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ABSTRACT

Suspensions of solid rigid particles in viscous fluids are commonly encountered in many
industries, biological processes, natural settings, and in several daily life products such as
cosmetics, food stuffs. In many of these applications the goal can be to generate uniform
distribution of suspended particle in the finished product. Thus, the knowledge and understanding
of their flow behavior is very important and this has motivated numerous theoretical, numerical,
and experimental studies. The modeling of concentrated suspensions is a challenging task due to
multi body interactions. Experimental characterization of these suspensions is also difficult
because several complex phenomena such as wall slip and shear-induced migration can take place
during their flow. Shear induced particle migration leads to in-homogeneities in particle
concentration and generates segregation in poly-disperse systems. This has been observed in many
flows and leads to problems in many industrial processes. Shear-induced particle migration in
simple and unidirectional geometries like straight channels and tubes have received wide attention
but studies in complex geometries and channels with bifurcations are very few. Suspension flow
through such bifurcation channels is often encountered in biological systems such as flow of blood
through network of branched arteries and veins. In biomedical application, the design of artificial
valves requires knowledge of distribution of blood cells in different branches. In the present work,
we have investigated the shear induced migration of neutrally buoyant suspensions in symmetric
bifurcation channels using the Diffusive flux model (Phillips et al. 1992). We have studied the
effect of particle concentration, angle of bifurcation, flow rate on velocity, concentration profile
and wall shear stresses. The suspension flow profiles showed considerable differences over the
Newtonian fluid profile of same viscosity as that of suspension. The velocity and concentration

profiles in the daughter branches were observed to be asymmetric. Degree of asymmetry and
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bluntness of velocity profile varies with particle concentration and bifurcation angle. Wall shear
stress level was found to be the highest near the bifurcation region. We have carried out
computational fluid dynamics simulations of suspension flow through symmetric 3D bifurcating
channel (T Shape) using the diffusive flux model of shear induced particle migration (Phillips et
al. 1992). The velocity, concentration and wall shear stresses were studied at various sections in
the upstream and downstream sections of the bifurcation. In the diverging flow the symmetric
profile in the inlet branch becomes highly asymmetric in the side branches which progressively
becomes more symmetric. On the other hand, in case of a converging channel symmetric and peak-
valley-peak type of pattern emerges in the downstream of bifurcation whose nature depends on
the inlet velocity and concentration. The velocity profile in the inlet branches were fully developed
but blunted near the converging section and shifted towards the bottom wall. Particle concentration
profile was maximum at the center of channel due to shear induced migration. The locations of
merging the two streams in case of the converging flow were also computed. The velocity streams
are merging very early but concentration streams takes longer time in the outlet section. This
knowledge is required in many applications involving network of branching system to design
mixing devices as well as better understanding of system failures in piping networks relevant to

industry and physiology.

Keywords: Symmetric bifurcation channel, Shear induced migration, Diffusive flux model,

Suspension flow, Numerical simulation.
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Chapter 1

1. Introduction and Literature Review

1.1. Suspensions

Dispersions of one phase in another are frequently observed in biological and industrial
products like blood, paint, food, and slurry transport and in nature as fog, clouds, and rivers.
In general, the dispersions comprise of various combinations of the gas, liquid and solid phase

and their classification is shown in Table 1.1.

Table 1.1: Dispersion classifications.

Dispersed Phase
Gas Liquid Solid
Gas - Vapors Aero-sol, smoke
Continuous Phase Liquid Foams Emulsions Suspensions
Solid Solid foams - Alloys, Polymers

In this thesis, we will be dealing with dispersion systems of type ‘“suspensions” more
specifically. Suspension is a multiphase system in which one phase dispersed (solid particles)
in other continuum (liquid) phase. A few examples of suspensions are presented in Figure 1.1
which is found in our day today life and in nature. Depending upon size and shape of the
particles, the suspensions are further classified into different categories as shown in Figure 1.2.
The nature of inter-particle interactions are influenced by the particle size. Particles smaller
than 1 nm are assumed to behave like homogeneous solutions. A suspension of particles is

termed colloidal if the size of the particles lies between 1 nm and 1pm.Suspensions with

1
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particle sizes greater than 1uym is the subject of our study. In such cases colloidal and

Brownian forces are not important.

Suspension Examples

| i g / :
4 1§ il
B
Lk gp

Tooth Paste Polymers Cosmetics Paints

- ’;\

Blood River flow Lava flow

Figure 1.1. Examples of suspensions

Suspensions

(Solid particles dispersed in viscous fluid)

A A

Mono-dispersed Poly-dispersed

(Particles of same size and radius (a)) (Particles of different size)

Homogeneous solution Colloidal solution Non-colloidal solution

(a< 1 nm) (I nm<a<pm) (a>10 um)

Figure 1.2. Classification of suspensions
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Particle shape is also important because it determines the interaction between the particles and
the suspending fluid. Though various shapes of particles are encountered in practical
applications, our study is limited to spherical particles suspended in Newtonian fluid. Such
type of suspensions are of great importance in industry, medicine and research. In industry,
suspensions are frequently handled during the manufacture of processed food (juices, sauces
etc.), pharmaceuticals, cosmetics, paints etc. In the petroleum industry, suspensions are
encountered in various operations such as drilling, well simulation, fracturing and enhanced
oil recovery (Schramm, 1996). In pharmaceutical industries improving the stability of drug
suspension is a common problem. Suspensions are critical in biomedical engineering, since the
most important biological fluid of all, blood, is clearly a mixture of liquid blood plasma and
red and white blood cells. Bio chips (gene control chip, neural cells, DNA chip and protein
chips) are modern devices that also handle suspension flow in micro channels. Knowledge of
suspension flow behavior is also of great importance in improving the efficiency of operations.
In many flow procedures the low efficiency is due to the fact that flow and stress properties of
the materials involved are not known and thus cannot be controlled in order to optimize the
efficiency and safety of the processes (Knowlton et al. 1994). The flow behavior of these
suspensions is often complex and their rheological properties are often very different from
those of the suspending fluid. The complexity arises due to particle-particle and particle-fluid
interactions in the suspension. To successfully process the suspensions in engineering
applications, it is necessary to understand the fluid dynamics of suspensions and be able to
predict suspension flows as a function of flow conditions. For this reason, a great deal of
attention from both practical and the fundamental points of view has been generated in recent

years.
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The suspensions of interest in this work are inertialess, neutrally buoyant, mono
dispersed, non-Brownian and non-colloidal spheres suspended in a Newtonian fluid. Neutral
buoyancy means that the densities of the particles and fluid are equal and thus settling of the
particles due to gravity does not occur. Suspensions are called concentrated when average solid
volume fraction is typically greater than 3%. Concentrated suspensions are also the type most
frequently encountered in industry and biology. Our work is limited to low Reynolds number
transport of concentrated suspension of non-colloidal and non-Brownian particles. Brownian
interactions arise from thermal fluctuations, and colloidal forces from intermolecular
attraction. At the same time, the particles are small enough so that inertial effects may be
neglected and this assumption requires that the Reynolds number based on particle size is very

low.

1.2. Forces on particles

Solid-liquid two phase suspension flow is complex as compared to the Newtonian fluid flow.
To understand the rheology of solid-liquid suspension we need to know all the forces acting
on solids as well as on fluid. We classify forces (which are significant in a two-phase
particulate suspension) into two categories: non-hydrodynamic forces and hydrodynamic

forces.

1.2.1. Non-hydrodynamic Forces

These forces are present at all times and include Brownian motion, inter particle interactions
and external field effects such as gravity or imposed electrical and magnetic fields. Brownian

motion results from the random thermal fluctuations of the particles and is significant when
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the particle length scale is less than 1 um . Inter particle interactions include short-range forces

such as hard-sphere repulsion or van der Waals forces. The influence of gravity is significant
if the densities of the two phases do not match and electric/magnetic fields are important, if

the particulate phase carries a charge or has significant polarization (Russel et al. 1989).

1.2.2. Hydrodynamic forces

These forces present themselves only in an imposed flow field and include particle inertia and
viscous interactions between the particulate phase transmitted through the fluid. In this study,
in order to understand the dynamics of the suspensions we have made some simplifications to
flow equations. It is assumed that the flow is laminar and the fluid motion is slow enough to
neglect the inertia forces in comparison to viscous forces. The dimensionless number which
determines the relative importance of inertial and viscous effects is the Reynolds number based

on particle size.

Re, =124 (1.1

In the above equation, p, is the density of the particle, a is the particle radius, } is the shear

rate of the flow field, and 77,is the viscosity of the suspending fluid. For Re, <<1, viscous

forces dominate over the inertial forces and the flow is said to be in the creeping flow regime.
The relative importance of Brownian motion is characterized by Peclet number which is

defined as:

pe=14 (1.2)
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In the above equation D, = is the Brownian diffusion coefficient for an isolated

67n,a

particle. For the kind of suspension we are studying, Peclet Number is greater than 1 (Pe >>
1). In this study we have considered non-colloidal suspensions, where the dispersed particles
are much greater than colloidal size and thermal fluctuations and Brownian motion are also
negligible. Such suspensions are industrially important and their study can furnish considerable
insight into the behavior of more complex systems.

There have been many studies to explain and predict the rheological behavior of
suspensions such as viscosity and normal stresses. Viscosity is one of most important

rheological property to be studied and it is discussed in next section.

1.3. Viscosity

The evaluation of rheological properties of suspension are essential for various applications.
Viscosity is one of the most important rheological property from practical point of interest.
Viscosity of a suspension depends on the structural organization and interaction of constituents
within the suspensions. Viscosity of suspension increases with the increase in solid volume
fraction. There has been significant effort in the literature to characterize the viscosity of
different types of suspension, both from theoretical point of view and from experimental
focusing on dilute, semi dilute and concentrated systems. Assuming the absence of interactions
between the suspended particles in a dilute suspension of spherical particles in Newtonian
fluid, Einstein (1906) predicted the bulk viscosity of the dilute suspension. He showed that the
effective suspension viscosity linearly increases with the spheres volume fraction and derived

the following formula:
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n=n,(1+2.50) (1.3)

Equation (1.3) is valid for ¢ << 1. In the above equation, 77 is the effective viscosity of the
suspension 77, is the viscosity of the suspending fluid and ¢ is particle volume fraction.

For more concentrated suspensions it is necessary to consider corrections to the
viscosity that are of higher order in the volume fraction. When the flow field around a sphere

is influenced by the presence of neighboring spheres, the hydrodynamic interactions cannot be

neglected and they could be treated as a contribution toy that is proportional to @* for two

bodies, to ¢3 for three bodies and so on. Batchelor and Green (1972a, 1972b) expressed bulk

suspension viscosity in terms of higher order of particle volume fractions as follows.
n=n,0+ap+by’) (1.4)

In the above equation, the parameters are defined as @ =2.5and second order coefficient

b ="7.6 and it becomes equal to 6.2 when Brownian motion is considered (Batchelor, 1977).

Ball and Richmond (1982) assumed that in a concentrated suspension the effect of all the

particles is additive and proposed the following correlation:

5

-9,
n=n,0-C) 2 (1.5)
Here, C accounts for the so-called “crowding” effect. Ball and Richmond's expression is

effectively identical to that of Krieger and Dougherty (1959) whose theory also states that, in

the general case, the %factor should be replaced by the intrinsic viscosity. The value of %is

the intrinsic viscosity for an ideal dilute suspension of spherical particles. To simplify a little,

from now onwards, we will be denoting,
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7, =L (1.6)
n,

as the normalized viscosity (relative viscosity), where 77 is the effective suspension viscosity.
Many rheologists measured and modeled the experimental data via various phenomenological
equations. In almost all of these models the maximum possible packing fraction of particles
@, is taken into account in the expression of effective suspension viscosity.

A variety of empirical equations have considered dependence of effective viscosity
(ns) on particle concentration(¢). Some of these equations have been proposed by Maron and
Pierce (1956), Krieger and Dougherty (1959), Kriger,(1972), Leighton and Acrivos (1986) and
Morris and Boulay (1999) to determine the dependence of effective viscosity on particle
volume concentration. We have shown only a few of these and one can chose the equation
which best represents the system. The maximum particle volume fraction is one of the
important parameter in these equations. According to the Dorr et al. (2013), the majority of the
models are derived either analytically or by the fitting experimental data. Evidently each of
the approaches has its limitations. Krieger and Dougherty (1959) formula is one of the most
used one. Maron and Piece (1956) model is valid for low concentrations and all other models

are applicable to wide range of concentrations (¢ to ¢, ). In this work we have considered the

correlation proposed by Krieger (1972) which is found to work well for suspension of mono-

dispersed non-colloidal particles. The absolute value for the maximum packing fraction (¢, )

depends on the particle shape and particle size distribution. In the Kreiger model, we have used

¢, =0.68. However, ¢ could be considered an adjustable parameter. The models mentioned

above are given below as follows.
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-2
Maron and Pierce (1956): n = (1 —ﬁj (1.7)
259,
Krieger and Dougherty (1959): 7. = 1_¢£j (1.8)
2
) ) ) 1.5¢
Leighton and Acrivos (1986): 7 =|1+ 5 (1.9)
|
¢m

Morris and Boulay (1999): 7, =1+2.5¢(1—¢£J +0.1(¢£J (1—%) (1.10)

m

Krieger (1972) has given the following empirical correlation for suspension viscosity that

m m

Zarraga et al. (2000): n, = (1.11)

could be fit for concentrated suspensions:

y _ﬂ -1.82 ]
n(9) 770( %j (1.12)

Zarraga et al. (2000) measured ¢,, experimentally by using fluid displacement method and

found it to be 0.62. The value of ¢, is highly sensitive especially when the particle
concentration approaches the level close to it (¢ ~¢@ ). It implies that there is no longer

sufficient fluid to lubricate the relative motion of particles and the viscosity rises to infinity. In
the present study, the maximum packing fraction is set to the value of 0.68 in computations
which is reasonable only for rigid mono-dispersed spherical particles and this was also

considered by Phillips et al. (1992) in their simulation of circular Couette flow. If one were to
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predict effective viscosity with good precision then the value of ¢, must be close to the

realistic value suitable for that particular type of suspension. ¢, has also been determined by

numerical simulations of random close-packing of monodisperse spheres. Rintoul and

Torquato (1996) obtained a value of ¢, =0.62. and Kitano et al. (1981) found that ¢, = 0.68.

Experiments of Chong et al. (1971) gave the value of maximum packing fractions as 0.605

whereas it was between 0.55 - 0.71 in the experiments of Shapiro et al. (1992).

