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Suspensions of solid particles in viscous fluid flowing through bifurcating channels are encountered in various industrial
processes and biological applications. This work reports the detailed numerical simulations of shear-induced particle
migration in oblique bifurcating channels. The effect of particle concentration, bifurcation angle, and flow rate on the
partitioning of bulk flow and particles in the downstream branches is studied. It was observed that the particle distribu-
tion in the downstream branches does not follow the flow distribution due to shear-induced particle migration. The
velocity and concentration profile for suspension flow were observed to be symmetric in the inlet branch but asymmetric
in the daughter branches. The degree of asymmetry and bluntness of velocity profile was observed to depend on the
bulk particle concentration and bifurcation angle. The reported results could be useful in the design of flow devices han-
dling suspension transport in bifurcating channels. VC 2014 American Institute of Chemical Engineers AIChE J, 60:

2692–2704, 2014
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Introduction

Understanding the rheology of concentrated suspensions
and shear-induced migration of particles is of great impor-
tance in various industries such as food processing, material
processing as well as biological phenomena such as blood
flow. This has motivated numerous theoretical, numerical,
and experimental studies on suspension flow. The rheology
and dynamics of concentrated suspensions of particles in vis-
cous fluids are influenced by several forces acting on the
particles in the suspension. Gadala-Maria and Acrivos1 were
the first to observe the decrease in viscosity during inhomo-
geneous shearing of concentrated suspension in a cylindrical
Couette device. Leighton and Acrivos2,3 later explained that
the decrease in viscosity is due to migration of particles
from high shear rate to low shear rate regions and proposed
expressions for the particle flux which are responsible for
the shear-induced migration. Subsequent to these studies
there have been several experimental evidences to support
the phenomena of shear-induced particle migration in various
flow conditions.4–12 Abbott et al.5 studied the particle migra-
tion in Couette flow and found that the particle migration
rate is directly proportional to the shear rate and particle
diameter but independent of suspending fluid viscosity.

Subsequent to the experimental observations of shear-
induced migration phenomena, there have been significant
theoretical studies to explain this behavior from a continuum
point of view. Basically there exist two continuum models
which successfully explain the flow physics of the shear-

induced particle migration in concentrated suspensions. The
first model, named as “diffusive flux model (DFM),” explains
the migration resulting from hydrodynamic diffusion of par-
ticles in the inhomogeneous shear flows. The second model,
named as “suspension balance model (SBM),” is based on the
action of particle normal stresses in concentrated suspension
subjected to shear flows. The DFM of Phillips et al.13 is based
on the scaling arguments of Leighton and Acrivos2 for parti-
cle migration flux resulting from spatially varying interparticle
interaction frequency and spatially varying viscosity. The
DFM explained the particle migration behavior in channel and
pipe flows but failed to explain migration in cone-and-plate
and parallel-plate geometries. In the cone-and-plate geometry,
the DFM predicts no migration of the particles, while in the
parallel-plate geometries the DFM predicts inward migration
of particles. To rectify this drawback, Krishnan et al.14 pro-
posed one additional flux which depends on the curvature of
the flow or local radius of curvature of the stream lines.

The SBM was proposed by Nott and Brady.15 This model
is based on the conservation of mass and momentum for sus-
pension phase as well as particle phase. The particle velocity
fluctuations are introduced with a nonlocal description of sus-
pension temperature. Morris and Boulay16 illustrated the
importance of anisotropy and normal stress differences in
SBM for predictions of migration in curvilinear flows. Fang
and Phan-Thien17 have proposed a flow-aligned tensor model
for suspension flows in which they have modified the SBM
and DFM and performed simulations using finite element and
finite difference methods for steady and transient states in dif-
ferent flow geometries like Couette flow, pressure driven pipe
flow, channel flow, and eccentric flow. Later Miller et al.18

proposed frame-invariant formulation of SBM which can be
used to study migration behavior in complex geometries.
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Suspension flow through bifurcating channels (where a

channel or tube divides into multiple branches) is often

encountered in biological systems such as flow of blood

through a network of branched arteries and veins as well as

in process industries. The shear-induced migration phenom-

enon through bifurcating channels has many relevant appli-

cations in such systems. In the biomedical application, the

artificial valves need to be designed by proper understanding

of the distribution of the particles in bifurcating channels. In

several industrial processes, it is desired to improve the proc-

essing quality of suspensions, often involving flow in bifur-

cating channels. In a previous study, Audet and Olbricht19

observed that in small vessels, spherical particles having the

diameters comparable to the vessel diameter could experi-

ence significant drift across background fluid streamlines.

