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Separating particles from the liquid in which they are suspended is often an important
step in processing multiphase materials such as suspensions and emulsions. We describe
a new method to separate neutrally buoyant particles from ®iscous liquids. The method
is based on the low Reynolds number motion of freely-suspended particles at bifurca-
tions � points where a tube or channel splits into multiple tubes. We show experimen-
tally that the partitioning of particles at a bifurcation differs from the partitioning of the
suspending fluid. The effects of particle size, particle ®olume fraction, and shape of the
bifurcation on particle partitioning are examined. Furthermore, we demonstrate that
when tubes and bifurcations are arranged in certain ways, the particles can take prefer-
ential paths through the network and can be separated from the liquid in which they are
suspended. The data show that the particle separation can be enhanced in relati®ely
simple networks consisting of just a few interconnected channels.

Introduction

Separating solid particles from the liquid in which they are
suspended is an essential operation in many processes of
technological and biological importance. When the particles
are neutrally buoyant in the suspending liquid, removing them
poses special challenges because sedimentation and centrifu-
gation are ineffective. Filtration is an alternative for these
cases, but many filtration methods have practical difficulties
that reduce their efficiency and limit their applicability. These
difficulties include a concentration polarization near the
membrane, the buildup of retained particles in a filter cake,
solute rejection, and large pressure drops across the mem-
brane that increase in time. Furthermore, most filtration
methods are inherently batch processes; eventually, retained
particles must be purged from the filter or the filter must be
replaced.

New methods of removing particles from viscous liquids
could prove useful, especially if they could be incorporated as
continuous operations in manufacturing processes. Since
many suspensions are processed under flowing conditions, it
may be convenient to use characteristics of the flow to sepa-
rate the particles from the liquid. However, methods of flow-
induced particle separation are rare.

Ž .Poflee et al. 1997,1998 exploited the inertial migration of
particles in tube flow to separate particles from liquids. When
the Reynolds number is sufficiently large, small particles near
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the tube wall migrate across streamlines and congregate in
the central region of the tube. Far downstream, particle-free
fluid near the tube wall can be removed, leaving a concen-
trated suspension of particles that flows down the main tube.
However, inertial migration is a slow process, because the
migration rate scales with the Reynolds number based on the
particle diameter. The particle Reynolds number is smaller
than the tube Reynolds number, and it cannot be made arbi-
trarily large by increasing the flow rate, because the flow must
remain laminar. Consequently, the suspension must flow
through a relatively long tube before the particles become
concentrated in the central part of the tube.

Separations that are driven by inertial effects are ineffec-
tive for very viscous liquids, for slow flows, or for flows in
small channels, because the Reynolds number in these cases
is too small to drive the lateral migration. Many of the minia-
turized devices that have been developed recently to carry
out novel, small-scale chemical processing and analysis use
microfluidics to transport liquids in micron-sized channels and
networks of such channels. Practitioners of microfluidics point
out that the flow in such devices is laminar, which has impor-
tant implications for mixing and mass transfer. Indeed, in
many microfluidic applications, the Reynolds number is so
small that not only is the flow laminar, but it is also in the
creeping flow regime, owing to the small channel dimensions.
This distinction may not be important for the flow of a pure
liquid in a straight channel, but it is important for multiphase
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systems such as suspensions and emulsions. When the
Reynolds number based on particle size is less than unity, the
motion of freely suspended particles is determined by viscous
and pressure forces, and inertially driven migration across
streamlines is insignificant. Interactions among particles in
concentrated suspensions can induce particle migration across
streamlines in low Reynolds number channel flow, but the
slow migration rate requires long channels before a signifi-

Žcant variation in particle concentration is observed Lyon and
.Leal, 1998 . To extend microfluidic processing to multiphase

systems, it would be useful to have a flow-induced particle
separation method that is effective and efficient in the small
Reynolds number limit.