1.4. Shear induced migration

The flowing concentrated suspensions even at low Reynolds number exhibit many interesting
phenomena such as shear induced migration, aggregation, sedimentation etc. These
phenomena which arise from particle-particle and fluid-particle interactions depends on
various factors such as the concentration and density of the particles, viscosity of the
suspending fluid and applied shear rate. In this work, we focus on shear induced migration
phenomena which have attracted wide attention in recent years due to its technological and
industrial applications.

Shear induced migration is defined as a phenomenon in which initially well mixed non-
colloidal, neutrally buoyant particles in a viscous Newtonian fluid when subjected to in-
homogeneous shear flow, becomes non-uniform due to flux of particles migrating from regions
of high to low shear rate and from regions of high particle concentration to low. This
phenomenon arises from the particle-particle and particle-fluid interactions (Gadala-Maria and
Acrivos, 1980; Leighton and Acrivos, 1987).

For better understanding of this migration, we have explained this by illustration in the

figure given below. Consider two close rigid solid spherical particles present in suspension.
10
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These two solid particles are moving freely along the streamlines which are separated by a

distance d1 as shown in the Figure 1.3a.

(a) (b)
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Figure 1.3. Interaction of two solid spheres in a simple shear flow (a) before interaction (b)
after interaction. [From Leighton and Acrivos, 1987b, J. Fluid Mech. 181, 415 Copyright 1987
by the Cambridge University Press]

In Iaminar flow the fluid layers moves one over the other with different velocities, and
the particles in those layers also move with different velocities. The particle moving with
greater velocity interacts with the particle moving with lower velocity. If the interaction is
reversible, the particles should return to their original position at the end of collision. After
return to the original position the same original distance (d1) has to remain between them. But
the particles never return to their original streamlines after their encounter and are separated
by distance (d2) different from the original. Hence, this indicates an irreversible interaction
taking place, displacing the particles away from their original stream lines. The reason for this
irreversible interaction may be due to surface roughness of the particles, Brownian motion of
particles and multi body inter-particle interactions. If the separating distance between the

particles moved is measured in the order of particle radius (say a), then the relative velocity

between the particles is Ya. Here, ¥ is local shear rate and a is particle radius. Thus, the shear

11
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induced particle diffusivity is proportional to 7’612. If there is a large gradient in the shear rate
ge g

across a particle, then the particle experiences more irreversible interactions. Similarly, if there
is a small gradient in the shear rate across a particle, then the particle experiences less
irreversible interactions. Hence, more migration from the regions of high shear rate compared
to the regions of low shear rate occurs. This increases the concentration of particles at regions

of low shear rate which leads to gradients in particle concentration.

é - F—
SEDC_}G»

=

or um

Pipe flow of suspension Micro-structure
Figure 1.4. The macroscopic flow behavior of a suspension will depend on the dynamics at
the micro structural level (From Deshpande et al. 2010)

However, this gradient in particle concentration results in migration of particles from
high concentration to low concentration. This entire phenomenon associated with the shear
flow of suspensions is known as shear induced migration and is described in detail by Leighton
and Acrivos (1987a). The most practical application is a tube flow where the particles get
concentrated in the center due to shear-induced migration. As a result the parabolic velocity
profile becomes blunted (Figurel.4).

Particle migration involving flows of concentrated suspensions can be found in many

industrial processes which involve uniform distribution of particles in the materials. For
12
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example, the manufacture of plastics, pharmaceuticals and ceramics depends on the
consistency of the dispersions to produce a quality product, however, due to lack of current
understanding of suspension dynamics, consistency is mostly attained by trial and error
processes. A better understanding of particle migration would have an impact on processing of
concrete, ceramics and solid propellants. A brief literature survey on this topic is given in the

sections 1.4.1 and 1.4.2.

1.4.1. Shear induced migration through general geometries

As mentioned in the previous sections, many researchers have conducted investigations on
viscosity of the suspension. Much of the experimental and analytical work has been performed
in Couette devices in order to determine the self-diffusion and the corresponding diffusion
coefficient which can be used to model flow. The list of publications is extensive and it is
impossible to review all these publications in this chapter. Only a brief survey that covers
studies of shear induced migration and migration in bifurcation channels is presented here. As
mentioned before, Einstein (1906) gave the formula for effective viscosity in very dilute
suspension and his formula was considered as the foundation of many studies later on. For
long time it was a commonly accepted view that suspensions should behave as Newtonian
fluids for all values of the particle concentration up to the maximum flowing fraction. Many

years after the work of Einstein, Batchelor and Green (1972b) derived the rigorous extension
of Einstein’s formula to order of ¢’ for suspensions of mono-disperse solid spheres. Eckstein

et al. (1977) developed a scaling argument for the diffusion coefficient by reducing the
dimensionless arguments governing particle-particle interactions. They determined that self-

diffusion coefficient was proportional to square of the particle radius and the local shear rate.

13
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The coefficient was found to be nearly linear with concentration up to 20% and constant
beyond that. In the range 0.2 <¢ < 0.5, the trend of self-diffusion coefficient was not clear
because of experimental scatter and inaccuracies, and this lead to the conclusion that for ¢ >
0.2, the self-diffusion coefficient is independent of particle volume fraction. While measuring
the viscosity of concentrated suspensions of neutrally buoyant spheres in Newtonian fluids
using the Couette viscometer, Gadala-Maria and Acrivos (1980) observed that the effective
viscosity of concentrated suspension decreased slowly with prolonged shear until it reached
equilibrium value. They could not find a reasonable explanation for this phenomenon.
Leighton and Acrivos (1987) repeated the experiments done by Gadala-Maria and Acrivos,
and suggested that the apparent decrease in viscosity results from the migration of particles out
of the sample being sheared in the gap between the bob and the cup of the Couette device and
into the reservoir containing the stagnant part of the suspension. They proposed a mechanism
which explained the existence of particle migration in the direction normal to the shearing
direction and also predicted the rate of migration. They proposed that the mechanism of particle
migration is basically particle diffusion in response to gradients in shear rate and in particle
concentration acting through irreversible interactions between particles. As explained earlier
the gradients in shear rate and concentration directly affect the frequency and dynamics of
collisions between particles. Many studies investigated shear induced particle migration using
experimental and theoretical analysis after the work of Leighton and Acrivos (1987). There
have been several experimental evidences to support the phenomenon of shear induced particle
migration exhibited by concentrated suspensions. All of these experiments were performed in
simple flow geometries on model suspensions of non-colloidal, mono-disperse spheres

suspended in viscous Newtonian liquids. The shearing flow geometries discussed below

14
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include pressure- driven flow in a circular pipe, pressure-driven flow in a rectangular channel,
narrow-gap annular Couette flow, and wide-gap annular Couette flow.

The first quantitative experiments involving pressure-driven flow of concentrated
suspensions through tubes at low Reynolds number were performed by Karnis et al. (1966)

using hand—analysed cinematography and their results are presented in Figure 1.5.
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Figure 1.5. Dimensionless steady-state mean suspension velocity profiles measured by Karnis
et al. (1966) for three values of particle concentration. The velocity profiles shown become
increasingly blunted with increasing particle concentration. The flow parameters were: the tube
radius Ro=0.4 cm, the ratio of tube radius to particle radius Ro/a = 36, and the volumetric flow

rate Q=0.0356 cm?/s. The solid lines are the best fit through the experimental points. The ¢

=0.14 (open circles) curve is parabolic, and accordingly indicates the velocity profile for a
Newtonian fluid in this geometry [From Karnis et al. 1966, J. Colloid Interface Sci. 22, 531

Copyright 1966 by the ELSEVIER ].
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These velocity profiles suggest that particles had drifted into a non-uniform
configuration in response to inhomogeneous shear rate or velocity gradient in the flow.
Specifically particles moved away from the tube wall where local shear rate was high to regions
near the tube center where the local shear rate was low. However, in their experiments, they
did not observe any particle migration. They suspected that this blunted velocity profiles are
due to wall effects. Later Leighton and Acrivos (1987b) provided evidence supporting the idea
of particle migration and mechanism for shear induced migration was proposed. Ultra sound—
Doppler anemometry was used by Kowalewski (1980) to measure the velocity profile for
concentrated suspensions in tube flows. It was found that the blunting of velocity profiles
depends upon the particle concentration and particle size.

Although the ultrasonic experimental method is very useful it cannot distinguish
between particle and fluid velocities. The measured velocity profile is presumably a mass or
volume averaged value. Clearly no particle concentration data is possible via this technique.
To give good information about particle concentration profiles, Sinton and Chow (1991) used
Nuclear Magnetic Resonance (NMR) imaging to study the solid-fluid suspension flow in the
tube, since it could distinguish between the fluid and solid phases, even in optically opaque
suspensions. NMR also provides simultaneous velocity profiles. They found that the velocity
profile of suspension was different from the parabolic velocity distribution. The velocity
distribution appeared to be blunted with slower than expected velocities towards the center of
the pipe for the 42% and 50% volume fraction suspension, while the velocity distribution of
suspension of 22% volume fraction exhibited excellent agreement with the parabolic shape.

This blunted velocity profile was consistent with the prediction of Leighton & Acrivos (1987).

16
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Like Karnis et al. (1966), Sinton and Chow (1991) also did not find any measurable non-
uniformity in particle concentration.

Altobelli et al. (1991) measured velocity and concentration profiles of suspensions of
spheres flowing in a horizontal pipe using magnetic resonance imaging. They observed that
velocity profiles of the suspension (¢ =0.39) were blunt and shifted slightly upward. With
change in concentration or velocity, both the fluid velocity and concentration profiles become
more axisymmetric. Later, Hampton et al. (1997), measured the velocity and concentration
profiles of particles for pressure-driven flow in circular pipes by NMR imaging and their
results are presented in Figure 1.6. In their experiments they observed the non-uniform
concentration profiles and simultaneous blunted velocity profiles, for bulk particle volume
fractions ranging from 0.1 to 0.50 and also compared with existing shear induced migration
models. Figure 1.6 indicates the images taken from their experiment with a/R = 0.0256 (where
a is particle radius and R is radius of the tube) which exhibits sharper peaks at lower particle
concentration and this sharpness in peaks decreases with the increase in particle concentration.
While most of experimental studies on shear-induced migration used the NMR imaging
technique, Koh et al. (1994) used laser Doppler anemometry (LDA) to study the pressure-
driven flow in a rectangular channel. To avoid the problem of optical turbidity, the refractive
indexes of the solid and liquid phases were closely matched. This method was chosen such that
by counting the number of Doppler signals in a period of time, the local volume fraction was
also measured. These measurements showed the existence of blunted velocity profiles that
were independent of suspension flow rate but bluntness increases with increase in particle

concentration. The maximum particle concentration was observed near the center.

17



Chapter 1

Figure 1.6. NMR images recorded by Hampton ez al. (1997) of the particle volume fraction
(¢ ) profile for pressure-driven suspension flow in a circular pipe. On the left are the initial ¢
profiles and on the right are the fully developed ¢ profiles. The particle radius to pipe radius
ratio (a/R) was 0.0256. The bulk particle volume fraction was: (a) 0.20, (b) 0.30, and (c¢) 0.45
[From Hampton et al. (1997), J. Rheol. 41, 621 Copyright 1997 by the AIP Publishing LLC].
Averbakh et al. (1997) also employed Laser-Doppler anemometry to measure velocity
profiles in a rectangular duct to detect velocity fluctuations in the viscous flow of the
concentrated suspension induced by the particle presence. Lyon and Leal (1998) used modified
Laser-Doppler velocimetry (LDV) method to measure fully developed particle velocity and
concentration profiles, as well as the mean square amplitudes of velocity fluctuations, for

concentrated suspension flowing through rectangular channel and confirmed that velocity

18



Chapter 1

profiles are blunted; the bluntness increases with increase in particle concentration (Figure
1.7). They have performed experiments with suspensions up to particle concentrations of 50%
and also compared the profiles with the predictions of diffusive flux and suspension balance
models. Shear induced migration is also studied extensively in curvilinear and eccentric flows.
Abbott et al. (1991) used NMR imaging to observe the evolution of radial concentration and
velocity profiles of initially well mixed concentrated suspensions of spheres in viscous
Newtonian liquids undergoing flow between rotating concentric cylinders (wide gap, annular

Couette flow) and their results are depicted in Figure 1.8.
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Figure 1.7. Mean velocity (a), particle volume fraction (b), and time averaged velocity
fluctuation (flow direction) (c) profiles measured by Lyon and Leal (1998) with Laser Doppler
velocimetry for a suspension with average particle volume fraction(¢ )= 0.4, and the channel
half width to particle radius ratio (B/a)=11. In (a), the mean velocity profile of suspension is
compared with the mean velocity profile of a Newtonian fluid at the same flow rate [From
Lyon and Leal, 1998, J. Fluid Mech. 363, 25 Copyright 1998 by the Cambridge University

Press].
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In Couette flow, particles migrate from the high shear-rate region near the inner rotating
cylinder to the low shear rate region at the outer wall (Figure 1.8a and c). They also reported
that the particle fraction near the outer cylinder at steady state reached a value near 0.6, close
to 0.63, the maximum random packing fraction for mono-disperse spheres. Abbott ef al. (1991)
also measured the suspension velocity profile and found that the flow in the densely packed
region near the outer, stationery cylinder is almost stagnant. Near the center, the particle

concentration decreased by at least 30% (Figure 1.8b).
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Figure 1.8. Shear induced migration in cylindrical Couette flow by Abbott et al. (1991). (a)
The radial concentration profile determined from the average value of the signal intensity as a
function of radial position. (b) Steady state velocity profile compared with that for a Newtonian
fluid. (c) NMR images of a cross section of a suspension of 50% polydisperse spheres flowing
between concentric cylinders [From Abbott et al. 1991, J. Rheol. 35, 773 Copyright 1991 by

the AIP Publishing LLC].
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Chow et al. (1994) performed NMR experiments to measure the evolution of suspension
concentration profiles in Couette and parallel-plate geometries. In their study, neutrally
buoyant suspensions of nearly mono-disperse, non-Brownian spherical particles at a volume
fraction of 0.5 in a Newtonian fluid were used. For Couette flow, the experimental results were
in good agreement with Leighton-Acrivos (1987). However, they found that there was no
significant migration of particles across the entire domain of the parallel plate geometries but
some decrease in the apparent viscosity was observed. Chapman (1990) conducted
experiments on suspension flow in cone-plate geometry where an outward migration of
particles was observed. Chow et al. (1995) observed that the particles were found to migrate
radially outward, away from the apex of the cone in the cone-and-plate geometry.