Ditchfield and Olbricht20 and Roberts and Olbricht21 con-

ducted experiments on distribution of freely suspended par-

ticles through multiple bifurcating channels (Y and T shape

channels), and found that the partitioning of freely sus-

pended, neutrally buoyant particles at bifurcations differs

from the partitioning of bulk suspension. Moreover, the mag-

nitude of difference depends on bifurcation geometry and

bulk particle volume fraction of the suspension. For Y-

junction bifurcations, particles preferentially enter the down-

stream branch receiving the greater volumetric flow rate.22

Xi and Shapley23 studied the flow of concentrated suspen-

sion in an asymmetric T-junction bifurcation of rectangular

channels with nuclear magnetic resonance imaging. They

observed that the particles are almost equally partitioned

between the downstream branches and this indicates the

migration of particles across the dividing streamlines near

the bifurcation section. Subsequently, Yezaz and Singh24

studied the particle migration of concentrated suspension

flow in asymmetric T-junction bifurcating channel via

numerical simulations. They obtained results which were in

good agreement with the experimental results of Xi and

Shapley.23

Most of the works mentioned earlier dealt with the dilute
suspensions and the situations, where the size of the particles
was almost comparable with channel width. The flow
physics of concentrated suspensions of small particles rela-
tive to the channel width are less studied experimentally and
numerically despite their wide applications. To the best of
our knowledge, there are no experimental and simulation
studies on flow of concentrated suspensions in oblique bifur-
cating channels. In this work, we have studied the transport
of concentrated suspension of rigid monodispersed particles
in viscous liquids flowing through oblique bifurcating chan-
nels via numerical simulations. The particles are much
smaller than the width of the channel so that the flow is in
the low Reynolds number regime. The continuum-based
models such as “DFM” and “SBM” can be recast into a for-
mat readily adaptable to coupling with computational fluid
dynamics (CFD) solvers. These models have advantage over
time consuming particle tracking simulations as they can be
easily generalized for complex geometries. Both the afore-
mentioned continuum-based models represent the particle-
phase concentration as an additional field variable (other
than velocity and pressure) governed by an additional con-
servation equation. The “DFM” is relatively simple as it cou-
ples a generalized Newtonian stress/strain relationship with
shear-induced migration of suspended particles and the local
effective viscosity is dependent on the local volume fraction

of particles. The “SBM” considers the non-Newtonain rheol-
ogy of concentrated suspensions (in particular the normal
stress differences) to incorporate the anisotropy in stresses.
However, due to strong coupling with flow and rheology, we
encountered difficulties in convergence of numerical solution
during implementation of SBM in complex geometries such
as bifurcation channels. Several past studies have confirmed
that for rectilinear channel flow the predictions of DFM and
SBM are similar. Therefore, we have chosen the “DFM” in
present simulations. The model has been implemented in the
general purpose CFD solver “OpenFOAM” which is based
on finite volume method. Simulations were carried out to
study the effect of bifurcation angle, bulk concentration, and
flow rate on the partitioning of flow and particles in the
downstream branches.

Mathematical Description

Governing equations

The DFM proposed by Phillips et al.13 assumes the whole
suspension as a generalized Newtonian fluid with an effec-
tive viscosity dependent on particle concentration. In this
work, we have considered the following expression to calcu-
late the effective viscosity of suspension (proposed by
Krieger25)

gð/Þ5g0 12
/
/m

� �21:82

(1)

In the above equation, g0 is the viscosity of pure suspend-
ing fluid and /mis the maximum particle volume fraction at
which effective viscosity of the suspension tends to infinite,
and we have taken it to be 0.68 for suspension of hard
spheres.13

The steady-state continuity and momentum equations for
the suspension are given as

$:U50 (2)

q$:UU52$P1$:s (3)

where U is the bulk suspension velocity, P is the pressure, q
is the density of the suspension, and s is the stress tensor
which is given as

s522gð/ÞE (4)

In the above equation, E is the rate of strain tensor which
is given by

E5
1

2
$U1$Utð Þ (5)

In the DFM, one more additional equation is solved to
predict the particle migration. The steady-state particle con-
servation equation is given by

$ :U/52$ : Ntð Þ (6)

In the above equation, Nt is the total diffusive flux due to
the net effect of spatially varying interparticle interaction fre-
quency (Nc) and viscosity (Ng).

