet Inlet

Fig. 2. The geometry and boundary definition for numerical simulation.

the structure causes a difference of flow rates within the
inner and the outer branches for a dilute suspension. The
volumetric flow rate ratio between the inner and the outer
exit branches of the separator is 1-2.125 and was chosen to
match the experimental conditions. In the model thisis spec-
ified as an outlet boundary condition. In the present study,
the flow properties are analyzed at position half way around
the curved section, viz. 6 = 90°. Therefore, the difference
is not so significant for the following discussion. At the
inlet one end of the curved semicircle channel, a short but
straight channel whose width, depth and length are 200 j.m,
170 pm and 5mm, is added. One end of the straight section
formsthe inlet which isfed with slurry using athroughhole.
Since the diameter of the throughhole (5.5mm) is much
larger than the size of microchannel a uniform velocity pro-
file at the inlet is assumed. Therefore, the uniform velocity
U is specified at the inlet as boundary condition. In this
study, the Reynolds number Re is defined as follows:

o

where Deg, p and p are the equivalent diameter, density
and viscosity of water, respectively. Values of 1000 kg/m3
and 0.001 Pas are specified for the density and viscosity,
respectively. Equivalent diameter Deq is calculated as

_ 4(width x depth)
& = Jwidth + depthy — o HM @

Examined Re numbers are 150, 300, 450 and 600. These Re
numbers give De numbers of 10, 20, 30 and 40 defined as

De = Ra/% 3)

where R is the radius of curvature. This non-dimensional
group is related to the instability of flow in a curved channel
[9,10] and used for the correlation in this study. The no-dlip
condition is specified at other boundaries. The mesh densi-
ties are 10 um per mesh over the cross-sectional plane and
about 50 um per mesh in the streamwise direction except
for the bifurcation section. The numerical grid contained
approximately 540000 cells.

Re

D

3.2. Results and discussion

Fig. 3 shows the development of maximum secondary
flow velocity Vimax pean OVer the cross-section at an angular
position 8. The Vimax pean rapidly increases with angle and
reaches maximum value at § = 6° except for the case of
De = 10. Even a 6 = 4°, the Vimax,pean €xceeds the con-
verged value for al cases. Although dlight fluctuation can
be seen for De = 30 and 40, it immediately converges to
a constant value after passing the peak within 30° for all
cases examined. Therefore, it is supposed that the secondary
flow patterns are immediately established after entering the
curved section and the re-dispersion effect starts to work
very near the inlet region.



174 S Ookawara et al./Chemical Engineering Journal 101 (2004) 171-178

0.25 ———————

—6—De=10 (Re=150)
[ 4 —E—De=20 (Re=300) | ]
02 —o—De=30 (Re=450) | 7

i ——De=40 (Re=600) | 1

0 ‘ ‘ 30 — 60 I I 90
0 [deg]

Fig. 3. The maximum secondary flow (Dean vortices) velocity at an
angular position 6.

On the other hand, Fig. 4 shows the development of max-
imum tangential velocity Umax over the cross-section at an
angular position 6. It can be seen that the Upa does not
fluctuate so much compared with Vimax pean Near the inlet
region athough the trend is similar. These resultsimply that
secondary flow mainly works to shift the maximum vel ocity
position outwards in the direction of centrifugal acceleration
and not to increase the tangential velocity.

Fig. 5(a) and (b) showsthe centrifugal acceleration profile
of De = 10 and 40 in a vertical plane half way around the
curved section, viz. = 90°. The left edge of the figure cor-
responds to the outer wall of the channel. It can be seen that
the higher acceleration region shift outwards and the shape
become longer rather than wider. This region corresponds
to the high velocity region since the centrifugal accelera-
tion at a point is calculated as squared tangential velocity

1 0 T T T T ' !

—o—De=10 (Re=150)
! —E—De=20 (Re=300) | 1
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Fig. 4. The maximum tangential velocity at an angular position 6.
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Fig. 5. The centrifugal acceleration profile of (a) De = 10 and (b) De = 40
in the plane at half way around the curved section, viz. 8 = 90°.

divided by itsradial position from the center of curvature at
the point. As shown in Fig. 6, the average and the maximum
centrifugal acceleration age and amax are expressed by the
following correlations;

U2
U2

Each coefficient is slightly larger than that for a larger mi-
crochannel with a high aspect ratio [8]. Therefore, it seems
that the size and aspect ratio do not significantly change the
magnitude of the centrifugal acceleration.