Phan-Thien et al. (1995) observed the particle migration in a concentrated suspension
undergoing flow between rotating eccentric cylinders by conducting experiments and
numerical simulations. They used the NMR imaging technique to measure the time evolution
of concentration and velocity. They also compared the numerical results with the experimental
data and found that there was acceptable agreement. Subia et al. (1998) used NMR technique
to determine the particle concentration profiles of initially well-mixed suspensions as they
separate when subjected to slow flow between counter-rotating eccentric cylinders and in
piston-driven flow in a pipe. They have observed good qualitative and quantitative agreement
of the numerical predictions with the experimental measurements.

Most of the above mentioned studies have focused extensively on unidirectional and
steady flow in simple one and two dimensional geometries such as cylindrical Couette cell
parallel plate geometry, cone plate geometry, rectangular channels and the circular pipes.

While flow in complex geometries such as bifurcations are not adequately addressed despite
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the fact that most of the industrial processes involve flows of suspension through 3D
geometries. Flow of particles through constrictions and diversion are also of fundamental
importance (Chen, 2013). In the next section we describe the migration in bifurcation channels

and previous works done so far in the literature.

1.4.2. Shear induced migration through bifurcation geometries

Transport of suspension through bifurcation channels (where a channel or pipe divides into
multiple branches) is often encountered in biological systems such as laminar flow of blood
through branched arteries and veins, micro vascular physiology (Pries et al., 1989). Bifurcation
channels are also used in micro devices for particle separation or mixing (Roberts and Olbricht,
2006). The shear-induced migration phenomenon through bifurcation channels could be
important in many of the above applications. For example in the biomedical application the
design of artificial valves would require proper understanding of the distribution of the
particles in bifurcation channels. Aarts et al. (1988) proposed a method known as “plasma
skimming” which is used to separate red blood cells from whole blood by flowing blood
through a network of well-designed bifurcations.

Chien et al. (1985) and Yen and Fung (1978) have studied plasma skimming with flexible
disks. The plasma skimming technique can be used as an alternative where conventional
techniques are ineffective (Jaggi et al. 2007; Leonard et al. 2004; Faive et al. 2006). Pries et
al. (1989), Krogh (1921), Yan et al. (1991), Enden and Popel (1994) observed that the
distribution of red blood cells into branches of bifurcation (Y and T type bifurcation) differs

from the distribution of bulk flow.
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channels numerically and experimentally for low Reynolds number flows. Balan and Balan
(2010) and Kanaris (2010) suggested that non-Newtonian fluid shows a flattened axial velocity
profile due to its shear thinning behavior. In addition, the red blood cell motions in various
bifurcation geometries (like Y and T shape channels) has been the area of research in the recent
past with a variety of particles, including rigid spheres (Lagoela et al. 2009) and flexible cells
(Barber et al. 2008). They observed that RBCs significantly deviated from streamlines at
bifurcation because of cell migration and obstruction effects. Wang and Xing, (2010) studied
the motion of erythrocyte (Red blood cell) suspensions numerically through axisymmetric,
pressure driven channels. They observed that the profile of the capillary flow was markedly
blunted in comparison to the parabolic profiles of pure plasma flow.

Li et al. (2012) investigated the motion of red blood cells (RBCs) in a Y shaped
bifurcating micro fluidic channels using dissipative particle dynamics of healthy and unhealthy
blood at low Reynolds number and their results predicted that RBC flux in bifurcation channel
depends on the deformability of RBCs and the feed hematocrit level of blood. Ishikawa et al.
(2011) have investigated experimentally the behavior of RBC cells and adhesion of cancer
cells in symmetric bifurcations and confluences at low Reynolds number. They revealed that
there is a strong asymmetry in the trajectories of RBC cells and cancer cells at the bifurcation
and confluences, although the trajectories of tracer particles in pure water were almost
symmetric. Subsequent to this Leble et al. (2011) have investigated experimentally the red
blood cell motions in a micro channel with a diverging and converging bifurcation. They

observed asymmetry in velocity profiles of RBC's.
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Fridjonsson et al. (2011) studied the dynamics and flow partitioning of colloidal particles in
the Y shape bifurcation channel formed with circular segments experimentally and
numerically. They observed that Newtonian fluids exhibited parabolic profile whereas, Power
law fluids exhibited blunted profiles. Gijsen et al. (1999) investigated the influence of non-
Newtonian properties of blood on the velocity distribution in carotid bifurcation
experimentally and numerically. They found that the axial velocity profile of the non-
Newtonian fluid was blunted. The non-Newtonian fluid had low velocity gradients at divider
wall, and high velocity gradients at non-divider wall. Anastasiou et al. (2012) studied the
Newtonian and non-Newtonian properties of pulsatile blood flow in micro channels using
micro particle image velocimetry. They measured velocity distribution and wall shear stress
during the flow of blood. In a recent review article, Kumar and Graham (2012) have discussed
the margination of leukocytes, RBCs and platelets and presented a modified shear induced
migration model for the segregation behavior in binary suspension of rigid and deformable
particles.

Audet and Olbricht (1987) observed that in small vessels, circular particles having the
diameters comparable to the vessel diameter could experience significant drift across
background fluid streamlines. Ditchfield and Olbricht (1996) performed flow experiments (at
low Reynolds number) with suspension of spherical particles through symmetric Y shaped and
non-symmetric T- shaped bifurcations. They have observed that the hydrodynamic interactions
between the particles have a strong influence on the flux of the particles through bifurcation.
For a small value of the particle volume fraction these interactions could be very important.
Roberts and Olbricht (2003) analyzed the motion of freely suspended particles in low Reynolds

number flows. Their study was mainly focused on Y—shape, T—shape and Oblique bifurcation
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channels formed by circular tubes for a range of particle volume fractions up to 0.06. The
inference from the results was that there was a difference in the partitioning of the particles
between the bifurcation and those of the suspending fluid. From the above inference they
suggested a method to design a practical micro fluidic device which has multiple bifurcations
to separate particles. Roberts and Olbricht (2006) considered Y-shaped and oblique
bifurcations with branches of square or rectangular cross-section for their experimental study.
Their observations were similar to that of Roberts and Olbricht (2003) but found that the
magnitude of difference depends on the aspect ratio of the cross-section of the channel and
also on the bifurcation geometry. They reported greater volumetric flow rate for the particles
entering the downstream branch.

Schmid-Schonbein et al. (1980), Perkkio and Keskinen (1983) and Barber et al. (2008)
have proposed mathematical models to understand the flow and particle partitioning and
computed the cell distribution at bifurcations. Most of these studies dealt with dilute
concentrations and situations where the size of the particles was almost comparable with the
channel width. The flow physics of concentrated suspensions of small particles relative to
channel width is less studied numerically and experimentally despite their wide application.
Xi and Shapley (2008) have performed NMR experiments on flow of concentrated suspensions
through asymmetric T-junction bifurcation channel of rectangular cross-section. They
observed that the particles are almost equally partitioned in downstream branches even though
the flow partitioning is unequal.

Later, Ahmed and Singh (2011) performed numerical simulations based on the diffusive
flux model and obtained good agreement with the experimental work of Xi and Shapley (2008).

Recently, Reddy and Singh (2014) have carried out numerical simulations of suspension flow
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through two dimensional oblique bifurcating channels and reported that flow partitioning and
particle partitioning do not seem to be the same because of redistribution of particles in the
daughter branches.

In a significant work, Zrehen and Ramachandran (2013) observed the existence of
secondary currents in pressure driven flow of concentrated suspension of non-colloidal
particles at low Reynolds number passing through a conduit of square cross section. The
secondary currents in 3D channel with non-axisymmetric cross-section may influence the
particle distribution. Only few studies have focused on suspension flow in complex geometries
such as contraction-expansion flows (Iwamiya et al. 1994; Altobelli et al., 1997; Rao et al.
2007; Miller and Morris, 2006; Moraczewski and Shapley, 2006). The above mentioned
studies has motivated us to perform detailed studies on the distribution of particles and its
relation to the velocity profile considering utilization of this knowledge in several industrial
and biological processes where particle migration is an important issue.

To the best of our knowledge there are no experimental and simulation studies on flow
of concentrated suspensions in symmetric three dimensional Y and T shape bifurcation
channels that are common in microfluidic devices. In this work, we have studied the flow of
concentrated suspension of rigid mono dispersed particles in viscous liquid flowing through
symmetric bifurcation channel via Computational Fluid Dynamics (CFD) simulations. The
CFD simulations based on continuum models such as diffusive flux and suspension balance
have advantage over the computationally intensive particle tracking simulations as they can be
generalized for complex geometries. In chapter 2, we discussed in detail about models used to
study the shear induced migration in bifurcation channels and implementation of model used

in this study.
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1.5. Objectives

The overall objective of the current study is to study the suspension flow behavior in symmetric
Y and T shaped channels. To achieve the overall objective we have performed the following
simulations.

1. To study the effect of bifurcation angle, particle concentration and flow rate near the
bifurcation on the particle migration of concentrated suspension in two-dimensional
symmetric Y shaped bifurcation channel.

2. To study the shear-induced particle migration of concentrated suspension in three
dimensional Y shaped bifurcation channel.
3. To study the particle migration of dense suspension through diverging and converging

flow in a T shape bifurcation channel.

1.6. Organization of the thesis

The thesis consists of six chapters. The introduction and motivation for the work, including
literature review is presented in chapter 1. In chapter 2, we describe continuum models which
describe the shear induced migration and their numerical implementation. Chapter 3 describes
the shear induced migration of concentrated suspension through two dimensional Y-shaped
bifurcation channels. We have validated the simulation results with experimental results
available for straight channel. Chapter 4 investigates the shear induced particle migration in
three dimensional bifurcation channels. Chapter 5 further investigates the flow of dense
suspension in diverging and converging (T-shaped) bifurcation channel. Chapter 6 describes

the conclusion of our work and future work that may be carried out in this direction.
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Chapter 2

2. Shear Induced Migration Models

The main interest of this chapter is to present brief survey on the continuum models used to
capture the shear induced migration phenomena in complex geometries. The implementations
of Diffusive flux model in OpenFOAM and followed by validation of numerical results are

also discussed.

2.1. Introduction

Several experimental observations of shear induced migration phenomena in various
geometries have motivated a number of theoretical studies to understand this behavior. There
are also a number of numerical simulation studies based on continuum based models as well
as particle level simulation. Particle tracking simulations, such as Stokesian Dynamics (Brady
and Bossis, 1985; Brady and Bossis, 1988; Brady, 1993; Nott and Brady, 1994) and boundary
element methods (Ingber, 1990; Phan-Thien and Kim, 1994), have been used to understand the
microstructure and rheology of concentrated suspensions. However, these simulations are
limited to only few thousand particles due to large computational power and memory
requirements. The continuum models allow simulation of realistic problems which are
macroscopic in nature and which typically contain a large number of suspended particles.
These kinds of problems are of considerable practical interest.

From the continuum point of view, basically there exist two major 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) was
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developed by Phillips et al. (1992) based on the scaling arguments proposed by Leighton and
Acrivos (1987b) who argued that the spatially varying inter-particle interaction frequency and
effective viscosity are responsible for the particle migration and diffusion. This model is highly
successful in prediction of the particle migration in rectangular channel flow (Koh et al. 1994;
Lyon and Leal, 1998) pressure driven pipe flow (Hampton et al. 1997) and in wide gap Couette
geometry (Abbott et al. 1991). But, the original model has limitations in cone & plate and
parallel plate torsional geometries. In the cone and plate geometry, the diffusive flux model
predicts no migration of the particles, while inward migration of the particles in the parallel
plate geometries. The experimental observations by Chapman (1990) and Chow et al. (1994,
1995) were different from the predictions of the diffusive flux model.

Krishnan et al. (1996) rectified the setbacks of the diffusive flux model of Phillips et
al. (1992) by proposing modifications which include the effects of curvature to correct the
discrepancies in parallel plate and cone & plate geometries. This led to the effective use of
diffusive flux model for the curved geometries. Zhang and Acrivos (1994) extended Phillips
model to study the viscous resuspension of heavy particles in fully developed laminar flows in
horizontal pipe. They employed Galerkin finite element method to solve the governing
equations. Fang and Phan-Thien (1995) conducted their study on the numerical modeling of
particle migration in the concentrated suspension by finite volume method. They studied
migration in one -dimension and two -dimension flows with arbitrary geometry and boundary
conditions. Phan-Thien et al. (1995) used the diffusive flux model to find the particle migration
in eccentric flows. They employed explicit pseudo-transient finite volume method to solve the

governing equations and obtained good agreement with experiment results.
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Phan-Thien and Fang (1996) tested the diffusive flux model in channel and pulsatile flows and
they employed unstructured finite volume method. Subia er al. (1998) also used diffusive flux
model based on Galerkin finite element method to study shear induced particle migration in
non-homogeneous shear flows of suspensions for two dimensional and three dimensional
(axisymmetric) flows. Chen (2013) employed a boundary element method to successfully
investigate the migration of one or two particles along the symmetric axis perpendicular to the
circular disk.

The second model, named as Suspension Balance Model (SBM) was proposed by Nott
and Brady (1994). It is based on the conservation of mass and momentum equations over the
bulk suspension (fluid + particle phases) and over particle phase only. The particle velocity
fluctuations are introduced with a non-local description of suspension temperature. Morris and
Boulay (1999) illustrated the importance of anisotropy and normal stress difference effects in
Suspension balance model for predictions of migration in curvilinear flows. Fang and Phan-
Thien (1999) proposed a modification in the suspension balance model that can fit in
convection-diffusion equation for unstructured finite volume implementation. They compared
the velocity and concentration profiles with available experimental results for channel flow.
They found that the model predictions of concentration agree well with experimental data, at
high bulk concentrations. Fang et al. (2002) performed simulations using finite element and
finite difference methods for steady and transient states in different flow geometries like
Couette flow, pressure driven pipe flow, channel flow and eccentric journal bearing flow. The
results obtained are in good agreement with experimental data for consistent sets of empirical
constants. Miller and Morris (2006) proposed non-local shear stress term in the suspension
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balance model which depends on the particle radius, characteristic length of geometry and
maximum velocity in a pressure driven flow. They also introduced the concept of non-local
shear rate which is added to the local shear rate to get rid of the unphysical cusp in
concentration profile at the center of the channel. They also extended the suspension balance
model for general geometries. Kauzlaric et al. (2011) overcame this problem by incorporating
the effective deformation rate tensor in the diffusive flux model which considers the collisions
between the particles at the center of the channel where local shear rate is zero.