The flux due to spatially varying interparticle interaction
frequency (Nc) is given as

Nc52Kca2ð/2$ _c1/ _c$/Þ (7)

The flux due to spatially varying viscosity (Ng) is given as
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Ng52Kg _c/2 a2

g

� �
dg
d/

$/ (8)

In the above equation, a is the particle radius, / is the
bulk particle volume fraction, and _c is the local shear rate
given as

_c5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2E : E
p

(9)

The diffusion coefficients Kc and Kg are determined by fit-
ting the predictions of the model with experimental measure-
ments. In this work, these coefficients were taken as constant
(Kc50:41 and Kg50:62).13

Numerical implementation

The mass, momentum, and particle conservation equations
were solved simultaneously using open source CFD code–
OpenFOAM (open field operation and manipulation). Open-
FOAM uses the finite volume method to solve systems of
partial differential equations.26

To solve the particle conservation equation simultaneously
with continuity and momentum equations in OpenFOAM,
the particle conservation equation is rearranged as

$:U/5$ C:$/ð Þ1S/ (10)

where C is the diffusion coefficient and S/ is the source
term. These terms are given as

C5Kca2/ _c1Kga2 _c/2 1

g0

dg
d/

(11)

S/5$:Kca2/2$ _c (12)

The DFM encounters difficulties in the regions where the
local shear rate approaches to zero. For example, in the pres-
sure driven flows the shear rate at the channel center is zero.
As the shear-induced diffusivity is linearly proportional to
the local shear rate, at the center the model predicts maxi-
mum particle volume fraction which are not observed in the
experiments. This also leads to numerical instability and con-
vergence problem when /! /m. To overcome this diffi-
culty a small nonlocal shear rate (_cnl ) proposed by Miller
and Morris27 (which is function of particle size and width of
the channel) is added to the local shear rate _c. The nonlocal
shear rate, _cnl is given by

_cnl 5asðeÞ _cs (13)

In the above equation, _cs5
Umax

B , where Umax is the center
line velocity and the parameter asðeÞ in most of our simula-

tions is chosen as: asðeÞ5e2. The parameter e5 a
B is the ratio

of particle diameter to the channel width. It was observed
that the choice of parameter asðeÞ does not influence the
results significantly but are useful in avoiding the numerical
instability in the computations.

Boundary conditions

The boundary conditions for the suspension flow through
channel are:

1. At the inlet, the uniform inlet velocity Uavg and the
uniform particle concentration / has been applied.

2. At the outlet, fully developed flow condition has been
applied. This implies that the surface normal gradients are
taken as zero: n :$/50; n :$U50, where n is the surface
normal vector.

3. At the walls, no slip boundary condition for the velocity
field and no flux boundary condition for the particle concen-
tration have been applied. This leads to the following
expression for the surface normal gradient

n:$/52
Kc/ðn:$ _cÞ

_c Kc1/ Kg

g0

dg
d/

� � (14)

Validation of the numerical simulation

The success of any numerical simulation depends on how
close it compares with the analytical solution as well as
experimental observations. This is usually done by compar-
ing the results with previous simulation or experimental data
available in the literature. In this work, we have first con-
ducted numerical simulations for pressure driven flow of sus-
pension in a two-dimensional (2-D) rectangular channel and
the results are compared with experimental data of Lyon and
Leal12 and analytical solution of Phillips et al.13 The flow
rate and other simulation parameters are considered as same
that were taken in the experiments conducted by Lyon and
Leal.12 The length required for the fully developed flow was
calculated using the correlation proposed by Nott and
Brady.15 Grid independence tests were carried out by per-
forming the simulations on two different grid sizes. Grid A
consists of 100,000 cells (2500 cells in axial direction and
40 cells in spanwise direction) and grid B consists of
150,000 cells (3000 cells in axial and 50 cells in spanwise
direction).

Figure 1 shows the comparative plots of velocity profiles
from CFD simulations with analytical solution13 and experi-
mental data of Lyon and Leal12 for bulk particle concentra-
tion (/) of 40 and 50%. The velocity profiles are normalized
with fully developed center line velocity ðUmax Þ of Newto-
nian fluid having the same effective viscosity and flow prop-
erties as that of given suspension. The relative position in
the spanwise direction is normalized by the half width of the
channel (B). The velocity profiles of suspension are also
compared with the fully developed parabolic profile of New-
tonian fluid. It is observed that for suspension flow the
velocity profile is blunted due to particle migration. As the
bulk concentration increases the bluntness in velocity profile
increases. The velocity profiles from our simulations are in
good agreement with analytical solution and experimental
data. The velocity profiles from simulations on two different
grids are also nearly identical indicating the grid independent
solution. Figure 2a shows the comparative plots of particle
concentration in the channel for bulk particle concentration
of 40%. The corresponding plot for 50% concentration is
shown in the Figure 2b. Because of shear-induced migration
the particles migrate from the region of high shear rate
(wall) to the region of low shear rate (center). Therefore, the
particle concentration at the center is higher compared to the
near wall regions. We would like to mention that the numer-
ical simulations were performed with nonlocal shear rate
term (see Eq. 13). For simplicity, we have considered the
form of nonlocal shear rate proposed by Miller and Morris.27