This article describes a new particulate separation process
based on the low Reynolds number flow of suspensions
through channels that split to form multiple channels. The
simplest example of such a channel is a straight tube that
splits into two tubes at a junction called a bifurcation. When
a suspension flows through a tube containing a bifurcation,
the partitioning of particles between the two downstream

Žbranches differs from the partitioning of total volume par-
.ticles q suspending fluid between the downstream branches

ŽJohnson, 1971; Fung, 1973; Papenfuss and Gaehtgens, 1979;
Klitzman and Johnson, 1982; Dellimore et al., 1983; Fenton

.et al., 1985; Pries et al., 1989; Ditchfield and Olbricht, 1996 .
The effect is purely hydrodynamic, and it can be demon-
strated by solving the equations of motion for low Reynolds

Žnumber flow, although this is a formidable problem Audet
.and Olbricht, 1987; Audet 1987, Poulou, 1995 . The only re-

strictions are that the Reynolds number is small and Brown-
ian motion is not important.

It is convenient to identify two features that explain quali-
tatively the partitioning of particles at bifurcations. First, the
radial distribution of particles is nonuniform in the tube up-
stream of a bifurcation, because particle centers are excluded
from a layer adjacent to the tube wall whose thickness is the
particle radius. Second, the velocity of a freely suspended
particle differs in magnitude and direction from the velocity
of the surrounding suspending fluid owing to hydrodynamic
interactions between the particle and the channel walls. When
the particle size is comparable to the channel diameter, both
effects are important, and the difference between the parti-
cle flux and volume flux entering each branch can be substan-
tial.

Physiologists who study the motion of blood cells in the
microcirculation observe this phenomenon routinely. They
have long been interested in the distribution of blood cells in
capillary networks, which has led to numerous studies of red
blood cell partitioning at capillary bifurcations in ®itro and in
®i®o. Much of this work has been reviewed by Ditchfield and

Ž .Olbricht 1996 . A typical experiment is to measure flow rates
in the downstream branches and count the number of cells
that enter each branch. When the cell size is comparable to
the vessel diameter, in many instances the particles ‘‘favor’’
the downstream branch receiving the greater volumetric flow
rate. If the flow rate in one of the branches is made suffi-
ciently large, all of the cells enter that branch and only plasma
enters the other branch.

We have conducted a series of experiments to examine flow
through bifurcations and the separation of particles for a
well-defined model system�a suspension of neutrally buoy-

ant rigid spheres in a viscous liquid�whose material proper-
ties are known precisely. We use the results for particle mo-
tion at a single bifurcation to suggest possible designs of a
practical device to separate particles. We show results for a
simple prototype that consists of multiple bifurcations in se-
ries arranged in a particular way that exploits changes in the
radial distribution of particles downstream of a bifurcation.
We also examine the effects of various material parameters
on the efficiency of the separation. We consider cases when
the particles are sufficiently large and the suspending fluid is
sufficiently viscous that Brownian motion is unimportant.
Furthermore, nonhydrodynamic forces between the particles
and the channel walls, such as electrostatic or van der Waal’s
attraction, are negligible. Under these conditions, the motion
and partitioning of particles at bifurcations are determined
completely by hydrodynamic forces.

Experimental
Apparatus

The experiment examines the motion of particles that are
freely suspended in low Reynolds number flow through a sin-
gle bifurcation or, in some cases, through a series of bifurca-
tions. Each bifurcation consists of an inlet tube that splits to
form two outlet tubes. The axes of the inlet and outlet tubes
lie in the same plane. Figure 1a�1c shows typical bifurcations
and the parameters that define the bifurcation geometry,
namely, the diameters of the channels D , D , and D , and0 1 2
the angles between each outlet channel and the inlet channel
� and � . Three bifurcation geometries were examined: a1 2
Y-shaped bifurcation with � s� s45�, a T-shaped bifurca-1 2
tion with � s0� and � s90�, and an oblique bifurcation with1 2
� s0� and � s135�.1 2

Each bifurcation was constructed from a 19-mm-thick
Ž .poly methyl-methacrylate block by drilling holes into the

block to produce the geometries shown in Figure 1. The inlet
tube and the outlet tubes had circular cross-sections with
equal diameters of 1 mm. The entrance of the inlet tube and
the exits of the two outlet tubes were tapered at 30� to pro-
vide gradual transitions between the supply tubing and the
bifurcation block. The lengths of the two outlet tubes were
identical and were more than 10 tube diameters in every case.
Similarly, the length of the inlet tube was more than 10 tube
diameters. The bifurcation block was mounted horizontally
under a CCD camera that was connected to a video recorder
and timer. Particle motions at the bifurcation were examined
from the video recordings after the experiment.