Vollebregt et al. (2010) demonstrated that the driving force for the particle migration
can be expressed in terms of non-equilibrium osmotic pressure and chemical potential and
various shear induced migration models can be generalized as a mixture model. This way they
have applied the shear induced migration models to the membrane filtration and further
extended it to the separation of bi-dispersed suspensions. Both the diffusive flux and
suspension balance model over predict the wall concentration. Vollebregt ef al. (2012) in the
mixture model proposed the adjustment of the maximum packing close to the wall, which
corrects the depletion of particles near the wall. Recently, van Dinther et al. (2013) have probed
the role of shear induced diffusion phenomena in the fractionation of droplets based on their
size. The suspension balance model was extended by Dbouk et al. (2013) to two—dimensional
flows through frame—invariant formulations to account for local kinematics of the suspension
including buoyancy effects and applied to the resuspension and mixing of mono dispersed
suspension in a horizontal Couette cell. Both the diffusive flux and suspension balance models
have been used extensively to study the unidirectional and steady flow in simple one and two
dimensional geometries. Shapley et al. (2004) have evaluated the performance of diffusive flux

32



Chapter 2

and suspension balance model by comparing the simulation results with experimental data
obtained from NMR imaging. The diffusive flux model is relatively simple as it couples
generalized Newtonian stress/strain relationship with shear-induced migration of particles and
effective viscosity depends on the local volume fraction of particles. The modified version of
suspension balance model (Morris and Boulay 1999) considers non-Newtonian rheology of
concentrated suspensions (particularly normal stress differences) to incorporate the anisotropy
in stresses. Though, the stress tensor is still symmetric for suspension, it is not isotropic unlike
Newtonian fluids. We have chosen Diffusive flux model as several past studies have confirmed
that for rectilinear channel flow, predictions of diffusive flux model and suspension balance
model are similar. In bifurcation channel the region where the flow encounters curvature is
much smaller compared to the straight section. Since the net migration depends on the total
strain, the curvature induced flux is not expected to be important. In a previous study on
migration in asymmetric T- junction bifurcation channel (Ahmed and Singh, 2011) the
predictions from diffusive flux model were found to be in good agreement with the
experiments of Xi and Shapley (2008).Thus, for simplicity of implementation, and economy
of computations we have chosen diffusive flux model in our present study which considers
symmetric stress tensor. The mass, momentum and particle conservation equations of the
diffusive flux model were solved using the finite volume method (FVM). We utilize the finite
volume method (FVM), as it proves advantageous due to conservative nature of its
construction which enforces mass and momentum conservation over each computational
element or control volume (CV) by balancing fluxes between one control volume and its
neighbors. The finite volume method is also relatively easy to implement and allows more
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flexibility in the numerical setup than the finite element method. In this work, we have used
the OpenFOAM environment which uses the Finite Volume Method (FVM) to solve the
system of Partial Differential Equations (PDEs). “The OpenFOAM (Open Field Operation and
Manipulation) CFD Toolbox is a free, open source CFD code produced by the “OpenCFD
Ltd.” OpenFOAM can solve systems of partial differential equations ascribed on any 3D
unstructured mesh of polyhedral cells. The fluid flow solver uses implicit, pressure-velocity
coupling and iterative solution framework.

The governing equations and method of solution are explained in following sections. In section
2.2, we describe briefly the different models that represent the migration that originates from
the hydrodynamic particle diffusion in the suspension flow. In next section we describe the

implementation of DFM in OpenFOAM.

2.2. Diffusion models

2.2.1. Original Diffusive Flux Model [Phillips et al. 1992]

In this model, the constitutive description for the suspension is divided into two parts. First, an
expression for the stress tensor is written for suspension and modeled as a Newtonian fluid
with viscosity that depends on the local volume fraction of the solids. Second, the distribution
of solids is obtained from the solution of the diffusion equation that describes the motion of
the particles in a flow field.

2.2.1.1. The stress tensor

The stress tensor for Newtonian fluid is expressed as,

t=27(¢)E (2.1)
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In the above equation, E denotes the rate of strain tensor which is expressed as,

1 T
E= E[VU +(VU) ] (2.2)

2.2.1.2. Continuity and Momentum equations
The material (i.e. suspension) under flow is considered to be a continuum medium that obeys
laws of conservation of mass and momentum (Navier 1823, Stokes 1845).

Continuity equation
The mass conservation of material under flow (suspension) is expressed through the continuity
equation as follows,

dp
— +Ve(pU)=0 (2.3)
ot

Where, p is the density of the suspension, ¢ is time and U velocity of the suspension.

Momentum equation

The momentum of equation is given by:

opU
i + pUe VU =V} +pg (2.4)
ot

Here, 2. is bulk stress tensor and pg are the gravitational body forces. The bulk stress tensor

can be expressed as 2, =—pl+T. pis pressure, 1 is viscous stress tensor and I is isotropic unit

tensor. In this work we consider steady state, incompressible and laminar flow at very low

Reynolds Number (Re << 1) without external forces which makes the unsteady
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( p:cons[&%:()j and the inertial term vanish and the above equations (2.3 and 2.4)
t

simplifies to:

V.U=0 (2.5)
and, -Vp+VeT=0 (2.6)
2.2.1.3. Particle conservation equation

The steady state mass conservation for particles is represented as:

V.Up=-V:N, 2.7
where, N, denotes the particle flux that accounts for different migration mechanisms such as
sedimentation, Brownian motion, shear induced migrations. Equation (2.7) is solved together
with equations (2.5) & (2.6) to track the evolution of particle concentration ¢ and flow field
U. In our study, we have considered the neutrally buoyant and non-colloidal suspensions so
that sedimentation and Brownian motion are negligible, which leads to the term N, in Equation
(2.7) equal to sum of fluxes resulting from spatially varying inter-particle interaction frequency
(N.) and spatially varying viscosity (N . ) . These particle fluxes that result from gradients of
viscosity and collision rate are explained in the following sections.
Flux due to spatially varying interaction frequency
Figure 2.1 shows a schematic diagram of irreversible two body collisions. Figure 2.1a shows
that a collision (close interaction) can occur when two particles in adjacent shearing surfaces

move past one another. Such collision can cause a particle to be irreversibly moved from its

original stream line. A particle experiences a higher frequency of collisions from one direction
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than from opposing direction and will migrate normal to the shearing surface in the direction
of lower collision frequency. When there is a velocity gradient in shear flow, irreversible two

body collisions can occur due to spatially varying frequency of interactions. The number of

collisions experienced by a test particle will scale as 7¢, where, }/ is the magnitude of the local

shear rate. The variation in the collision frequency over a distance of O (a) is then given by

av(y9).
s el
CRS.
(a)
o7 oY
| e
(b)

Figure 2.1. Schematic diagrams of irreversible two-body collisions with (a) constant viscosity
and (b) spatially varying viscosity (Phillips et al. 1992).

Leighton and Acrivos (1987) assumed that the particle migration velocity is linearly
proportional to the variation in the collision frequency and that each of these two-body

interactions gives rise to a displacement of O (a) leads to an expression for the flux N _given

as,

N =-K.d¢V(@p) =—K.a*(¢’V y+$yV o) 2.8)
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Where, K is a proportionality constant of order unity that can be determined from

experimental data. In our study, we have chosen K, =0.4.
The first term on the right side of equation (2.8) implies that even if there is no gradient
in the particle volume fraction, migration will result if the particles on one side of a test particle

are moving past it more rapidly than on the other side. Because this variation gives a higher

number of inter particle interactions on the side with higher 7/ Therefore, a high shear rate or
high concentration of particles results in a larger frequency of collisions. The second term on
right side of Equation (2.8) states that a gradient in particle volume fraction will cause a spatial
variation in the frequency of interactions. The flux due to the variation in shear rate and that

due to a concentration gradient generally oppose one another.

Flux due to Spatially Varying Viscosity

The spatially varying viscosity 77(¢)caused by the existence of gradients in particle

concentration as shown in Figure 2.1b can also affect the interaction between two particles. A
gradient in viscosity results in the resistance to motion on one side of the particle to be the
higher than on the other side. This results in particle being displaced in the direction of
decreasing viscosity as shown in Figure 2.1b. The magnitude of this displacement was given

quantitatively by Leighton and Acrivos (1987b). They assumed the magnitude of this

displacement was proportional to( %)V?], multiplied by the particle radius. For small

gradient in concentration, the variation in viscosity is linear in the concentration gradient. The
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above expression, multiplied by the rate of interactions j/gb, gives the corresponding drift
velocity. Finally, multiplying by ¢ and using equation (1.12) to express the gradient of

viscosity in terms of V¢ gives the flux.

-, Vn < a®\dn
N =—Ka'y¢’—-=-K y¢2(—j—v¢ (2.9)
n n 77 n 77 d¢

The fact that the expression (2.9) is independent of the magnitude of the viscosityz is
consistent with the experimental finding by Abbott et al. (1991) that shear induced particle
migration rates are independent of the viscosity of the suspending fluid.

In the above equations, a is the particle radius, @ is the bulk particle volume fraction and j/is

the local shear rate given as:

7=+2E:E (2.10)
The total flux of particles responsible for migration, implemented in equation (2.7) can be
given in the form of:

N, =N_+N, (2.11)
Two parameters K and K, , presented in above equations (2.8) and (2.9) are proportionality

constants and are parameters determined from fitting simulation data to experimental results.
These parameters represent different material properties, particle shape, size distribution and
surface roughness, as they play an important role in irreversible particle collisions; they are of
the order of unity and should be independent of particle size and volume fraction (Phillips et

al.1992).
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Phillips et al. (1992) found from a comparison with their experimental results that a ratio of

c

= 0.66 provided best fit to the experimental data under a number of flow geometries. The
n

model parameters are taken as K, = 0.41 and K, = 0.62 in accordance with the optimal
values determined by Phillips et al. (1992) based on their comparison of experimental data and
numerical results. The applicability of the model parameters in multidimensional shear flows
has been supported by the investigations of Zhang and Acrivos (1994) and Fang and Phan-
Thien (1995), who have observed reasonable agreement between computed and experimental
particle concentration in Couette flow. Leighton and Acrivos (1987a) also proposed similar
values for coefficients by comparison with experimental results in their paper. The results are
similar to those obtained by Phillips et al. (1992). Therefore, we have also used the same

parameters that were used by the Phillips ef al. (1992). Ideally both parameters would be

independent of a,¢ and 7 However, they should also be independent of the flow geometry

and particle density. Other researchers (Tetlow et al. 1998, Rao et al. 2002, Lam et al. 2004)

have shown that they are completely independent of the particle volume fraction.

2.2.2. Modified Phillips model

Krishnan et al. (1996) proposed an additional migration flux originates from the flow

curvature. They defined this additional curvature-induced flux as:

N, =K nka® y ¢ 2.12)
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Which explains as the flux due to the different curved-streamlines in a shear flow. The term n
is the unit normal vector in the radially outward direction in curved streamline shear flow, k

is the curvature of the streamline, and K, is an experimentally fitted parameter that must be
re-adjusted with the other two previous parameters K, and K, . Finally, the total flux in the

modified Phillips model implemented in equation (2.7) would be,

N,=N_+N,+N, (2.13)

2.2.3. ¢ -Dependent K_Model

Graham et al. (1998) proposed that the parameter K_ as a function of the volume fraction of

particles in the modified Phillips model. Their argument was based on the works of Brady and

Morris 1997 and Tetlow et al. 1998.

2.2.4. Flow-aligned Tensor Model

Fang et al. (2002) incorporated the flow aligned tensor model concept into the diffusive flux

model and thus modified the two fluxes as the following
N.=-K.a'¢V($yZ) (2.14)

N, =—K,d*§(y¢Z) V7 2.15)

Where, Z is the flow aligned tensor that can be determined by imposing inhomogeneity

in velocity, velocity gradient and vorticity directions.
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2.3. Suspension Balance Model (SBM)

It was first proposed by Nott and Brady (1994) and modified later by Morris and Boulay
(1999). This model is based on the conservation of mass and momentum for bulk suspension
phase as well as particle phase. The particle phase transport equations were derived by
averaging the mass and momentum conservation equations over the particle phase. The non-
local suspension behavior is explained in terms of particles velocity fluctuations. These
fluctuations were obtained from the solution of additional transport equation for suspension

temperature.

2.3.1. Governing Equations

The equations were developed by assuming that the particle phase can be approximated as a
continuum. An ensemble average, as explained in Drew and Lahey (1993), is taken of the mass
and momentum equations over the bulk suspension (fluid and particle phase) and over the
particle phase only.

The steady state mass and momentum balance equations for bulk suspension are given as:

VU =0 (2.16)

VeZ+(p)g=0 (2.17)
where, U is the bulk suspension velocity and < ,0> is the average suspension density and ), is

the bulk suspension stress, < ,0> g is the gravity force. For Neutrally-buoyant particles, the

weight is balanced by the buoyancy and hence the net gravity force appearing in equation

(2.17) disappears. The particle mass balance is:
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d
—¢+V-(U”¢) =0 (2.18)
ot
This may be expressed by virtue of the incompressibility of the bulk flow as,
) .
221 UVp=-V4j, 2.19

where U” is the local velocity of the particle phase and J L, =¢(U”=U)is the particle

migration flux i.e. the particle flux relative to the bulk motion.
The particle momentum conservation at very small Reynolds number and with no external
force is given by:

VeE +n(F") =0 (2.20)

3¢

4

< > pis the average on the particle phase, n = is the number density of particles and

3

F"is the hydrodynamic drag force on a particle given by:
(F" ) =—677,af " ($)(U" - U) (2.21)

£ (¢)is the mean resistance since f(¢) is the sedimentation hindrance function that

represents the mobility of the particle phase

f@=0-9¢/¢,)1-p)*" (2.22)

The parameter a is given by Richardson and Zaki (1954) and Davis and Acrivos (1985) as

2<a <4
The migration flux in the SBM can be defined as
2a’ »
N, =5 TV (2.23)
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Using general definition of migration J.=N. the final form of migration flux obtained by

substituting equation (2.21) into equation (2.20) is
3 p 2a2 P
jL=9U"-0) =Wf(¢)[V-Z ] (2.24)

The general form of the particle mass conservation equation then becomes,

¢ 2a’
—_— UcV :—Vc
ot " ? [9

f(¢)[v->:"]} (2.25)

o

Thus, the knowledge of X’ and its variation in ¢ allows predicting the particles migration

whatever the geometry is.

2.3.2. Suspension stress

In this model, the total stress ¥ is decomposed into a fluid phase stress X’ and a particle stress
¥ such that:
r=%' 437 (2.26)
The fluid phase stress X/ is defined as

e — s
T =-P1+2,E £

Where, E :%[VU+(VU)T] is the local rate of strain tensor, P, is the local fluid phase

pressure. The constitutive law for the particle stress is that suggested by Morris and Boulay
(1999) for shear flows, is given by below equation (2.28) and contains both shear and normal

portions.
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X' =Ny (9)YQ+2n.n,(HE (2.28)

=n.ny (@) j/Q) is the particle normal stress diagonal tensor, (277,77,(#)E) is the particle shear

stress tensor, 77, (@) = (17,(#) —1 is the shear viscosity of the particle phase non-dimensionlized

by the viscosity of the suspension 77, and 77, (¢) is the normal stress viscosity depending on

¢. In their original paper, Morris and Boulay (1999) proposed the following expression for

My (9)

ny(9)= KN[(%J (l—fj (2.29)

Where K , is a fitting parameter that was set to 0.75 to match the experimental data of Phillips

et al. (1992).