Fig. 7(a) and (b) shows the secondary flow vectors of
De = 10 and 40 in the vertical plane half way around the
curved section, viz. § = 90°. It can be seen that Dean vor-
tices appear in the cross-sectiona plane for minimum and
maximum flow rate conditions. The intensity apparently
increases and the vortices shift outwards with increasing
De and this corresponds with the change of centrifugal
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Fig. 6. The dependency of average and maximum centrifugal acceleration
Aave and amax on mean velocity U at half way around the curved section,
viz. 6 = 90°.

acceleration profile. As shown in Fig. 8, the average and
maximum secondary flow vector velocity Vaepean and
Vmax.Dean &€ expressed by the following correlations:

Vave’Dean =18 x 10_4 Deli63 (6)
Vinax.Dean = 3.9 x 1074 Del63 7)

Although the exponents of Egs. (6) and (7) are same as
those of correlations obtained for alarger microchannel with
high aspect ratio [8], the coefficients are significantly larger.
Therefore, it is supposed that low aspect ratio enhances the
secondary flow.

tos
'/f//"‘;.—- o~
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Fig. 7. The secondary flow vectors of (a8) De = 10 and (b) De = 40 in
the plane at half way around the curved section, viz. 6 = 90°.
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Fig. 8. The dependency of average and maximum secondary flow vector
velocCity VaveDean @d Vimax,.Dean ON De number at half way around the
curved section, viz. 6 = 90°.

Fig. 9 shows the circulation model for the evaluation of
the Dean vortices circulation frequency. It is assumed that
vortices circulate at a velocity of Vae pean @Ong with the
circulation paths indicated by bold lines whose length is
3Deq/2. Accordingly, the time needed for acirculation Tc is
caculated as
3D

Te= o0
2Vave,Dean

(8)

while the residence time in the curved section Tr is ex-
pressed as
7R
— 9
U )

Therefore, more than one circulation is achieved when the
following condition is satisfied:

Vave, Dean 3D

TR =

TR eq
D,
S 2 >
N
- > \ D
—_ [ Vave. Dean Y | —=
= L a4 |y 4
= I
= - 1
5 )
| IS —
O ~N
_____ Vave. Dean N
N S
| " |

Fig. 9. The circulation model for the evaluation of circulation frequency
of Dean vortices.
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Fig. 10. The dependency of non-dimensional average and critical sec-
ondary flow velocity on De.

where V* and V.. . are non-dimensional average and crit-
ical secondary flow velocity, respectively. The relation be-
tween V* and De is shown as well as V.4 indicated by
dotted line in Fig. 10. It can be seen that V* increases with
De and severa circulations can be expected within the resi-
dencetimefor al the cases examined. It should be noted that
the re-dispersion effect of the Dean vortices can be based

on the above model in spite of a short residence time.

4. Experimental
4.1. Apparatus and experiments

Fig. 11 shows a schematic diagram of the experimen-
tal setup for the evaluation of micro-separator/classifier. It
consists of a semicircle channel whose radius of curvature
is 20mm. The channel bifurcates at the end of the curved
section. The outer branch becomes twice as wide as other

Fig. 11. The schematic diagram of experimental setup for the evalua-
tion of micro-separator/classifier: (@) inlet throughhole; (@) inner exit
throughhole; (®) outer exit throughhole; (®) microfeeder.
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Fig. 12. Volume-based particle size distributions (PSD) of samples col-
lected from inner and outer exits at De = 40 (Re = 600) for the 10 um
particles.

section at some distance downstream from bifurcation. The
curved microchannel with bifurcation and straight entry sec-
tionisdesigned by using CAD software (Rhinoceros, Robert
McNedl & Associates) in this study. An engraving machine
(EGX-300, Roland) equipped with a square end mill dots
the microchannel on an acrylic board (100 mm x 100 mm x
20mm, WHD) based on the CAD file. In this study, sharp
edge short end mills (MSES230P, NS TOOL ) whose diam-
eters is 200 um is utilized to slot the microchannel whose
width and depth are 200 and 170 pwm, respectively. The inlet
and two outlet ports are throughholes which are connected
to amicrofeeder (1C3210, KD Scientific) and sample bottles
through tubes from the other side of the board. The channels
are covered with another acrylic board (100 mm x 100 mm x
10mm, WHD) and these two boards are affixed tightly by
using nuts and bolts.