Figure 2 shows the entire apparatus. The suspension was
loaded into a 20-mL glass syringe, which, in turn, was fitted
into a Sage syringe pump. The suspension flowed out of the
syringe into a section of Tygon tubing that had an inner di-
ameter of 3.2 mm. The other end of the Tygon tubing was
connected to the entrance of the inlet tube of the bifurcation.
Identical Tygon tubing was connected at the exit of each out-
let tube to remove fluid from the bifurcation block and trans-
port it to waste reservoirs. Flow rates in the two downstream
branches were regulated with needle valves downstream of
the waste reservoirs. To prevent particles from clogging these
valves, each waste reservoir contained an in-line trap that re-
tained the particles. Flow rates were measured by timing the
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Figure 1. Three single bifurcations studied in the exper-
iment.
Ž . Ž .a Y-shaped bifurcation with � s � s 45�; b T-shaped bi-1 2

Ž .furcation with � s 0� and � s 90�; c oblique bifurcation1 2
with � s 0� and � s135�, D s D s D in all cases.1 2 0 1 2

effluent from each downstream branch. Measurements dur-
ing the experiments showed that the flow rate in each down-
stream branch did not vary significantly during the course of
an experiment.

To study the effect of multiple bifurcations, the bifurcation
block shown in Figure 3 was used. In this case, a single inlet
tube branches into two downstream tubes. About ten diame-
ters downstream of the first bifurcation, each downstream
tube branches again into two tubes. Two numbers are used to
designate each segment of the flow system, as shown in Fig-
ure 3. The geometry of the first bifurcation is Y-shaped, cor-
responding to the geometry shown in Figure 1a, but the two
downstream bifurcations are oblique, corresponding to the
geometry shown in Figure 1c.

Materials
The suspensions were composed of rigid polystyrene

spheres in a viscous liquid. The spheres were certified parti-

Figure 2. The apparatus.

cle standards from the Duke Scientific Corporation
Ž .www.dukescientific.com . Two nearly monodisperse suspen-
sions were used with mean sphere diameters of 773�15 �m
Ž . ŽDuke catalog �4375A and 497�10 �m Duke catalog

Figure 3. System of multiple bifurcations containing one
inlet and four outlets; each fluid path through
the system contains two bifurcations in se-
ries.
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.�4350A . The dimensionless particle size � is defined as the
ratio of the particle diameter to the channel diameter. Since
the diameter of all bifurcation branches was 1 mm, the two
suspensions had dimensionless particle sizes � of 0.50 and

Ž0.77. The suspending fluid was 65% Triton X-100 VWR Cat-
.alog �EM-9440 , a nonionic surfactant and 35% water. The

density of the Triton X-100 was 1.07 grcm3, and the density
of the Triton X-100�water mixture was 1.05 grcm3, which
closely matched the density of the spheres. The viscosity of
the suspending fluid was 1.1 Pa-s, which produced a maxi-
mum Reynolds number based on the tube diameter of 9�
10y3. Two values of the particle volume fraction � were
studied: 0.02 and 0.06. Although these values may seem small,

Ž .previous studies Ditchfield and Olbricht, 1996 showed that
interactions among the particles can influence particle trajec-
tories at bifurcations for surprisingly small values of �.