Shear viscosity can be modeled by using different models including,

@/0,) , K.0/9,) (230

Morris and Boulay (1999):n,(¢) =1+ 2.5¢, + (1-¢/9,) (-¢/8,)

2
Krieger (1972): n.(¢) = (1— % ) 2.31)
¢, 1s the maximum packing particle volume fraction and K, = 0.1

The tensor parameter Q captures the anisotropy of the normal stress with the form

0= (2.32)

o o =
o> o
SO o
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Where A, =0.8and A, =0.3 provide reasonably good agreement with concentrated

suspension rheology (Zarraga et al. 2000) and with observed migration in viscometric flows

(Phillips et al. 1992; Chow et al. 1994). The directions of Q@ correspond to the principal

directions of viscometric shear flow with 1, 2 and 3 denoting flow, gradient and vorticity
respectively. The anisotropy in the particle stress tensor arises from non-zero normal stress
differences in Stokesian suspensions. Several experiments have measured the normal stress
differences and particle pressure for concentrated suspensions (Gadala-Maria, 1979, Zarraga
et al. 2000, Singh and Nott, 2003, Dbouk et al, 2013).

The two normal stress differences and the suspension pressure [] are given in terms of this

modeling by
N =, =) =@ -Zh) =, ¥0-4)  (233)
N,=(Z,-2,)=5 ) =-nn YA, -L,)  (2.34)

And Hz—%tr(Z”) =—Zl”1(#} {zgz +%(0{1 —0:2)} (2.35)

In the above equation: (X”)= (X, + X5, + X£%,). The combinations of the above definitions

for both, the particle phase and fluid phase stress yields finally to bulk suspension stress in the

suspension balance model of the form.

E=% +E =—PL-7,7,($) 7Q+207,(HE  (2.36)
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2.4. Numerical implementation of DFM in OpenFOAM

2.4.1. Model Governing Equations

The system of equations to be solved in DFM was explained in the section (2.2). To implement
these equations in OpenFOAM, the governing equations should be in the form of general scalar
transport equation. The particle conservation equation has to be solved along with momentum

and continuity equations. The steady state continuity and momentum equations for the

suspension are given as:
VeplU =0 (2.37)
V'(pUU) =-VP+Ver (2.38)

To solve the particle conservation equation with continuity and momentum equations in

OpenFOAM, the particle equation is rearranged as:

VUp=V+I'Vp)+S, (2.:39)

Where, T is the diffusion coefficient and S is the source term. These terms are given as:

I'=K.a’py+K,a’ 7¢277—Z—Z (2.40)

S, =V-K.a’¢$’Vy (2.41)
The Diffusive Flux Model was encounters difficulties in the regions where the local
shear rate approaches to zero. For example in the pressure driven flows the shear rate at the
channel center is zero. Since the shear-induced diffusivity is linearly proportional to the local

shear rate, at the center the model predicts maximum particle volume fraction which is not
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observed in the experiments. This leads to numerical instability and convergence problem as

¢ — ¢, . To overcome this difficulty a small non-local shear rate ( 7,,, ) proposed by Miller and

Morris (2006) which is function of particle size and width of the channel is added to the local

shear rate . The non-local shear rate j/n, is given by:

¥, =a.(6)7. (2.42)

is the centre line velocity and the parameter

X

In the above equation, j/s = % where U,

a,(€)is chosen asa (¢)=¢’. The parameter8=% is the ratio of particle diameter to the

channel width.

The governing partial differential equations for this transport problem are non-linear
(in velocity and concentration). The momentum equation is non-linear in velocity since the
effective viscosity of the mixture is a function of both concentration and the shear rate (velocity

gradient). The scalar particle transport equation is non-linear in concentration. This is shown
explicitly in the terms containing@, ¢ and the gradient of the concentration V¢ as well as
the terms containing effective viscosity (7) which is also a function of local solids

concentration. The system of Eqns. (2.37-2.39) are implemented by modifying existing
“simple Foam” solver in library of the OpenFOAM to a new solver which represents Diffusive
Flux Model (DFM). The SIMPLE scheme was employed for the pressure—velocity coupling to
satisfy both continuity and momentum equations (Patankar 1981). Rhie-Chow interpolation

was used to overcome checker boarding in velocity and pressure resulting from the use of
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collocated grid. The flow chart for complete algorithm to solve the governing equations of
suspension flow is presented in Appendix A and Diffusive Flux Model implementation in
OpenFOAM is given in Appendix B. The solver settings and schemes used in the simulations
are shown in Appendix C. The following gives the brief description of the code implementation
procedure inside the simpleFoam solver.
int main(int argc, char *argv[])
{

#include "setRootCase.H"

#include "createTime.H"

#include "createMesh.H"

#include "createFields.H"

#include "initContinuityErrs.H"

simpleControl simple(mesh);

Info<< "\nStarting time loop\n" << endl;
while (simple.loop())

{

Info<< "Time = " << runTime.timeName() << nl << endl;

Calculate parameters like: T", }/ , N(@)etc.

/I --- Pressure-velocity SIMPLE corrector

{

Solve steady state momentum equation Ve(pUU)=—-Vp+Ver
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Correct velocity-pressure to satisfy continuity equation VepU =0

Solve particle conservation equation at each and every time step
VUp=V(I'Vp)+S,

runTime.write();

}

Info<< "End\n" << endl;

return O;

}

2.5. Boundary conditions

The boundary conditions for the suspension flow through channel are:
1. At the inlet, the uniform inlet velocity Uand the uniform particle concentration ¢ is
applied.
2. At the outlet, fully developed flow condition has been applied. (i.e. surface normal
gradients are zero: neV ¢ = 0; n*VU =0, 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 concentration have been applied. This leads to the following

expression for the surface normal gradient.

K $(n-Vy)
7/(1( +¢K”d”j

nVg=— (2.43)

n d¢
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The derivation of the above equation is given in appendix D. The validation of the model

implementation in OpenFOAM is presented and discussed in the following section.

2.5.1. Validation

The success of any numerical simulation depends on how close it resembles the analytical
solution, as well as experimental observations. Our numerical simulations for the pressure —
driven flow of a suspension in a 2D rectangular channel are compared with the analytical
solution of Phillips et al. (1992). The numerical simulation data are also compared with the
experiments conducted by Lyon and Leal (1998) who measured the concentration profile and
velocity profiles by using LDV method. The computational geometry of 2D straight channel
for validation is shown in Figure 2.2a. The length and width of the channel, fluid properties
and particle size were same as considered in the experiments of Lyon and Leal (1998). The
ratio of channel half width to particle radius (B/a) was 18 for this case. Velocity and other
simulation parameters that were considered in the simulations are presented in Table 2.1.

To validate the simulations for bifurcation channel we have considered the experimental
work by Leble ez al. (2011). We would like to mention that Leble ez al. (2011) considered flow
of dilute concentration (14%) in a Y-shaped channel which has confluence of converging and
diverging branches and measured velocity profiles at various locations close to bifurcation. In
our simulation we have considered only the diverging section of the channel and the
computational geometry is shown in Figure. 2.2b. The locations at which we have compared
the velocity profiles with the data of Leble er al. (2011) are also marked. The Y shape

bifurcation geometry consists of one inlet and two outlets. The width and length of the inlet
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section were 86 um and 4 cm respectively. The width and length of the daughter channels were
86 um and 2119 pum respectively. To check the grid independent solution we carried out
simulations on four different grids. Grid A consists of 80000 cells (8000 cells in flow direction
and 10 cells in axial direction), Grid B consists of 188000 cells (9400 cells in flow direction
and 20 in gradient direction), Grid C consists 0f288000 cells (9600 cells in flow direction and
30 in gradient direction) and Grid D consists of 392000 cells (8000 cells in flow direction and

40 in gradient direction).
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Figure 2.2. Schematic diagram of the geometries considered for the validation (a) rectangular
channel used in experimental work of Lyon and Leal (1998) (b) Y shaped geometry used in

experimental work of Leble et al. (2011).
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Table 2.1: Simulation parameters considered for validation.

Validation Cases

1
S.No. Flow parameter Symt?o Lyon Leble et
(Unit) and Leal al.(2011)
(1998) '

1 Bifurcation angle O(degree) - 60’

2 Suspending fluid Nokg/m- 048 4.5%107
viscosity )

3 Density of suspending ~ p (kg/m®) 1190 1002
fluid

4 Particle volume fraction ¢ 0.3 0.14

b Suspension inlet U (m/s) 3.7x10°  4.1x10™
velocity

6 Particle radius a (m) 4.7x10°5  4x10°

7 Channel half width B(m) 8.5x10* 8x107

8 Ratio of channel half B/a 18 20
width to particle radius

The length required for the fully developed flow was calculated by using the correlation

proposed by Nott and Brady (1994) and is given below,

Akl
B|. 12d(¢)| a

Where, L is the length required for steady state, B is the half width of the channel and the

function d(¢) accounts for the effect of particle concentration on shear-induced coefficient of

diffusion.
_ 1, 1 8.8¢
d(¢)—§¢ 1+§e (2.45)
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Figure 2.3a shows the comparative plots of the velocity and concentration profiles in a straight

channel for bulk particle concentration (¢) of 30%. The axial velocity is normalized by the

center line velocity (U . ) of fully developed flow of Newtonian fluid having the same

effective viscosity and flow properties as that of suspension. The relative position in the span
wise direction (y) is normalized by the half width of the channel (B). The velocity profiles are
also compared with the fully developed parabolic profile of Newtonian fluid. It is observed
that for the suspension flow velocity profile is blunted due to particle migration whereas
Newtonian fluid shows parabolic profile. The velocity profiles obtained from our simulations
are in good agreement with the analytical solution as well as experimental data. The velocity
profiles from our simulations for Grids C (288000 cells) and Grid D (392000 cells) are nearly
same indicating the grid independent solution.

Figure 2.3b shows the corresponding concentration profiles. Because of shear-induced
migration, particles migrate from the region of high shear rate (wall) to the region of low shear
rate (center). Thus, the particle concentration at the center line is higher compared to the
concentration at the walls. We would like to mention that our numerical simulations were
performed with a small but finite non-local shear rate contribution that were absent in the
analytical solution. We have calculated the non-local term (y,,;) by using equation (2.42)
proposed by Miller and Morris (2006) and it is found that the value of non-local term is 0.026
s”'. As the non-local shear rate is much smaller compared to the local shear rate except at the
center (where shear rate is zero), the choice of this parameter influences the results only at the
center. The concentration profiles from our simulations are in good agreement with the

analytical solution of Phillips et al. (1992) except at the center. The results are in qualitative
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agreement with the experimental data of Lyon and Leal (1998). Both the analytical solution
and our numerical solution show disagreement with the experimental data at the walls. Most
of the experiments on shear induced migration have reported difficulty in collecting the data
near the wall. There is also the lack of knowledge of proper boundary conditions at the wall. It
is well known that in concentrated suspension flow the depletion of particles in a thin region
near the wall causes apparent wall slip velocity, whereas in our simulations no slip boundary

condition was considered at the walls of the channel.

1.0 0.7
\ Numerical simualtion
0.6 " \  —=— 80000 cells
0.8 - —o— 188000 cells
’ e —a— 288000 cells
’ —¥— 392000 cells
é 0.6 Numerical simulation 0.4 4
=) —=— 80000 cells ¢
5 —e— 188000 cells 034
0.4 —a— 288000 cells
—v— 392000 cells 0.2 -
- - - Analytical solution ) .
0.2 H . . - = = Analytical solution
Newtonian fluid 0.1
Experimental data (Lyon and Leal,1998) Experimental data (Lyon and Leal,1998)
0.0 . T : T - . . 0.0 r T . : : = :
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
y/B y/B
(a) (b)

Figure 2.3. Comparison of the velocity profile (a) particle concentration profile (b) obtained
from our simulation with the experimental data of Lyon and Leal (1998) and the analytical
solution of Phillips et al. (1992) for the fully developed profile. The average particle

concentration (@) was 30%. The ratio of half channel width to particle radius (B/a) was 18.
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There is no proper characterization of wall slip in concentrated suspensions. Miller and Morris

(2006) have noted that proper choice of K and K, in diffusion equation and providing

appropriate wall boundary condition for particle concentration and wall slip velocity would
reduce this conflict.

To quantify the difference between our results and those of analytical solution and

experimental data we have shown the relative values on 45°line. Figure 2.4a shows the
velocity data plot where as Figure 2.4b shows the concentration data. It can be observed that
the agreement is good for the velocity but not so good for the concentration. The relative error
in prediction of velocity profile was 2.5% and that of concentration profile was 3% when

compared with the analytical solution.
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®m  Numerical simulation - L Nume1_'1cal Slmqlallon .
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Figure 2.4. A Plot of error in simulation data on 45  degree line relative to the analytical

solution of Phillips et al. (1992) and experimental data of Lyon and Leal, (1998): (a) velocity

profile (b) concentration profile

56



Chapter 2

However, the relative error in prediction of concentration profile was 9% when compared with
the experimental data of Lyon and Leal (1998). We have also compared the results from
simulation with the available experimental data of Leble ef al. (2011) in the Y shape bifurcation
channel. They have studied the velocity profile of dilute concentration (14%) of 8 um human
RBC cells suspended in a Newtonian fluid, Dextran 40. We have considered the same
geometry and material properties that were examined in the experiments of Leble et al. (2011)
to validate our simulation. The simulations were carried out for 14% bulk particle
concentration. The velocity profiles obtained from our simulations are compared with the
experimental values of Leble et al. (2011) at four different locations. Location 1 in the inlet
section is 12.5 um before the bifurcation and location 2 is 12.5 um ahead of the bifurcation.
Location 3 is at the beginning of left branch and location 4 in the left branch is 25 um
downstream.

We have also tested grid independence of numerical simulations by considering
simulations on two different grids. Grid A consists of 90450 cells and Grid B consists of
192450 cells. The profiles of axial velocity (normalized with the maximum velocity) at two
locations 1 and 2 (shown in Figure 2.2b) of the inlet branch are shown in the Figures 2.5a and
2.5b respectively. We observe symmetric but blunted velocity profile at location 1 in the inlet
branch. The profile from our simulation is in good agreement with the experimental data of
Leble et al. (2011). The profiles for two different grids are also same indicating the grid
independent solution. Ahead of bifurcation (location 2) we observe peak—valley—peak pattern

of velocity profile (Figure 2.5b) which is caused by the flow bifurcation into daughter
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branches. The peak-valley-peak pattern is more prominent in the experiments compared to the
simulations.