Figure 2b shows the concentration profiles with two different
values of nonlocal shear rate parameters [as(e) 5 e and e2].
As the value of nonlocal shear rate term is much smaller
compared to the local shear rate except in the center of the
channel (where the shear rate approaches zero), the choice
of these parameters gives the desired effect of influencing
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the results only near the centerline. The concentration pro-
files from numerical simulations are found to be in good
agreement with the analytical solution of Phillips et al.13 but
only qualitative agreement is observed with the experimental
results of Lyon and Leal.12 The disagreement with experi-
mental data is more near the wall. Most of the experiments
on shear induced particle migration have reported difficulty
in collecting the reliable data in the wall region. It is also
noted that the bulk area averaged concentration determined
from the simulation shows about 3–4% deviation resulting
from numerical errors, whereas the experimental values
exhibit much larger errors (8%). We also observe these facts
in the work of Lyon and Leal12 that have also compared
their experimental data with the “diffusive flux” and
“suspension balance” model predictions. They have attrib-
uted this to error in finding the correct particle concentration
near the channel walls. The DFM has three phenomenologi-
cal constants: Kc, Kg, and /m. The value of Kc, Kg chosen in
this work as well as some previous works provide close
agreement with the velocity and concentration profile.12,13,24

The blunting of velocity profile by the “DFM” is well cap-
tured but the prediction of concentration profile is not so
good. The model also under predicts the increased blunting

of the velocity profile with increased bulk particle concentra-
tion. Allende and Kalyon28 have evaluated effect of wall slip
on particle migration models and observed that the introduc-
tion of wall slip decreases the deviation of the wall concen-
tration from the initial concentration. However, the correct
assessment of the various parameters influencing the particle
migration becomes difficult due to the fact that the migration
itself introduces source of error in rheological characteriza-
tion of concentrated suspensions. Similar to the velocity pro-
file the computational values for particle concentration for
the two grids (Figure 2a) are nearly matching confirming the
grid independent solution.

Results and Discussion

After validation of the simulation method with the experi-
mental data and analytical solution of migration in straight
channel, we have performed simulations of suspension flow
through oblique bifurcating channels. The effect of flow rate,
particle concentration, and bifurcation angle on the bulk sus-
pension partitioning was studied. The oblique bifurcating
channel represents a branching system in which parent
branch divides into two daughter branches (one branch

Figure 1. Comparison of the velocity profiles obtained from CFD simulation with experimental data of Lyon and
Leal12 and analytical solution of Phillips et al.13

(a) / 5 40% and (b) / 5 50%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Comparison of the particle concentration profiles obtained from CFD simulation with experimental data
of Lyon and Leal12 and analytical solution of Phillips et al.13

(a) / 5 40% and (b) / 5 50%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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follows the inlet, termed as main branch and another bifur-
cates at an angle h with the horizontal, termed as side
branch). This type of bifurcating channels are often encoun-
tered in industry, nature, and human body and one of the
important tasks is to find out the bulk suspension and parti-
cle partitioning in the daughter branches for better under-
standing of the flow behavior.

Figure 3 describes two types of oblique bifurcating chan-
nels that were considered in our simulations. In first case
(named as type-1 oblique bifurcating channel), the daughter
branches have different widths (Figure 3a). The main branch
has same width (2B) as that of inlet branch, whereas the
width of side branch is 2Bcosh which depends on the bifur-
cation angle h, such that the two daughter branches have
same opening area for the flow. In the second case (named
as type-2 oblique bifurcating channel), the daughter branches
have width equal to that of inlet branch (2B) and hence they
have different flow openings (Figure 3b). We have consid-
ered four different bifurcating channels corresponding to the
bifurcation angles (h) of 0, 30, 45, and 60�. For the type-1
bifurcating channel, as the bifurcation angle increases the
ratio of width of main branch to side branch also increases.
For h 5 60�, the width of main branch is double of the side
branch. For h 5 30 and 45� the width ratios were 1.154 and
1.414, respectively. Asymmetric T-Junction bifurcating chan-
nel is a special type of oblique bifurcating channel (h 5 0�)
which is identical for both type-1 and type-2. For this case,

the daughter branches have equal width and equal flow open-
ings as well. In this study, the relative particle size (B/a)
was taken to be 24. The length required to reach steady-state
configuration of different sections (parent branch, main
branch, and side branch) were estimated by the formula pro-
posed by Nott and Brady.15 All the simulations of oblique
bifurcating channels were carried on computational grid
comprising of 180,000 quadrilateral cells. The grid independ-
ent tests were also carried out, and it was found that further
increase in number of grids did not change the results. The
simulation parameters are shown in Table 1. The simulations
were carried out for bulk particle concentration of 30, 40,
and 50%. For the quantitative study, the velocity and the
particle volume fraction are plotted at different locations
along lines perpendicular to the flow directions and the loca-
tion of these lines in the channel is shown in the Figure 3.