Procedure
The suspension was well mixed and loaded into the sy-

ringe. The volumetric flow rates in the downstream branches
are denoted by Q and Q . For the T-shaped and oblique1 2
bifurcations, the subscript ‘‘1’’ refers to the downstream
branch that is colinear with the inlet branch. For the Y-shaped
bifurcation, there is no distinction between the two down-
stream branches owing to the symmetry of the bifurcation
shape. By mass balance, the flow rate in the inlet branch QT
is simply Q q Q . For each bifurcation geometry, for each1 2
dimensionless particle size, and for each value of the particle
volume fraction, several runs were made for different combi-
nations of Q and Q . Values were chosen so that the frac-1 2
tion of the flow that entered branch 1, Q rQ , varied from1 T
almost zero to almost unity. After each experimental run, the
video recording was reviewed to determine N and N , the1 2
numbers of particles that entered branches 1 and 2, respec-
tively. The total number of particles that flowed through the
bifurcation, N , is simply N qN . The experiments were runT 1 2
with a sufficiently large number of particles that the fractions
of particles entering each branch, N rN and N rN , did not1 T 2 T
depend on the number of particles used in the experiment.
The video recording was also used to examine particle trajec-
tories in the vicinity of the bifurcation.

3 Results
It is convenient to report data for the particle distribution

at a bifurcation in terms of N rN , the fraction of particles1 T
that entered branch 1, as a function Q rQ , the fraction of1 T

Ž .total volume suspending fluid q particles that entered that
branch. By mass balance, N rN s1yN rN and Q rQ s2 T 1 T 2 T
1yQ rQ .1 T

Results for the Y-shaped bifurcation are shown in Figure 4
for three combinations of particle size � and particle volume
fraction �. The data show that for all three cases, the parti-
cles favor the branch receiving the greater flow rate. The di-
agonal line in Figure 4 corresponds to the hypothetical case
where the particles and fluid distribute identically between
the two downstream branches of the bifurcation. Therefore,
the deviation of the data from the diagonal line is a quantita-
tive measure of the particle separation effectiveness over the
range of values of Q rQ . Comparing the three sets of data1 T

Figure 4. Fraction of particles entering branch 1 as a
function of the fraction of total volume enter-
ing that branch for the Y-shaped bifurcation in

( )Figure 1 a .
Ž . Ž . Ž .� �s 0.77 and � s 0.02; ^ �s 0.77 and � s 0.06; �
�s 0.5 and � s 0.02.

shows that the particle separation is more effective for larger
particles and for smaller volume fractions. The case �s0.5
and �s0.06 produced data very close to the diagonal line,
which indicates a negligible separation; the data for this case
were omitted from the figure. Owing to the symmetry of the
Y-shaped bifurcation geometry, each set of data in Figure 4
is symmetric about the point Q rQ s0.5.1 T

The data show that if the fraction of the flow in branch 1
Ž .�exceeds some critical value, say Q rQ , then all of the1 T

Ž .�particles enter branch 1. The value of Q rQ decreases1 T
with increasing particle size � and decreasing particle volume
fraction �. As expected from the symmetry of the bifurca-
tion, if the value of Q rQ is made sufficiently small, then all1 T
of the particles enter branch 2.

Results for the T-shaped bifurcation in Figure 1b are shown
in Figure 5 for the same parameter combinations as in Figure

Ž .4. The symmetry of the data about the point 0.5, 0.5 is bro-
ken, because the shape of the T-bifurcation geometry is not
symmetric. When the majority of the flow enters the side

Ž .branch branch 2 , which corresponds to Q rQ �0.5, the1 T
particles favor the side branch, but the deviation from the
diagonal line is relatively small. When the majority of the

Ž .flow enters the straight branch branch 1 , which corresponds
to Q rQ �0.5, the particles strongly favor branch 1, and the1 T
difference between the data and the diagonal line is appre-

Ž .�ciable. Furthermore, the critical value Q rQ , for which1 T
all of the particles enter branch 1, is about 0.7 for �s0.77
and �s0.02. The separation is more effective for the larger
particles, which was observed also for the Y-shaped bifurca-
tion. However, there is a measurable deviation from the diag-
onal line for �s0.5 for the T-bifurcation, and when Q rQ1 T
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Figure 5. Fraction of particles entering branch 1 as a
function of the fraction of total volume enter-
ing that branch for the T-shaped bifurcation in

( )Figure 1 b .
Ž . Ž . Ž .� �s 0.77 and � s 0.02; ^ �s 0.77 and � s 0.06; �
�s 0.5 and � s 0.02.

exceeds 0.87, all of the particles enter branch 1. The data for
the T-bifurcation appear less sensitive to the value of particle
volume fraction � than the data for the Y-bifurcation. For
�s0.77 the curves for �s0.02 and 0.06 nearly coincide.