Figure 2.5c shows the comparison of velocity profiles at location 3 of the left branch.
It can be observed that the profile is not symmetric and the peak is shifted towards the outer
wall. At location 4 which is further downstream in the side branch, the profile is comparatively
symmetric and nearly parabolic (Figure 2.5d). At these locations also the simulation velocity
profiles are in good qualitative agreement with the experimental data. We observe that
measurements which are closer to the walls match well and those which are away from the
walls do not match well. The main reason for higher uncertainties and discrepancies between
simulation and measurements is that irregular illumination caused by different camera
positions during the experiments. The uncertainty of the RBC velocities is higher because of
non-uniformity of laser illumination and movements in z direction (out of focus plane) due to
interaction with neighboring cells. This cause RBCs lose brightness and thus decreased
accuracy. Hence velocities obtained for RBCs are more scattered in experiments compared to
simulation. We would like to mention that Leble et al. (2011) have not reported particle
concentration profiles. Therefore, we are unable to show the experimental results but we have
included our numerical simulation results for concentration in the Figure 2.5 with blue (Grid
A) and green (Grid B) lines. The concentration profiles for suspension at various locations in
inlet and daughter branches are shown in Figure 2.5. At locations 1 and 2 in inlet sections fully
developed concentration profiles is observed due to shear induced migration of particles and
at locations 3 and 4 in daughter branch, maximum concentration is at inner walls. To the best
of our knowledge there are no experimental data available for shear induced migration of
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concentrated suspension in Y-shaped bifurcation channels. Our simulations of concentrated

suspension flow in Y-shaped channels are discussed in the next chapter.
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Figure 2.5. A comparative plot of velocity profiles obtained from our simulation with

experimental data of Leble ef al. (2011) and concentration profiles for various locations in the

inlet branch (a) at location 1 and (b) at location 2. In the left branch: (c) location 3, (d) location

4.
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Chapter 3

3. Shear Induced Migration of Concentrated Suspension

through Y-Shaped 2D Bifurcation Channels

3.1. Introduction

The flow of concentrated suspensions such as toothpaste, blood, paint, slurry, composites etc.
has great importance in manufacturing and processing industries. Handling the transport of
concentrated slurries in many process industries still remains a challenging task (Vlasak and
Chara, 2011). Whenever these homogeneous suspensions are sheared the corresponding
particle migration behavior can be seen in the form of inhomogeneous distribution of particles.
Therefore, the study of in-homogeneity of particles distribution in such flows is essential to
understand their behavior in various industrial processes. The phenomenon of shear induced
migration has attracted the attention of researchers due to its wide applications in processing
of solid- rocket propellants, ceramics and reinforced polymer composites, food processing etc.
Shear-induced particle migration has also been studied experimentally in various geometries
such as rectangular channels (Koh ez al. 1994; Lyon and Leal, 1998) and circular conduit flows
(Hampton et al. 1997). Subsequent to these experimental studies two continuum models
(diffusive flux model and suspension balance model) were presented to capture the
phenomenon of migration. Both the diffusive flux and suspension balance models have been
used extensively to study the unidirectional and steady flow in simple one and two dimensional
geometries, while flow in complex geometries such as bifurcations are not adequately studied
despite the fact that most of the industrial processes involve flows of suspension through
bifurcation geometries. Most of the previous work on suspension flow in bifurcation channels

have been limited to dilute concentration of particles whose size is comparable to the channel
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dimensions (B/a < 4). In contrast, bifurcation flows of small particles compared to channel
width (B/a > 20) and at high particle concentration have received less attention. Besides this
there is hardly any study to understand the effect of geometry and flow parameters on velocity
and concentration profiles in bifurcation channels. In this work, we have considered suspension
of neutrally buoyant and rigid mono dispersed particles in viscous liquid, whose material
properties are known precisely. These particles are sufficiently large so that Brownian motion
is unimportant. The particles are much smaller than the width of the channel and the flow is in
low Reynolds number regime. The original diffusive flux model of Phillips et al. (1992) was
used to model the shear induced migration and its implementation was discussed in the

previous chapter.

3.2. Problem Description

After the validation of our simulation method with the experimental data of Lyon and Leal
(1998) and Leble et al. (2011) we have performed simulation for concentrated suspensions in
symmetric Y-shaped bifurcation channel. Our objective was to study the effect of bifurcation
angle, bulk concentration and flow rate on velocity and concentration profiles. The
computational geometry of the bifurcation channel is shown in Figure 3.1. It consists of an
inlet and two outlets. The inlet and downstream branch lengths (required for reaching fully
developed profile) are calculated by using the equation 2.44. The length and width of the inlet
section were 80 cm and 0.3 cm respectively. The length and width of the daughter channels
are same as that of inlet section. The B/a ratio in the present simulations are 35 whereas, Lyon
and Leal conducted experiments on straight channel with this ratio ranging from 11 to 24 and
observed that steady state velocity and concentration profiles were nearly independent of B/a.

In many flow devices and biological flow systems we encounter B/a ratio in this range.
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In Figure 3.1, we have also marked the locations at which the velocity and concentration profile

in the channel were studied. The flow parameters that were chosen to carry out numerical

simulations are listed in Table 3.1.
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Figure 3.1. Schematic diagram of Y shaped geometry used in our numerical simulations.

Table 3.1. Simulation parameters considered for simulation.

SI. No. Flow parameter Symbol (Unit) Present Simulation
1 Bifurcation angle 0 (degree) 60°,90" and 120°
2 Suspending fluid viscosity 1o (kg/m-s) 0.48
3 Density of suspending fluid o (kg/m?) 1190
4 Particle volume fraction @ 0.3,0.4 and 0.5
5 Suspension inlet velocity U (m/s) 0.045 and 0.0045
6 Particle radius a (m) 4.3x107
7 Channel half width B (m) 15x10*
8 Ratio of channel half width to particle radius  B/a 35
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3.3. Results and Discussion

3.3.1 Velocity field

The effect of suspended particles on the velocity fields can be studied by comparing the
suspension velocity with that of Newtonian fluid having the same effective viscosity and other
simulation parameters. Figure 3.2 shows the contour planes of velocity magnitude for
Newtonian fluid and suspension of 40% particle volume concentration for various bifurcation

angles (0 = 60", 90°and 120°).

U (m/s)
06711
:0.06

Eo.o4
0.02

(b)

Figure 3.2. Velocity contours planes for various bifurcation angles (6 = 60°, 90'and 120°) for
(a) Newtonian fluid and (b) suspension flow. The average particle concentration (¢ ) was 40%

and the inlet velocity was 0.045 m/s. For clarity of contours only a section of channel is shown

here.
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We would like to mention that for clarity of contours the full channel is not shown but only a
section around the bifurcation is presented in Figure 3.2. Figure 3.2a, shows the velocity
contour (colored by the velocity magnitude) for Newtonian fluid. The corresponding velocity
contours for the suspension flow are shown in Figure 3.2b. A clear observation of the contours
shows the marked difference between the two. A fully developed parabolic velocity profile for
Newtonian fluid persists up to the beginning of bifurcation (location 5) where it divides into
left and right branches. For the suspension flow the effect of flow partitioning is realized as
soon as the flow enters the bifurcation section. The deceleration of the suspension flow starts
much before the bifurcation which can be attributed to the presence of particles in the fluid. In
case of suspension flow we also observe blunted velocity profile in the inlet channel. The
migration of particles causes non-uniform distribution of particles which leads to blunted
velocity profile (Koh ef al. 1994; Lyon and Leal, 1998).

Another important difference is observed in the downstream branches (left and right
branch). In the case of Newtonian fluid the contours are symmetric whereas, the profiles for
suspension are asymmetric in the downstream branches. The inner wall regions have smaller
velocity compared to the outer wall regions. The stream lines for suspension of 40%
concentration for various bifurcation angles (0 = 60°, 90"and 120") are shown in Figure 3.3.It
is observed that dividing stream line is exactly located at the center of inlet section but in the
downstream branches the streamline are denser near the outer walls. Figure 3.4a shows the

velocity profiles at various locations in the inlet section for Newtonian fluid for a channel with

6@ =60°. It is observed that the fully developed parabolic profiles persist up to location 3 (0.5
cm before the bifurcation) in the inlet section and it is observed that the profiles for location 1,

2 and 3 are identical. At location 4, the velocity profile is symmetric but slightly blunted.
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Figure 3.3. Stream lines of suspension flow in bifurcation channel for various bifurcation

angles (0 = 60°, 90°and 120°).The average particle concentration (¢ ) was 40% and the inlet

velocity was 0.045 m/s. For clarity of contours only a section of channel is shown here.

This effect is more pronounced at the bifurcation section (location 5) but overall the
profiles remain symmetric and nearly parabolic. The velocity profiles at the same locations for
suspension of 40% concentration for the bifurcation angle of € = 60°are shown in the Figure
3.4b. We observe that the velocity profiles are blunted for all the locations (in comparison to
the Newtonian profiles) and the degree of bluntness increases as we move further downstream
in the inlet section. The velocity profiles are nearly the same at location 1, 2 and 3 but the
degree of bluntness is more at locations 4 and 5.The velocity profiles for Newtonian fluid and
40% suspension in the left branch is shown in Figure 3.4c and the corresponding profiles in
the right branch are shown in Figure 3.4d. It can be observed that at the beginning of daughter
branches (location 7 in the left branch and 6 in the right branch) the profiles for suspension
flow are more skewed towards outer walls. As we move further downstream the profiles
become more blunted and gradually shift towards the center. In contrast the velocity profile

for the Newtonian fluid remains symmetric. The asymmetry of velocity profile for suspension
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flow results from the shear induced migration. As expected the velocity profiles in the right
branch (Figure 3.4d) are the mirror image of the left branch (Figure 3.4¢) for the symmetric Y-

shaped bifurcation channel. Therefore, in the subsequent analysis we have shown the velocity

and concentration profiles of the left branch only.
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Figure 3.4. Comparative plots of velocity profiles at various locations in the inlet section: (a)

Newtonian fluid (b) Suspension. Velocity profiles in the left branch (c) and in the right branch
(d). The average particle concentration was (¢ ) 40% and the bifurcation angle of € = 60" and

inlet velocity was 0.045 m/s.
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To study the effect of bifurcation angle on the velocity profile at the bifurcation section
(location 5 in the inlet section) we have carried out simulations for three bifurcation angles
keeping the particle concentration same (40%). The comparative profiles for suspension and
Newtonian fluid are shown in the Figure 3.5a. We have noticed that there is hardly any effect
of bifurcation angle on the velocity profile for Newtonian fluid. On the other hand, the profiles
for suspension flow are blunted and the degree of bluntness increases with the bifurcation
angle. For 6 = 60° the velocity profile is flat in the center but for 6 =90°and120° 120" a clear
peak-valley-peak pattern is observed. The velocity profiles at location 7 of the left branch are
shown in the Figure 3.5b. It was observed that the profiles are asymmetric and skewed towards
the bottom (outer wall). When the flow divides into the daughter channels, there is a shift in
the velocity peak towards the bottom (outer) wall. For larger bifurcation angle the peak is
relatively closer to the bottom (outer) wall. The velocity profile for Newtonian fluid of same
viscosity as that of 40% suspension shows less asymmetry and for 60° case the profile is almost
symmetric.

Figures 3.5¢ and 3.5d shows the effect of bulk concentration on the velocity profile in
inlet section (location 5) and left branch (location 7) respectively. The velocity profiles in the
inlet section at the location 5 are blunted for suspension and the degree of bluntness increases
with the bulk particle concentration. In the case of 40% and 50% bulk concentration the peak-
valley-peak pattern of profile is clearly observed. As mentioned above, the blunted velocity
profile results from the non-uniform distribution of particles in the channel. The inlet of the
channel was assigned uniform velocity of 0.045 m/s. Because of shear induced particle
migration the particles move towards the center of the channel which increases the local

concentration there and the suspension moves like a plug flow in that region. As a result the
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velocity profile becomes blunted. At the bifurcation section the flow divides into left and right
branches. Owing to no-slip boundary conditions at the wall the velocities are zero at the wall
but the undulation in velocity profile shows that there is clear effect of bifurcation. The particle
concentration and bifurcation angle has significant influence on the flow pattern as seen by

peak-valley-peak pattern at location 5.
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Figure 3.5. A comparison of velocity profiles for Newtonian fluid and suspension for various
bifurcation angles (@ ): (a) at bifurcation section (location 5) in the inlet section and (b) at
location 7 in the left branch. The average particle concentration (¢ ) was 40%. Velocity
profiles for various bulk particle concentrations: (c¢) Location 5 (d) Location 7. The bifurcation

angle (6) was 120" and the inlet velocity was 0.045 m/s.
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Ditchfield and Olbricht (1996) have observed that hydrodynamic interactions among particles
influence the particle motions and distribution of particles between the downstream branches.
These interactions become increasingly important with the increase in particle concentration
which affects the velocity profiles. As expected, the velocity profile in the left branch (location
7) 1s asymmetric and the peak moves closer to the outer wall for higher concentration (Figure
3.5d). The profile of Newtonian fluid is also asymmetric in the left branch with the shift of

peak towards the bottom (outer) wall.

3.3.2 Concentration field

Figure 3.6a shows the particle concentration contour maps for various bifurcation angles of the

channel for suspension of 40% particle volume concentration.
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Figure 3.6. Particle concentration contour maps for suspension flow in bifurcation channel.
(a) Effect of bifurcation angle () at fixed average particle concentration (¢ =40%), (b) Effect
of bulk particle concentration at fixed bifurcation angle (6 = 120°). The inlet velocity was 0.045

m/s.
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For clarity we have not shown the full section of the channel and only the region near the
bifurcation are shown. The fully developed concentration profile in the inlet section persists
up to the bifurcation point (location 5) and is similar for all the bifurcation angles. The center
region of the inlet channel shows the concentration of particles meets the junction of left and
right branches of inner walls. In daughter branches the particle concentration is higher near the
top (inner) walls where the velocity was lower compared to the bottom (outer) walls. Again
because of shear induced migration, the particles migrate toward the center of the channel. It
is also observed that bifurcation angle has less effect on the particle concentration field. Figure
3.6b shows the effect of bulk particle concentration on the contours of particle concentrations.
The angle of bifurcation was the same (0=120") in all the three cases. The fully developed
concentration profile in the inlet section persists up to the bifurcation. As the bulk
concentration increases the degree of particle migration increases.