Velocity field

The effect of particles on the velocity fields can be studied
by comparing the velocity field of suspension with that of
Newtonian fluid having the same effective viscosity and
other simulation parameters. The results shown in this sec-
tion are for type-1 bifurcating channels (see Figure 3a). The
contour planes of velocity magnitudes for Newtonian fluid in
various bifurcating channels are shown in Figure 4 and the
corresponding contours for suspension of 30% concentration
are shown in Figure 5. A clear observation of the contours
shows the marked difference between the two. It is observed
that for the case of Newtonian fluid the bifurcation of inlet
velocity into main and side branch starts from the center of
the bifurcation section (between the Locations 4 and 5),
whereas for the suspension the effect of flow partitioning is
realized as soon as the flow enters into the bifurcation sec-
tion. In other words, the Newtonian fluid velocity profile in
the inlet branch persists up to the center of bifurcation where
it divides into main and side branch. However, for suspen-
sion flow we observe that the blunted velocity profile in the
inlet channel divides into main and side branch after Loca-
tion 4. The deceleration of the flow starts much before the

Figure 3. Schematic diagrams of (a) type-1 oblique bifurcating channel and (b) type-2 oblique bifurcating channel.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 1. Simulation Parameters for the Suspension Flow in

Bifurcation Channels

S. No Flow Parameter Symbol (unit) Value

1 Suspending fluid viscosity g0 (Pa s) 0.48
2 Suspending fluid density qf (kg m23) 1190
3 Particle radius a (lm ) 35.4
4 Width of the channel 2B (m) 0.0017
5 Length of each branch L (m) 0.3615
6 Ratio of channel half width

to particle radius
B/a 24
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bifurcation (as shown in Figure 5) due to presence of par-
ticles in the fluid. The shear-induced migration causes non-
uniform distribution of particles which leads to blunted
velocity profile for fully developed flow. Another important
difference is observed in the velocity contours in two daugh-
ter branches. For the case of Newtonian fluid the contours
are symmetric, whereas for suspension marked asymmetry
can be observed in the daughter branches.

Figure 6a shows the velocity profiles of Newtonian fluid
and suspension (30% particle concentration) in the asymmet-
ric T-Junction bifurcating channel at two locations in the
inlet branch. For the suspension flow, we observe blunted
velocity profile, whereas a parabolic profile for Newtonian
fluid is observed. At Location 3 (just before the bifurcation)
in the inlet branch, the profiles are symmetric but at bifurca-
tion (Location 4) the velocity profiles for the suspension are
shifted toward the side branch. For Newtonian fluid the pro-
files are nearly parabolic and only a small shift toward the
side branch is observed. It can be clearly observed that the
difference in the Newtonian and suspension velocity profiles
arises from the tendency of the particles in suspension to
redistribute into a nonuniform configuration during flow. For
the suspension, the velocity profile at Location 4 (bifurcation
point) is more blunted compared to Location 3, whereas for
Newtonian fluid the profile is still parabolic with a small
shift. Near the channel walls the velocities are zero because

no slip boundary condition was applied there. Figure 6b
shows the velocity profiles at Location 5 in main branch and
Location 9 in the side branch. These two locations are at the
beginning of the respective daughter branches. It is observed
that the velocity profile for Newtonian fluid is nearly para-
bolic and symmetric in the main branch and shifts slightly
toward the outer wall in the side branch. Conversely, the
velocity profiles for the suspension at the same locations are
observed to be highly asymmetric. In both the daughter
branches, the peaks in velocity profile are shifted toward the
outer walls.

To study the effect of bifurcation angle on the velocity
profile, we have carried out simulations for four different
angles keeping the bulk concentration fixed at 30%. The
entrance velocity in the inlet branch was also same (0.00235
m/s) for all the four cases. Up to Location 3, the velocity
profiles in the inlet branch are same for all bifurcation
angles. This is due to the reason that the effect of bifurcation
is not felt up to Location 3. After Location 3, the effect of
bifurcation on the velocity profiles is realized and this
depends on the bifurcation angle and particle concentration.
Figure 7a shows the velocity profiles for suspension of 30%
concentration at bifurcation point (Location 4) for different
bifurcation angles. At the bifurcation point (Location 4), the
shift in velocity profile toward the side branch is maximum
for the bifurcation angle, h 5 0�. With increase in bifurcation

Figure 4. Velocity contour planes of Newtonian fluid in the bifurcating channel for various bifurcation angles: (a)
h 5 0�, (b) h 5 30�, (c) h 5 45�, and (d) h 5 60�.