Results for the oblique bifurcation illustrated in Figure 1c
are shown in Figure 6 for the same parameter combinations
and for the additional case of �s0.5 and �s0.06. For the
three cases that were covered in the previous geometries, data
for the oblique bifurcation resemble qualitatively the data for
the T-shaped bifurcation. However, the deviation from the
diagonal line is considerably greater in the oblique bifurca-
tion, indicating a greater separation effectiveness. The larger

Ž .particles �s0.77 strongly favor the straight branch for
Ž . ŽQ rQ �0.3 for �s0.02 and for Q rQ �0.4 for �s1 T 1 T

. Ž .0.06 . The smaller particles �s0.5 also favor the straight
branch, although the separation effectiveness is smaller than

Ž .�that for the larger particles. The critical value Q rQ ,1 T
when all of the particles enter branch 1, is about 0.55 for
�s0.77 and �s0.02, which is smaller than the correspond-
ing values for the T-shaped and Y-shaped bifurcation. Table

Ž .�1 lists values of the critical flow split Q rQ for all cases1 T
covered in the experiment.

Preliminary experiments showed that small imperfections
in the machining of the bifurcations can affect the measured
values of the particle fractions entering each branch. Al-
though care was taken in machining the bifurcations, small
variations in the branch angles and small imperfections in the
contour of the channels at the junctions are difficult to avoid.
Such imperfections can influence particle trajectories, and
they could affect which branch certain particles enter down-
stream of the bifurcation. A relatively small number of al-
tered trajectories could account for the observed scatter in

Figure 6. Fraction of particles entering branch 1 as a
function of the fraction of total volume enter-
ing that branch for the oblique bifurcation in

( )Figure 1 c .
Ž . Ž . Ž .� �s 0.77 and � s 0.02; ^ �s 0.77 and � s 0.06; �

Ž .�s 0.5 and � s 0.02; ` �s 0.5 and � s 0.06.

the data and explain why, for example, the data in Figure 4
Ž .are not perfectly symmetric about the point 0.5, 0.5 . Also,

we used gradual tapers from the syringe to the entrance of
the inlet channel to ensure a uniform distribution of particles
across the radius of the inlet channel. On several occasions
we measured the radial positions of particles passing a fixed
location in the inlet channel and found no variations in the
particle frequency with radial position, except in the ex-
cluded region adjacent to the tube wall. However, we could
not monitor the particles in the inlet channel during an ex-
periment; an inadvertent nonuniform distribution of particle
locations in the inlet channel could affect the measured re-
sults.

Multiple Bifurcations
The results presented in the preceding section show that

flow through a bifurcation results in an appreciable separa-
tion of particles over a wide range of flow splits. However,
unless the value of Q rQ is either very large or very small,1 T
the separation at a single bifurcation is incomplete. It seems
reasonable to ask whether the overall effectiveness of the
separation could be improved by passing a suspension through

( )�Table 1. Values of Q rrrrrQ for Single Bifurcations in1 T
Figure 1

Bifurcation

Parameter Values Y-Shaped T-shaped Oblique

�s0.77, �s0.02 0.80 0.69 0.55
�s0.77, �s0.06 0.85 0.72 0.73
�s0.50, �s0.02 0.97 0.87 0.84
�s0.50, �s0.06 � � 0.94
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several bifurcations in series in the same way that the effec-
tiveness of certain other separation processes is improved by
using repeated stages. If so, then how should the bifurcations
be arranged and how should the flow rates be regulated to
achieve the optimal separation?

Before turning to those issues, we consider the flow through
multiple bifurcations in series and ask whether flow through
the first bifurcation influences the separation that is obtained
at downstream bifurcations. To address this issue, we focus
on the radial distribution of particles in the inlet channel up-
stream of the first bifurcation and in the channels down-
stream of the first bifurcation. In the absence of Brownian
motion and nonhydrodynamic forces, the trajectory of a par-
ticle moving through the bifurcation depends on the particle’s

Ž .radial position in the inlet branch. Audet and Olbricht 1987
calculated trajectories of freely suspended particles in a two-

Ž .dimensional 2-D analog of Y- and T-shaped bifurcations.
The computed trajectories show that the radial distributions
of particles are not uniform in the downstream branches, even
though the radial distribution of particles is uniform in the

Žinlet branch except for the region adjacent to the wall, where
.particle centers are excluded .