In this study, suspensions whose weight concentration
is 0.06 wt.% are prepared using ion-exchanged water and
acrylic particles (MR-7G, MR-10GH, MR-20G, Soken
Chemical & Engineering) whose density is 1190 kg/m3
and average diameters are 7, 10 and 20 pum, respectively.
The speed of microfeeder is adjusted to obtain a desired
Reynolds number Re in the range 150-600 based on the
equivalent diameter of the channel. Weight, absorbance
at 900nm (PD-303, APEL) and particle size distribution
(SALD-200V ER Model 2, SHIMADZU) of samples col-
lected from inner and outer exits are measured in the present
study to examine the feasibility.

4.2. Results and discussion

Fig. 12 shows the volume-based particle size distributions
of samples collected from the inner and the outer exits at
De = 40 (Re = 600) for the 10 pm particles. Although the
lower limits of both samples are the same due to the Dean
vortices, the upper limit of inner sample is clearly smaller
than that of outer sample. It can be seen further that the peak
positions are significantly different, viz. 7.5 and 13.4pm
for inner and outer samples, respectively. It was observed
that PSD of each outer sample existed in nearly the same
or a dlightly smaller range compared with that of the feed
sample. This seems to be because larger particles settled as
was observed in a tube between the device and microfeeder
or in a syringe where the fluid velocity was too slow to lift
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Fig. 13. The dependency of classification effect index Dout/Din on De.

and carry the particles into the device. Therefore, it is not
possible to determine the PSD of feed sample that actually
enters the device. The problem should be solved for the
exact evaluation of the device performance by means of a
new approach in future.

The ratio of average diameters of those samples Dqt/Din
is utilized as an index of classification in this study. Fig. 13
shows the dependency on De of the ratios of average diame-
ter of samples collected from inner and outer exits Dqt/Din
for al the particles. It can be seen that the indices increase
in the range of De below 30 but slightly decrease at De = 40
for the 10 and 20 um particles. The index for the 7 pum par-
ticles begins to decrease at De = 20. It is aso clear that the
classification efficiency increases with the particle size. The
dependency on the particle size is possibly brought about by
the difference of the relative velocity between larger parti-
cles and suspending medium as discussed above.

Fig. 14 shows the dependency on De of the ratios of ab-
sorbance of samples collected from inner and outer exits
lout/lin for the al particles. Since the absorbance is propor-
tional to the particle number density and the absorbance
coefficient depends on the size, it was not possible to de-
termine the weight concentration of each sample based on
the measured absorbance due to the varied PSD and un-
known absorbance coefficients. It is generally expected that
the weight concentration ratio is possibly higher than the
absorbance ratio, loy/lin, since the absorbance of a sample
containing larger particles would be lower than that of a
sample containing smaller particles even if their weight con-
centrations are same. The dependency of Iqu/lin on De is
almost the same as that of Dgyi/Din. It is also supposed that
the dependency of the index on the particle size is brought
by the relative velocity difference between different sized
particles.

Re
3 0 150 300 450 600 750
25 L[ 10um )
T |20 um
- of -
g
S
LB oust S 1
1
0.5 | 1 | 1

0 10 20 30 40 50
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Fig. 14. The dependency of concentration effect index lgy/lin on De.

Based on those experimental results, it can be concluded
that the curved microchannel with a bifurcation at one end
works for the classification of contained particles and con-
centration of the slurry in the examined De range. It should
be noted that more severe indices of classification and con-
centration effects, viz. Doy/Din and loyi/lin, were adopted
instead of mode diameter and weight concentration ratios,
respectively, athough the separation efficiency curve could
not be determined because of aforementioned reasons.

5. Conclusions

It is confirmed numerically that the Dean vortices appear
in the microchannel whose width, depth and curvature ra-
dius are 200 um, 170 um and 20 mm, respectively, in the
examined flow rate range, viz. Re = 150, 300, 450 and 600
(De = 10, 20, 30 and 40) for water. Correlations of accel-
eration with mean tangential velocity and of the Dean vor-
tices velocity with De number are proposed for the exam-
ined microchannel. It is aso verified numerically that ac-
celeration is sufficiently high to bring concentration effect
and Dean vortices are established rapidly after entering the
curved section and several circulations can be expected to
exhibit the re-dispersion effect. In addition to the numeri-
cal confirmation of the feasibility, experimental evidence of
classification and concentration effects in the corresponding
condition examined in the numerical simulation is shown.
It isfinally concluded that the feasibility of a newly devel-
oped micro-separator/classifier is well verified numerically
and experimentally. The coupled particle and fluid flow mod-
eling is required for the optimization of the performance.
This will be the topic of study for further work. The bench-
marking of the performance that will be achieved after the
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optimization should be carried out based on the separation
efficiency curve that would be obtained by a new approach.
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