In the Figure 3.7a we have plotted the concentration profiles for suspension of 40%
particle volume concentration at various locations in the inlet section for the channel of 60’
bifurcation angle. For comparison we have also plotted the profiles at location 5 for 6 = 90
and 120°. At the entrance of the channel the particle concentration was uniform and equal to
the bulk concentration. At location 1 we observe that significant migration has already taken
place but at this location the concentration profile is not fully developed. At further
downstream locations (2 - 5) the concentration profiles are nearly the same indicating fully
developed flow. The inlet section exhibits spatial in-homogeneity in the particle concentration.
The particle volume fraction at the center was observed to be 0.575 and this value was 0.249
at the wall. Unlike the velocity profile there is no change in concentration profile at the location

5 when compared to that at location 3 and location 4. We have observed similar trends for
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channels with other bifurcation angles. This suggests that the bifurcation does not affect the
concentration profile in the inlet section. However, the profiles in the daughter branches are
greatly affected as can be observed in Figure 3.7b. At the entrance of left branch (location 7)
we observe high concentration near the top wall and low concentration near the bottom wall.
If we analyze the velocity profiles in the left branch (Figure 3.4a) it can be observed that the

region of high concentration corresponds to the region of low shear rate and vice versa.
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Figure 3.7. Comparison of the concentration profiles for suspension flow at various locations
in the inlet branch (a) left branch (b). The bifurcation angle was 60°, the average particle
concentration (¢ ) was 40% and the inlet velocity was 0.045 m/s. The effect of bulk particle

concentration on the velocity at location 5 in the inlet branch (c) and at location 7 in the left

branch (d). The bifurcation angle () was 120°and the inlet velocity was 0.045 m/s.
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This causes gradient in particle concentration. The imbalance in the particle diffusive flux due
to gradient in shear rate and that of gradient in particle concentration will cause the particles
to move to locations where these two fluxes balance. Therefore, we observe gradual shift of
concentration profile towards the center of the channel as we move downstream locations of
the left branch. The concentration profiles at location 7 are blunted and the degree of bluntness
increases with the bifurcation angle.

We have plotted the concentration profiles for suspension of various particle
concentrations in the inlet channel at location 5 in the Figure 3.7c and for location 7 in the left
branch in the Figure 3.7d. In the case of 30% particle concentration, cusp (inverted V-shape)
in the concentration profile is observed. This cusp in concentration profile becomes blunt with
increase in particle concentration. It is interesting to note that the difference in the maximum
and minimum concentration is nearly the same (0.3) for all the three cases. Figure 3.7d shows

the concentration profiles at location 7 of the left branch for three different bulk particle

concentrations. The bifurcation angle was 120° in all the three cases. As was the case with the
effect of angle on concentration profile, the degree of bluntness also increases with the bulk
particle concentration. The profile for 50% bulk concentration is more plug like when
compared with 30% suspension.

In Figure 3.8 we have plotted the centerline concentration along the length of the
channel to quantify the shear induced migration. As we move in the flow direction along the
inlet section of the channel the particle concentration at the center of the channel increases. On
the other hand the centerline concentration in the side branch first decreases and then increases.
The reason for this trend is due to curvature of streamlines in the bifurcation region. Ahead of

location 5 the streamlines are curved towards the daughter branches. This causes the shift of
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maximum concentration away from the junction of inner walls. As we move further
downstream the gradient in shear rate causes the particles to migrate again towards the center
of the channel. However, we notice that the profile at the outlet of the side branch is not fully
developed. This is due to the fact that the profile at the entrance of the side branch was
asymmetric and therefore, it would take much longer length of the side branch to observe
symmetric and fully developed concentration profile. An important consequence of asymmetry
of particle concentration in the side branches is variation of wall shear stress. It is well known
that wall shear stress has effects on human blood cells and is related to a disease called
atherosclerosis. In this disease the plaques develop mainly in the regions of the curvature,
bifurcation and branching of the blood vessels. Abnormally high shear stress in arteries

increases the risk of thrombosis.
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Figure 3.8. Plot of centerline particle concentration along the length of the channel. The bulk

particle concentration was 40% and the inlet velocity was 0.045 m/s.
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The effect of bifurcation angle on wall shear stress along the channel walls are shown in Figure
3.9. The maximum wall shear stress is observed near the junction of the top (inner) walls of
the channel. As the bifurcation angle increases the wall shear stress at the junction decreases.
At any given location the top (inner) wall has higher stress value compared to that of the outer

wall. As we move downstream in the side branch the wall shear stress decreases.
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Figure 3.9. Plot of wall shear stress at inner wall and outer wall of the side branch against the

length along the flow direction. The other simulation parameters were the same as in Fig. 3.8.

3.3.3 Effect of particle size and flow rate

The effect of particle size on velocity and concentration profiles was studied by carrying out
simulation in the bifurcation channel with three different sizes of particles. The bulk
concentration (40%) and inlet velocity (U=0.045 m/s) was fixed in these simulations. Figure
3.10a shows velocity profiles and Figure 3.10b shows corresponding concentration profiles at
location 5 of the inlet section. We do not observe significant change in the velocity profile with

increase in the particle size. But the concentration profile for 200 um and 250 um particles is
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significantly changed when compared with smaller sizes (75 pm and 86 um). The migration is

relatively more pronounced for larger particle size. In our simulations we have considered the

neutrally buoyant particles and the Reynolds number was very small. Therefore, particle inertia

is irrelevant here. The fully developed migration profile should be independent of the particle

size. However, for smaller sized particles the length required to reach fully developed flow is

more than bigger size particles.
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Figure 3.10. Plot of velocity profiles (a) and concentration profiles (b) at location 5 for various

particle sizes. The inlet velocity was fixed at 0.045 m/s. Plot of velocity profiles (c) and

concentration profiles (d) for two different inlet velocities. The bifurcation angle was 120° and

the bulk particle concentration was 40% in all the cases.
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We observed that the velocity profile in daughter branches is fully developed and independent
of particle size but concentration profile does indicate that the fully developed profile was not
reached for smaller particles. Though, the length of the branches were more than the predicted
length by Nott & Brady (1994), it is to be mentioned that their formula was based on the
assumption of uniform distribution of particles at the entrance of the channel. Whereas, in our
case the concentration profile at the entrance of the daughter branches are not uniform.

The effect of flow rate on velocity and particle volume fraction profiles was studied by
carrying out simulation for two different inlet velocities (U = 0.045 and 0.0045 m/s) which
differ by an order of magnitude. Figure 3.10c shows the velocity profiles and Figure 3.10d
concentration profiles at location 5. We observe that despite the velocities differing by an order
of magnitude there is only a small change in the velocity profile. The peak-valley-peak pattern
is clear for higher inlet velocity. There was no significant effect of inlet velocity on the
concentration profile. Similar trend was also noticed at other downstream locations and for all

bifurcation angles. This suggests that the effect of inertia was much smaller in our studies.

3.4 Conclusion

e Numerical simulations of concentrated suspension flow were carried out in 2D
bifurcation channels of Y-shape were conducted.

¢ The diffusive flux model of Phillips et al. (1992) was implemented in OpenFOAM
CFD solver to study the shear induced migration in bifurcation channels.

e Results from the simulations were compared with the experimental data of Lyon and
Leal (1998) for straight channel and Leble er al. (2011) for Y-shaped bifurcation

channel.
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e The effect of parameters like flow rate, bifurcation angle, particle size and volume
fractions of particles on velocity and concentration profiles in the inlet section and side
branch of the channels were studied.

e Near the bifurcation peak-valley-peak patterns in velocity profile was observed for
channels with larger angles of bifurcation and higher bulk particle concentrations.

e The velocity and concentration profiles were symmetric in the inlet section but
asymmetric in the side branches.

e There is small influence of particle size on velocity profile but significant effect was
observed on the concentration profiles.

e The wall shear stresses are larger at the top (inner) walls when compared to the outer

(bottom) walls of the side branches.
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4. Shear-Induced Particle Migration in 3D Y-Shape

Bifurcation Channel

4.1. Problem Description

The computational geometry of the 3D bifurcation channel is shown in Figure 4. 1. It consists
of an inlet and two outlets with square cross sections. The inlet and daughter branches were of
equal width (0.002 m), whereas the lengths of inlet and daughter branches were 0.2 m and
0.1m respectively. The length required for reaching fully developed profile was calculated by
using the formula given by Nott and Brady (1994). Other simulation parameters and geometry
details are shown in Table 4.1. In Figure 4.1 we have also shown different axes with dashed
lines along which the perpendicular planes were taken for analyzing the velocity and
concentration contours. In local co-ordinate system, x denotes the lateral direction, y denotes
the flow direction and z represents the span wise direction. Velocity and concentration fields
in the cross-sectional planes were also analyzed and the locations of these planes are indicated
in Figure 4.1. The computational domain of the straight sections of inlet as well as side
branches were discretized using structured grids, whereas the prism shaped region at the
bifurcation was discretized by unstructured grids. To check for grid independency of
simulation we compared the solution on two different grids. Grid A comprised of 201000 cells
(10X10X1000 structured cells in the inlet section, 10X10X500 structured cells in each of the
straight sections of side branches and 1000 unstructured cells in the bifurcation zone) and Grid
B comprised of 394744 cells (14X14X1000 structured cells in the inlet section, 14X14X500

structured cells in each of the straight sections of side branches and 2744 unstructured cells in

79



Chapter 4

the bifurcation zone). The results from the two grids were found to be similar

reported in the following sections are for simulations on grid A.
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Figure 4.1. Schematic diagram of the computational geometry and locations where velocity

and concentration data were analyzed.

Table 4.1. Flow parameters considered for the simulations.

SI. No. Flow parameter Symbol (unit) Value

1 Bifurcation Angle 0 (Degree) 60,90 and 120’
2 Suspending fluid viscosity no (kg/m.s) 0.48

3 Suspending fluid density pr (kg/m?) 1180

4 Particle volume fraction ) 0.3 and 0.4
5 Inlet velocity U (m/s) 0.045

6 Particle radius a (m) 45x107

7 Channel half width B (m) 0.001

8 Ratio of channel half width to particle radius  B/a 22.22

9 Particle Reynolds number NRep 9.9x107?

10 Flow Reynolds number Nre 0.4425
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4.2. Straight Vs Bifurcation channels

Figure 4.2 shows the velocity and concentration profiles in lateral direction of inlet section for
suspension of 30% and 40% bulk concentrations. These profiles were drawn at different
locations in the inlet section and compared with the experimental data of Lyon and Leal (1998).
The relative position in the lateral (x) and span wise (z) direction was normalized by the half-
width (B) of the channel. It is to be noted that Lyon and Leal (1998) conducted experiments in
3D channel of rectangular cross-section where the depth of the channel was much larger
compared to the width. Therefore, in their experiments the migration was measured only in the
lateral direction. In order to see the influence of bifurcation on the upstream locations we have
also compared the results with simulations performed on square channel without bifurcation
(straight channel) whose dimensions were the same as that of inlet section of the bifurcation
channel.

The velocity profiles for 30% bulk concentration are shown in Figure 4.2a and that of
40% bulk concentration are shown in Figure 4.2b. It was observed that the profiles in straight
as well as bifurcation channel were developed by the end of location 3 as they are nearly same
and equal to the profile at the outlet of the straight channel. However, the velocity profiles at
location 4 and 5 in the bifurcation channel showed marked difference. The profiles become
progressively more blunted as the bifurcation is reached. The corresponding concentration
profiles for 30% and 40% suspension are shown in Figures 4.2¢ and 4.2d respectively. The
shear induced migration of particle causes the inhomogeneous concentration profile where the
center of the channel shows high concentration and wall region has depleted concentration.
There is qualitative agreement with the experimental data of Lyon and Leal (1998) but the

agreement is poor near the wall. This can be attributed to the lack of knowledge of proper
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boundary conditions at the wall. It is well known that in concentrated suspension flow the
depletion of particles in a thin region near the wall causes apparent wall slip velocity, whereas

in our simulations no slip boundary condition was considered at the walls of the channel.
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Figure 4.2. Simulation velocity profiles at mid-plane in the lateral direction for 30% bulk
concentration (a), 40% bulk concentration (b), and corresponding concentration profiles for
30% concentration (c) and 40% bulk concentration (d), The bifurcation angle (6) was 120° and
the inlet velocity was 0.045 m/s. The profiles in the inlet section of bifurcation channel are
compared with the experimental data of Lyon and Leal (1998) and with the simulations of

channel without bifurcation.
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Another point to be noted is that in the experiments of Lyon and Leal (1998) the depth of the
channel was much larger compared to its width, whereas our simulations were for square cross-
section where the migration is expected in both lateral and span wise directions. The
concentration profile appears to be fully developed by the end of location 3. However, unlike
the velocity profile the flow bifurcation has less impact on the concentration profile in the
upstream of the bifurcation. This is evident from nearly similar concentration profiles at
location 3, 4 and 5. The value of the maximum concentration at the center of the channel

increases with the increase in inlet particle concentration.

4.3. Results and Discussion

4.3.1. Velocity field

The impact of particles on the velocity fields are often studied by comparing the suspension
velocity with that of Newtonian fluid having the same effective viscosity and other simulation
parameters. For this purpose the velocity contour and streamlines (front view) of Newtonian
fluid and suspension flow in the mid-plane of the channel are shown in Figure 4.3. For the
clarity of view the contours of the full channel are not shown, and only a section around the
bifurcation was taken. For the comparison purpose, we have shown the contour planes for
Newtonian fluid and suspension of 30% and 40% concentration for channel of bifurcation
angle @ = 120". The viscosity of Newtonian fluid was taken as effective viscosity of 30%
suspension. All other simulation parameters were the same. The Newtonian fluid shows nearly
parabolic profile across the x-dimension in the inlet channel and this behavior is observed up
to the bifurcation (location 5) and after that the flow is divided into daughter branches. In

contrast, the suspension flow in the inlet section exhibits blunted velocity profile which is more
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apparent near the bifurcation. Another important observation can be made about the maximum
centerline velocity which persists little downstream of location 5 for Newtonian fluid, whereas
for suspension this location is upstream of location 5. For 40 % suspension the difference is
clearly noticeable. This fundamental difference in the velocity field is due to the presence of
particles in suspension. Near the bifurcation the particles quickly respond to the change in
shear field causing the increase in the bluntness of velocity profile. The increase in the
bluntness of velocity profile near the bifurcation in the inlet section is due to curvature of the
streamlines towards the left and right daughter branches. The degree of bluntness was found
to increase with the increase in bulk particle concentration. The corresponding streamlines are
also shown in Figure 4.3. It can be observed that dividing stream line is exactly located at the

center of the inlet section of the channel.
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Figure 4.3. Front view of velocity contours planes (first row) and stream lines (second row)
from the simulations of Newtonian fluid and suspension of 30% and 40% bulk particle
concentration. The bifurcation angle (#) was 120" and the inlet velocity was 0.045 m/s.
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This is expected since the channel itself is symmetric and flow is divided equally in the
daughter branches. The smearing of velocity profile near the bifurcation can be seen more
clearly in these streamline plots.