For example, the radial distributions of particles in the
downstream branches of a Y-shaped bifurcation are skewed

Ž .toward the inner walls of the Y Audet and Olbricht, 1987 .
Fluid near the inner walls of the downstream branches origi-
nates near the center line of the inlet tube. The flow carries
particles from the central region of the inlet tube to the inner
walls of the downstream branches. However, fluid near the
outer walls of the downstream branches originates near the
particle-free layer of the inlet tube. Thus, fluid near the outer
walls of the downstream branches is deficient in particles.
These remarks pertain to a Y-shaped bifurcation, but the re-
sult holds qualitatively regardless of the bifurcation shape;
the radial particle distribution is nonuniform in downstream
branches of a bifurcation. The issue then becomes whether
this nonuniform distribution can be exploited using succes-
sive bifurcations to improve the overall effectiveness of a sep-
aration.

Figure 3 shows a simple arrangement of bifurcations to
demonstrate the effect of nonuniform radial profiles in the
downstream branches. In this design, the suspension flows
first through a Y-shaped bifurcation and then through an
oblique bifurcation. The particles in both branches down-
stream of the first bifurcation reside near the inner walls.
However, the oblique branch of the second bifurcation takes
fluid from the vicinity of the outer walls. Therefore, fluid en-
tering the oblique branch of the second bifurcation should be
deficient in particles.

The same procedure as in the second section was followed
to study particle flux in the multiple bifurcation network
shown in Figure 3. However, the flows from the colinear seg-
ments of the downstream bifurcations, segments labeled 2-2
and 3-1 in Figure 3, were combined into a single stream des-
ignated as ‘‘outlet 1.’’ Flows from the two oblique branches
of the downstream bifurcations, segments 2-1 and 3-2, were
combined into a single stream designated as ‘‘outlet 2.’’ Parti-
cle fluxes for the combined streams are reported in the same
way data were reported in the third section for single bifurca-
tions.

The results for the multiple bifurcation system are shown
in Figure 7. The fractional particle flux in the combined out-

Figure 7. Fraction of particles entering combined outlet
1 as a function of the fraction of total volume
entering that outlet for the multiple bifurcation
system in Figure 3.
Ž . Ž . Ž .� �s 0.77 and � s 0.02; ^ �s 0.77 and � s 0.06; �
�s 0.5 and � s 0.02.

let 1, N rN , lies above the diagonal line for Q rQ �0.2.1 T 1 T
For each combination of � and �, the deviation from the
diagonal line is greater than for any of the single bifurcations
alone. The particles strongly favor the colinear branches of
the second bifurcations, which reflects a combination of the
bifurcation geometry and the nonuniform distribution of par-
ticles caused by the first bifurcation. The differences between
these results and the single bifurcation results are especially
large for smaller values of Q rQ . For example, for the larger1 T
particles, the value of N rN is about 0.8 when the fractional1 T
flux into outlet 1, Q rQ , is only about 0.25. The separation1 T
is less effective for the smaller particles, but it is better than
the single bifurcation results for them, too. The multiple bi-
furcation system gave the smallest values of the critical flow

Ž .�flux. Values of Q rQ for the three parameter combina-1 T
tions are shown in Table 2.

Discussion
Results for the single bifurcations show that particle parti-

tioning at a bifurcation depends strongly on the bifurcation
geometry, the dimensionless particle size, and the particle
volume fraction. For the Y-shaped bifurcation, the down-
stream branch with the greater volumetric flow rate contains

( )�Table 2. Values of Q rrrrrQ for the Multiple Bifurcation1 T
Network in Figure 3

�Ž .Parameter Values Q rQ1 T

�s0.77, �s0.02 0.50
�s0.77, �s0.06 0.60
�s0.50, �s0.02 0.81
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a fraction of the particles that is larger than its fraction of the
volumetric flow. The preference for the branch with the
greater flow rate increases with particle size. Figure 4 sug-
gests that in the limit �™1, the sigmoidal-shaped curves may
tend toward a step function where all particles move into the
branch with the greater volumetric flow rate.