The effective viscosity of the Newtonian fluid was same as that of suspension with 30% bulk particle concentration. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Velocity contour planes for the suspension in the bifurcating channel for various bifurcation angles: (a)
h 5 0�, (b) h 5 30�, (c) h 5 45�, and (d) h 5 60�.

The bulk particle concentration was 30%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

AIChE Journal July 2014 Vol. 60, No. 7 Published on behalf of the AIChE DOI 10.1002/aic 2697

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


angle, the shift in the velocity profile reduces gradually. For
the bifurcation angle, h 5 60�, the velocity profile is almost
symmetric. The effect of particle concentration on the flow
distribution can be observed by comparing velocity profiles
at bifurcation point (Location 4) for different bulk particle
volume fractions in the T-Junction bifurcating channel (Fig-
ure 7b). The Newtonian fluid shows parabolic profile,
whereas the profiles for suspension flow are blunted and
shifted toward the side branch. This skewness in the velocity
field increases with increase in bulk particle volume fraction
and for highly concentrated suspension (50%) the velocity
profile shows peak-valley-peak configuration.

The velocity profiles in the daughter branches are shown
in the Figure 8. We observe that for bifurcation angle, h 5 0�

the maximum velocity at Location 9 is observed to be higher
compared to that of Location 5. As we move downstream
locations in the daughter branches the velocity profile stabil-
izes and moves toward the center of the channel, although it
is still asymmetric. It is interesting to note that for h 5 30�,
the velocity profile in the main branch (Figure 8c) and side
branch (Figure 8d) show similar nature as well as magnitude.
As the bifurcation angle increases the main branch receives
higher flow rate and the profile becomes more symmetric.

This is clear from Figures 8e and f which shows the velocity
profile for h 5 45� in the main branch and side branch,
respectively. Moreover, for bifurcation angle, h 5 60�, the
main branch receives higher flow rate compared to the side
branch and the velocity profile in the downstream locations
of both the branches are almost symmetric.

Particle concentration

The contour planes of particle volume fraction correspond-
ing to the simulations reported in the previous section for
different bifurcation angles are shown in the Figure 9. The
bulk particle concentration (/5 30%) and inlet velocity
(U 5 0.00235 m/s) was same in all the four cases. For clarity
of the particle partitioning near the bifurcation region, we
have not shown the full length view of the channel.

We observe that the fully developed concentration profile
persists up to the bifurcation (Location 4). After the bifurca-
tion, the flow divides into main and side branch. As the cen-
tral region of high concentration follows the streamlines
after the bifurcation and meets the junction of main and side
branch, the particle concentration is peaked toward the inner
walls. However, this profile does not persist for full length
of the channel in the downstream region. Again, because of

Figure 6. Comparison of velocity profiles of suspension with Newtonian fluid in the bifurcating channel at different
locations; (a) before bifurcation and (b) after bifurcation.

The Newtonian fluid has the same effective viscosity as that of suspension with 30% bulk particle concentration. The bifurcation

angle (h) was 0�. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Profiles of velocity magnitude for suspension flow at the bifurcation point (Location 4).

(a) Effect of bifurcation angles for suspension of 30% bulk particle concentration and (b) effect of bulk particle concentration in

T-Junction bifurcating channel (h 5 0�). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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shear-induced migration, the particles migrate toward the
center of the channel. The profiles of particle concentration
in the inlet branch are shown in Figure 10. Because of
shear-induced migration the particles migrate from high

shear rate region (walls) to low shear rate region (center of
the channel) and forms a central core in the inlet branch. As
the particles move from Locations 0 to 3, the concentration
at the center increases and at the walls decreases. Up to

Figure 8. Profiles of velocity magnitude for suspension flow in the bifurcating channels at different locations in the
main branch (Locations 5–8): (a) h 5 0�, (c) h 5 30�, (e) h 5 45�, (g) h 5 60� and in the side branch (Locations
9–12): (b) h 5 0�, (d) h 5 30�, (f) h 5 45�, and (h) h 5 60�.