When the bifurcation shape is not symmetric, as in the T-
shaped and the oblique bifurcations, the partitioning of parti-
cles favors the colinear branch rather than the side branch.
This effect increases as the branching angle increases from
90� to 135�. Data for the oblique bifurcation show that the
colinear branch may receive a majority of the particles even
when it receives less than half of the volumetric flow. These
results confirm, at least qualitatively, numerical simulations

Ž .by Poulou 1995 that suggested geometries with oblique
branches should show greater separation efficiency.

Particle�particle interactions affect the distribution of par-
ticles for surprisingly small values of the particulate volume
fraction. For the small particle volume fractions in this exper-
iment, interactions among particles in the inlet tube are in-
frequent. However, interactions between particles inside the
bifurcation are much more common. As a particle nears the

Žapex of a bifurcation the wall of the junction that is opposite
. Žthe inlet tube , its transitional velocity decreases Chien et

.al., 1985; Ditchfield and Olbricht, 1996 . Observations show
that frequently the next particle upstream has time to enter
the bifurcation and interact with the first particle, even though
these particles were sufficiently far apart in the inlet tube
that they did not interact there. For some circumstances, the
interaction perturbs the trajectory of the downstream particle
so that the downstream particle enters a different branch than
it would have entered in the absence of the interaction. The
data show that the net effect of particle�particle interactions
is to diminish the effectiveness of the separation, although
the magnitude of the effect depends on the bifurcation shape.
These results also support numerical simulations for pairs of

Ž .particles in similarly shaped bifurcations Poulou, 1995 .
Results for bifurcations in series show that the radial dis-

tribution of particles is important in determining particle par-
titioning in bifurcations that are downstream of other bifur-
cations. Because the Reynolds number is small, there is no
migration of particles across streamlines in a straight capil-
lary. When a particle enters the downstream branch of a bi-
furcation, it maintains the radial position that it has at the
entrance of that branch. Flow through the first bifurcation
establishes a nonuniform particle profile in the downstream
branches that allows predominantly particle-free fluid to be
removed by the second bifurcation. This effect occurs in both
downstream branches regardless of the partitioning of the
flow in the first bifurcation.

The data show that particle interactions also affect the
separation for bifurcations in series. For most values of
Q rQ , interactions among the particles diminish the separa-1 T
tion. However, a careful examination of Figure 7 suggests that
for small values of Q rQ , the separation is practically unaf-1 T
fected by the volume fraction. To explain this result, we ex-
amined closely the video recordings of particle trajectories at
the downstream bifurcation for small values of Q rQ .1 T

For small Q rQ , it turns out that many of the particles1 T
follow trajectories that take them close to the apex of the
downstream bifurcation. Figure 8, which was reproduced from

Figure 8. A series of pictures that illustrate interactions
between particles at the second bifurcation in

( )the multiple bifurcation network Figure 3 for
�s0.77 and �s0.06.
Ž .a The first sphere near the dividing particle trajectory
Ž . Ž .dashed line ; b the velocity of the sphere decreases near

Ž .the apex of the bifurcation; c a second sphere approaches
Ž .the bifurcation; d the two spheres interact in the bifurca-

Ž .tion; e the interaction between spheres causes the first
Ž .sphere to move into the colinear branch; f the result of the

interaction is that the first sphere enters the colinear branch,
even though it would have entered the oblique branch in the
absence of the interaction with another sphere.

video recordings, illustrates a sequence of particle positions
in time at one of the downstream bifurcations. The value of
Q rQ in this example is 0.15, so most of the flow moves into1 T
the oblique branch, of this bifurcation. However, as a result
of passing through the first bifurcation, the particles have ra-
dial positions entering the second bifurcation that are skewed
toward the inner wall. The dashed line marks a hypothetical
dividing trajectory for the particles. Particles whose centers
are ‘‘above’’ the dividing trajectory in the figure move into the
oblique branch, while particles whose centers are below the
dividing trajectory move into the colinear branch. The center
of particle 1 lies above the dividing trajectory. However, once
it is inside the bifurcation, it interacts with a second particle.
The interaction causes particle 1 to move into the colinear
branch, although it would have moved into the oblique branch
if it had not interacted with particle 2. The net effect in this
case is to enhance the separation by sending more particles
into the colinear branch.