The bulk particle concentration was 30%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Location 3, cusp (inverted V-shape) in the concentration pro-
file is observed (Figure 10a). As was the case with the veloc-
ity profiles, the concentration profiles in the inlet branch
were same for all bifurcation angles up to Location 3. But at
the Location 4, because of bifurcation effect the flow decel-
eration starts in the central core of the particles, thereby the
concentration profile is slightly blunted (Figure 10b). Figure
11 shows the concentration profiles in the main and side
branch for four different bifurcation angles. The left side
Figures 11a, c, e, and g shows the concentration profile at
various locations in the main branch for h 5 0, 30, 45, and
60�, respectively. The corresponding profiles for the side
branch are shown in the right side Figures 11b, d, e, and h.
To show that the choice of nonlocal shear rate term has no
quantitative effect on the concentration profiles in the case
of bifurcating channels as well, we have also included the
profiles (Figures 11a and b) for two different values of non-
local shear rate terms which differ by an order of magnitude.
In contrast to the velocity profile, the peak in the concentra-
tion is skewed toward inner walls which are in agreement
with the predictions of shear-induced migration. The profiles
are asymmetric and except at the Location 5 in main branch
and Location 9 in the side branch the peak in concentration

profile for the downstream locations are observed to be near
the center of the channel. For the case of h 5 0�, the profile
in the main branch appears to be mirror image of the profile
in the side branch indicating that there is almost equal parti-
tioning of the particles. As the bifurcation angle increases,
the profile tends to becomes symmetric but there is unequal
partitioning of particles among the main and side branch and
the particles prefer to go to the main branch. As the bifurca-
tion angle increases, the dividing stream line shifts toward
the main branch. Thus, the central particle core travels
toward the main branch. For h 5 60�, the concentration pro-
file in the side branch is almost symmetric in the down-
stream locations.

An important consequence of variation of particle concen-
tration along the flow direction in the downstream branches
is variation of wall shear stresses. The knowledge of wall
shear stresses can also be used to determine pressure drop in
bifurcating channels. In the Figure 12, we have shown plot
of wall shear stress along the length in the flow direction.
The wall shear stress is normalized by the wall shear stress
corresponding to the fully developed flow in the inlet branch,
whereas the length is normalized by B3/a2, as the length
scale of shear-induced diffusivity scales as a2. Figure 12a

Figure 9. Contours of particle volume fraction of suspension for different bifurcation angles: (a) h 5 0�, (b) h 5 30�,
(c) h 5 45�, and (d) h 5 60�.

The bulk particle concentration was 30%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 10. Profiles of particle volume fraction for the suspension in the bifurcating channel: (a) parent branch
(Locations 0–3) and (b) bifurcation section (Location 4).

The bulk particle concentration was 30%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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shows the variation in both the main and side branch for
h 5 0�, whereas Figure 12b shows the plot for h 5 60�. It
can be observed that maximum variation in the wall shear

stress occurs at the inner walls of the main and side branch
for the case of h 5 0�. The wall shear stress at the outer wall
is nearly half of the inner wall. In contrast, the profiles for

Figure 11. Profiles of particle volume fraction for the suspension in the bifurcating channel at different locations in
the main branch (Locations 5–8): (a) h 5 0�, (c) h 5 30�, (e) h 5 45�, (g) h 5 60� and in the side branch
(Locations 9–12): (b) h 5 0�, (d) h 5 30�, (f) h 5 45�, (h) h 5 60�.

The particle concentration was 30%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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h 5 60� are nearly flat. Higher values of wall shear stress are
observed in the main branch at both inner and outer walls,
whereas the side branch experiences much lower stress.

Partitioning of bulk suspension and particles

The effect of inlet flow rate on the partitioning of bulk
flow (the percentage of total inlet flow rate which enters into
the daughter branches) and particles into daughter branches
was studied by carrying out simulations for two different
inlet velocities which differ by two orders of magnitude. The
flow Reynolds number (NRe) based on the channel width for
the case of inlet velocity U 5 0.00235 m/s is of O(1023) and
for U 5 0.235 m/s, it is of O(1021). Thus, the effect of iner-
tia can be small for both the cases. Figure 13a shows the
plot of flow partitioning in the daughter branches against the
bifurcation angle. The bulk particle concentration was 30%
in all the cases. It can be noticed that for h 5 0 and 30�, the
daughter branches receive nearly equal amount of flow.
However, beyond the bifurcation angle of 30� there is sharp
increase in the flow entering into the main branch and
decrease in the side branch. Figure 13b shows the plot of
volume averaged concentration of particles in the daughter
branches against bifurcation angle. The volume averaged
particle concentration in the main branch is found to increase

almost linearly with the bifurcation angle. Conversely, the
volume averaged particle concentration in the side branch
decreases linearly with the bifurcation angle. As expected,
for the low Reynolds number flow there is no effect of flow
rate on flow and particle partitioning.

To study the effect of inlet particle concentration on flow
and particle partitioning in the daughter branches, we have
carried out simulations by varying the bulk concentration of
particles entering the inlet branch. Figure 14a shows the
plots of flow partitioning in the daughter branches against
the bifurcation angle for suspensions for three different parti-
cle concentrations. The plot for Newtonian fluid is also
shown for comparison. For the bifurcation angle, h 5 0�, sus-
pension and Newtonian fluid show identical flow partition-
ing. At larger bifurcation angles, the difference in flow
partitioning is much higher for Newtonian fluid compared to
the suspension. The percentage flow partitioning of suspen-
sion in the daughter branches does not change significantly
up to the bifurcation angle of 30� for all concentrations.
However, for Newtonian fluid the percentage flow in the
main branch increases continuously with the bifurcation
angle. For any given bifurcation angle, the difference in the
flow partitioning of suspension between the main and side
branch decreases with the particle concentration. Figure 14b

Figure 12. Plot of dimensionless wall shear stress against the dimensionless length along the channel wall: (a)
h 5 0� and (b) h 5 60�.

All other parameters were same as in Figure 11. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 13. (a) % Flow partitioning and (b) average bulk concentration in the daughter branches against the bifurca-
tion angle h.

The bulk concentration was 30%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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shows the plot of average particle concentration in the
daughter branches against bifurcation angle for the suspen-
sions of 40 and 50% inlet concentration. As was the case
with the flow partitioning, the difference in the average parti-
cle concentration in the daughter branches decreases with
particle concentration. It is also observed that except for
h 5 0�, the particle partitioning is different from flow
partitioning.

The results presented so far were for type-1 channels. For
the type-2 channels, it was observed that the profiles were
qualitatively similar for all angles. The nature of profiles and
contours were similar to that of type-1 channel with h 5 0�.
As the profiles for h 5 0�were shown in previous figures, the
detailed velocity and concentration profiles for type-2 chan-
nels are not shown here. Figure 15 shows the plots of flow
partitioning and average particle concentration in the daugh-
ter branches against bifurcation angle for the type-2 channel.
The inlet particle concentration was 30%. It is observed that
for h 5 0�the main branch receives 49.24% of flow, whereas
the side branch receives 50.76%. As the bifurcation angle
increases the difference between flow partitioning increases
marginally (Figure 15a). The particle partitioning in the
daughter branches (Figure 15b) shows somewhat
different behavior compared to the type-1 channel. Particle

partitioning is nearly equal in both the branches up to the
bifurcation angle h 5 45�, and significant difference (2%)
was observed for h 5 60�. These results show that the width
of the daughter branches influence the flow and particle par-
titioning much strongly compared to the angle. Therefore,
type-1 channels are better suited for separation of particles
from the bulk fluid. The efficiency of such channels to sepa-
rate the particles decreases with bulk particle concentration.

Conclusions

We have carried out numerical investigation of suspension
flow in oblique bifurcating channels. The suspensions con-
sidered were neutrally buoyant and noncolloidal and the flow
was in the low Reynolds number regime. The central point
of investigation was the phenomenon of shear-induced
migration of particles and its predictions using the DFM.
The continuity, momentum, and particle transport equations
were solved using the finite volume approach. Before carry-
ing out the simulations with suspension flow in bifurcating
channel, we have validated the method by carrying out simu-
lations in 2-D rectangular channel. These results were vali-
dated with available experimental data12 and with analytical
solution13, and observed to be in good agreement.

Figure 14. Effect of bifurcation angle on: (a) flow partitioning and (b) particle partitioning in the daughter branches.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 15. (a) % Flow partitioning and (b) average bulk concentration in the daughter branches against the bifurca-
tion angle h in type-2 oblique bifurcating channel.

The bulk particle concentration was 30%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Subsequent simulations were performed to study the effect
of bifurcation angle, flow rate, daughter branch width and
bulk concentration on the velocity profile, concentration pro-
file, flow partitioning, and particle partitioning in the daugh-
ter branches. The velocity profile for the suspension flow
showed considerable difference over the Newtonian fluid
profile of the same viscosity as that of suspension. This is
attributed to the shear-induced migration of particles. We
also observed that for low Reynolds number flow there is no
effect of flow rate on the partitioning of suspension and par-
ticles. In case of suspension, the flow partitioning and parti-
cle partitioning are not exactly same due to redistribution of
particles in the daughter branches. It was also observed that
as long as the two daughter branches have identical width,
there is almost equal flow and particle partitioning. There-
fore, the results from our studies could be useful in control-
ling the flow and particle transport in bifurcating channels
for desired applications.
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