Evaluating the performance of the bifurcation system as a
separations device depends on the particular application, and
in particular, on whether a partial or complete separation of

Ž Ž .�.the particles must be achieved. The quantity 1y Q rQ1 T
gives the maximum fraction of the volumetric flow rate that
can be completely cleared of particles in a single pass through
the device. The data in Table 2 show that the maximum frac-
tional clearance was 0.5 for the larger particles and smaller
volume fraction. However, the experimental system was de-
signed mainly to explore effects of various parameters on
particle partitioning, and there is no reason to expect that it
is the optimal design for any specific application. Adding more
bifurcations downstream or varying parameters that were not
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Žvaried in this experiment such as the relative diameter of the
.tubes or the contours of the bifurcation walls could improve

the overall separation and increase the fractional clearance.
This may be especially important for separating particles with
small values of the dimensionless particle size �, because the
present results show that � must be at least about 0.5 to
achieve a significant separation in the simple devices studied
here.

The results shown here could also be applied to microflu-
idic flow systems involving freely suspended synthetic parti-
cles or biological cells. In those cases, the design goal may
not be to separate the particles from the fluid, but instead, to
control which channels the particles enter as they move
through the device. It might be desirable, for example, to have
the particles travel along preferred paths and not enter chan-
nels that contain sensors, pumps, or other microfluidic com-
ponents that could be compromised by the particles. The re-
sults shown here form the basis for rational design of mi-
crofluidic networks for multiphase systems.

The separation mechanism studied here bears a superficial
Ž .similarity to earlier studies of Poflee et al. 1997, 1998 that

used inertial migration in tube flow to achieve a partial sepa-
ration of particles. However, the physics underlying the sepa-
rations are very different in the two cases. First, inertial mi-
gration requires a Reynolds number based on the particle
size that is much larger than unity. Thus, the tube Reynolds
number must be as large as possible without causing turbu-
lence. Typical values used in experiments were between 1,200

Ž .and 2,000 Poflee et al., 1997 . Second, because inertial mi-
gration is slow, the suspension must flow through a tube
whose length is hundreds of diameters before the particles
move away from the tube walls and a separation can be made.
Third, although inertial migration requires a sufficiently large
particle Reynolds number, the method can be applied to cases
in which the particle is much smaller than the tube diameter.
In the present work, no entrance lengths are required be-
cause the flow is in the low Reynolds number regime. The
particles have negligible inertia, and their motion is domi-
nated by viscous and pressure forces and the contours of the
local bifurcation walls. A series of bifurcations can be ar-
ranged in a compact space, because the segments connecting
bifurcations in series can be as short as desired. However, the
data show that the particles must be comparable in size to
the tube diameter to achieve an appreciable separation. Thus,
the method studied here is naturally suited for microscale
processing where channel diameters typically are on the scale
of microns or smaller. Although the present results are lim-
ited to channels with circular cross sections, we have investi-
gated flow through channels with rectangular cross sections,
which would be a typical channel shape in microfluidic de-
vices. Similar effects to the ones reported here are observed
in rectangular channels, and this will be the subject of a fu-
ture communication.

Conclusions
The results of this experiment show that flow through a

network of channels and bifurcations can be a useful method

of separating neutrally buoyant particles from a viscous liq-
uid. The partitioning of particles at bifurcations, and, in turn,
the effectiveness of the overall separation are affected by the
particle size, the particle volume fraction, and the angles be-
tween the branches of each bifurcation. A particle clearance
of 50% was easily obtained for a simple network that con-
tained only two bifurcations in series. The results for the in-
dividual bifurcations and the simple network examined here
could prove useful in designing an effective and efficient con-
tinuous separation scheme.
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