We have also carried out simulations (not shown here) for fixed bulk concentration but
for three different bifurcation angles (60°, 90" and 120°). It was observed that the increase in
bifurcation angle does not show any significant effect on bluntness of the velocity profile in
the inlet section. The cross-sectional views (x-z plane) of velocity contour at various locations
in the inlet section are shown in the Figure 4.4a. These cross-sectional slices were taken at
various locations (3, 4 and 5) in the inlet section at planes perpendicular to the flow direction.
The bifurcation angle (6 = 120°) was same for all the cases shown in this figure. It can be
observed that the contours at the three locations are nearly similar for the Newtonian fluid but
dissimilar for 30% and 40% suspension. In case of suspension the contour at location 5 is
smeared more along the lateral direction. The maximum velocity does not persist up to location
5 as the effect of flow divergence is realized before the bifurcation. Figure 4.4b shows the
velocity contour maps in the cross-sectional plane of the side branch. It was observed that at a
distance of 1 cm from the center of bifurcation (location 6), which is at the very beginning of
the straight section of the side branch, the velocity field is more asymmetric and the peak
velocity shifts towards the outer wall. The asymmetry is more pronounced for suspension flow.
As we move further downstream locations the velocity field becomes more symmetric and
peak velocity shifts towards the center of the channel. For Newtonian fluid the velocity field
becomes nearly symmetric at location 7 but in case of suspension flow the shift of velocity
peak towards the center is small. At a given location the degree of asymmetry is more for 40%

suspension compared to 30%. The length required to become fully developed flow is calculated
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from equation (2.44) proposed by Nott and Brady (1994). According to their formula the length
of the channel (L) should be 171 times the half width (B) of the channel. In our simulations
the length of inlet section was about 17% more than this length. It appears that the velocity
fields develop faster than the concentration fields. The entrance length for fully developed flow

is much larger for suspension in comparison to Newtonian fluid.
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Figure 4.4. The cross-sectional velocity contours (a and b) and shear rate contours (c and d)
for Newtonian fluid and suspension flow at various locations in the inlet and side branch. The
simulation parameters were the same as in Figure 4.3.

The corresponding shear rate contour planes in the inlet and side branch are shown in
Figures 4.4c and 4.4d respectively. In the inlet section the high shear rate is observed near the
wall and low in the core of the channel. The corner regions of the channel wall have relatively
higher shear rate compared to the middle regions. The shear rate gradients are highest at

location 5. At the location 6 of the side branch the high shear rate regions are shifted towards
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the outer (left) wall but gradually becomes more symmetric as we move to downstream
locations. We would also like to mention that in our simulations based on the diffusive flux
model the bulk stress of suspension was isotropic and did not consider normal stress
differences. As expected we did not observe any secondary currents and the fluid motion in
the plane perpendicular to the flow direction was found to be absent. It would be interesting to
follow the modeling approach of Zrehen and Ramachandran (2013) while solving the
momentum equation in diffusive flux model to see the effects of secondary currents on shear
induced migration.

Figure 4.5 shows the comparison of velocity profiles for Newtonian fluid with 30%
and 40% suspension in the inlet and side branch. Figure 4.5a shows the profile of inlet section
in lateral direction whereas Figure 4.5b shows the corresponding profiles in the span wise
direction. The bifurcation angle was 120" in all the cases. It can be observed that up to location
3 the shape of the profile is same in both lateral and span wise directions. However, at the
locations 4 and 5, the bluntness in velocity profile is more in the lateral direction in comparison
to the span wise direction. The velocity profiles in the lateral and span wise directions of the
side branch are shown in the Figures 4.5c and 4.5d respectively. The location 6 is at the very
beginning of the side branch and is 0.01m away from the center of the bifurcation. The other
two locations (7 and 8) are 0.025 m and 0.05m apart from location 6. It can be noted from the
Figure 4.5¢ that at location 6 the profiles for both Newtonian fluid and suspension are
asymmetric and skewed towards the outer wall. However, the skewness for suspension is more
compared to that of Newtonian fluid. The asymmetry of the profile results from the non-
uniform distribution of particles which is discussed in detail in the next section. As we move

further downstream the profiles shift towards the center of the channel causing it to appear
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more symmetric. However, at the same locations in the span-wise direction the profiles are

symmetric though blunted (Figure 4.5d). The effect of bifurcation angle on velocity profiles at

location 5 of the inlet section for 40% suspension in lateral and span-wise directions are shown

in Figures 4.6a and 4.6b respectively. For comparison we have also included the profile of

Newtonian fluid for 6 = 120",
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Figure 4.5. Comparison of the velocity profiles for Newtonian fluid and suspensions (30% and

40% particle concentration) at various locations of the inlet section in the lateral direction (a)

and span wise direction (b). The velocity profiles of side branch in lateral direction (c) and

span wise direction (d). The simulation parameters were same as in Figure 4.3.
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It can be clearly noticed that the degree of bluntness of profile increases with the increase in

bifurcation angle and the profiles in lateral direction are more blunted in comparison with the

span-wise direction. The corresponding profiles at location 6 of the side branch in lateral and

span wise directions are shown in Figures 4.6c and 4.6d, respectively.
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angle on velocity profile at location 6 of the side branch in the lateral direction (c) and span

wise direction (d). For comparison purpose the profiles at the same locations from the

simulation of Newtonian fluid of effective viscosity of 40% suspension corresponding to the

bifurcation angle of 120° is also shown. The inlet velocity was 0.045 m/s.
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We observe that with the increase in the bifurcation angle the velocity peak shifts towards the
outer wall. On the contrary, the profiles in the span wise direction are symmetric. We can also
see that there is much less influence of bifurcation angle on the velocity profiles of side branch
in the span wise direction. Similar trends were also observed for the suspension of 30% bulk

concentration.

4.3.2. Concentration field

The concentration contour maps in the mid-plane (front view) for 30% and 40% suspension
are shown in Figure 4.7a. For the clarity of view we have shown only a small section around
the bifurcation. In the inlet section the shear induced migration causes the particles to move
towards the center of the channel. The central core of the inlet channel which has high
concentration of particles meets the junction of left and right branches of inner walls. This
makes the particle concentration in the side branches to be more near the inner walls. However,
even in the side branch the shear rate at the wall is higher compared to the center (please see
Figure 4.4d) and this gradient again drives flux of particles towards the center in the daughter
branches. As a result the concentration peak gradually shifts towards the left side (outer wall).
We also observe that the peak value of concentration for 40% suspension is higher than that of
30% suspension.

Figure 4.7b shows the cross-sectional view of concentration maps in the inlet section for
suspension of 30% and 40% bulk particle concentrations. These slices were taken at planes
perpendicular to the flow direction at the locations 1, 4 and 5 of the inlet section. It was
observed that as we move downstream in the inlet section the concentration inhomogeneities
gradually develop due to particle migration. The depletion of particles in the corner region is

less compared to the middle portions near the channel walls. This is because of the fact that
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the shear rate gradient is smaller in the corner region (see the Figure 4.4c). Figure 4.7¢ shows
cross-sectional concentration contour maps in the side branch. It was observed that at location
6, the concentration field is asymmetrically distributed and as we move further downstream

locations in side branch the particles migrate towards the center of the channel.
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Figure 4.7. Front view of the particle concentration contour maps for suspension of 30% and
40% particle concentration (a), cross-sectional view at various locations of inlet section (b)
and cross-sectional view at various locations of side branch (c). The cross-sectional area
weighted average concentrations at different locations are also indicated below the maps. All

other simulation parameters were the same as in Figure 4.3.
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The region close to the top and bottom walls as well as outer wall (except the corners) is devoid
of particles as represented by dark blue region. The region close to the inner wall has highest
particle concentration since the shear rate is lowest there (see Figure 5.4d). As one moves
further downstream the peak value of concentration shifts towards the center of the channel
due to the shear induced migration of particles. The migration of particles is faster for 40%
suspension compared to 30% suspension which is evident from bright spot at the center of
location 8.

We have also computed the cross-sectional area averaged concentration at various
locations in the inlet and side branch which are printed below the contour maps. At the entrance
of the inlet channel the area weighted average concentration was exactly equal to the bulk
concentration. It was noticed that the area-weighted average concentration is not equal to the
inlet concentration at downstream locations but the local velocity weighted cross-sectional
mean volume fraction was same (and equal to the inlet concentration within 0.1% error) at all
the locations. For 30% suspension the area-weighted average concentration decreases as we
move from location 1 to location 5 in the inlet section but again increases at location 7 in the
side branch. For 40% suspension similar trend was observed except that the average value at
location 5 is lower than that at location 4. It is to be noted that for 40 % suspension the peak
velocity location was in the upstream of bifurcation, whereas for 30% it was near the
bifurcation. These observations are in agreement with the findings of Miller and Morris (2006)
that the cross-sectional mean particle volume fraction must decline in a steady state flow as
the mixture moves down the axis. This is due to accumulation of solids on the fast moving
streamlines, and the need to maintain a constant flux of particles at any axial location. This is

consistent with the observation of velocity field in Figure 4.3 where we have seen that for
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Newtonian fluid the streamline at the center move faster up to location little ahead of location
S, for 30 % suspension close to location 5 and for 40 % suspension between location 4 and 5.

In order to understand quantitative nature of particle distribution we have shown the
concentration profiles in the lateral and span-wise directions of the inlet section in Figures 4.
8a and 4.8b respectively. The corresponding profiles in the side branch are shown in Figures
4. 8c and 4.8d respectively. These profiles were obtained from simulations of bifurcation
channel with angle of bifurcation,  =120". The concentration profile becomes fully developed
at location 4. However, unlike the velocity profile the concentration profile remains unaffected
till the beginning of bifurcation section (location 5) and we observe almost identical profile at
location 4 and location 5. The concentration profiles of inlet section are similar in both lateral
and span wise directions. After the bifurcation the flow divides into left and right branches.
We observed that the effect of bifurcation on velocity field is realized little before the
bifurcation, whereas the concentration profile at the same location (when compared to the
upstream locations) remains somewhat unaffected. The possible reason behind this could be
shear induced rearrangement of particles. The stress field ahead of bifurcation is different from
that at the locations before the bifurcation. This change in stress field causes shear induced
migration, and its effect is such that the particles oppose being carried away by the fluid
streamlines.

From the Figure 4.8c it is clear that the maximum concentration at the beginning of the
side branch (location 6) is on the inner wall (x/B = +1) which gradually moves toward the
center of the channel as we move further downstream locations (location 7 and 8). The lateral
profiles are asymmetric but at the same locations the span-wise profiles (Figure 4. 8d) are not

only symmetric but do not change much in the downstream locations. In the present
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simulations the length of side branch was 0.1 m. We have also performed simulation in which
the length of the side branch was doubled (0.20 m) but noticed that even at the outlet locations
the asymmetry of the concentration profiles in the lateral direction does persist. This indicates
that the estimate of the length required for fully developed flow provided by Nott and Brady
(1994) is valid only for the case of uniform and symmetric inlet velocity and concentration. If
the inlet velocity or concentration profile is asymmetric then it would take much longer length

to reach fully developed flow.
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Figure 4.8. Comparison of the concentration profiles for Newtonian fluid and suspensions
(30% and 40% particle concentration) at various locations of the inlet section in the lateral
direction (a) and span wise direction (b). The concentration profiles at various locations of side
branch in lateral direction (c) and span wise direction (d). The simulation parameters were

same as in Figure 4.3.
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The effect of bifurcation angle on the concentration profiles for bulk particle

concentration of 40 % is shown in Figure 4.9. Unlike the velocity profiles at location 5 the

concentration profiles in lateral direction shows small dependence on bifurcation angle only

near the walls (see Figure 4.9a) and no dependence in the span-wise direction (see Figure 4.

9b). We do see the significant effect of bifurcation angle in the side branch.
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Figure 4.9. Effect of bifurcation angle on concentration profile at location 5 of the inlet section

for 40% suspension in the lateral direction (a) and span wise direction (b). Effect of bifurcation

angle on concentration profile at location 6 of the side branch in the lateral direction (c) and

span wise direction (d). The inlet velocity in all the cases was 0.045 m/s.
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The lateral concentration profile of side branch at location 6 (shown in Figure 4.9¢) becomes
more blunted with increase in bifurcation angle. At the same location the span wise profile in

Figure 4. 9d shows that the peak concentration increases with increase in bifurcation angle.

4.3.3. Wall shear stresses

The wall shear stress profiles is another important quantity of interest during the flow of
concentrated suspension through a bifurcation channel. It is well known that wall shear stress
has profound effects on human blood cells. Shear forces induce physiological signals that
modulate vascular and platelet behavior. Abnormally high shear stress in arteries increases the
risk of thrombosis. Despite their importance the role of shear induced migration on wall shear
stress in bifurcation channels has not received adequate attention in previous works. The wall
shear stress can be evaluated from the product of shear rate and effective viscosity at the wall.
Since the effective viscosity is function of particle concentration the nature of wall shear stress
profile can be understood by observing the velocity profile (Figure 4.5) and concentration
profile (Figure 4.8). We have shown the contour map of wall shear stress for the inlet and side
branch in Figure. 4.10. In the inlet section the wall shear stress is low at the corner for the full
length except near the bifurcation where the high value of shear stress is observed at the
corners. This is due to increase in the bluntness of velocity profile between location 4 and 5
that causes high shear rate at the wall. At the junction of inner walls of the side branch both
shear rate and concentration are high and hence the wall shear stress level rises (indicated by
the bright red spot in the contour map). For low bifurcation angle (8 = 60°) the streamline
curvature is low and as expected the stress levels at the inner and outer wall are similar but the
corner region of inner wall has high stress compared to the middle section. The difference in

wall shear stress level between the inner and outer wall is largest for 6 = 90"
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was 0.045 m/s.
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4.4. Conclusion
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Figure 4.10. Shear stress contours planes for outer and inner walls of side branches for various
bifurcation angles. The wall shear stress contour for one of inlet section corresponding to 6=

120° is also shown. The particle concentration in all the cases was 40% and the inlet velocity

The Diffusive Flux Model was used to investigate the velocity and particle concentration
profile in suspension flow through symmetric 3D bifurcation channel. The mass, momentum

and particle conservation equations were solved by the finite volume method (FVM).
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Simulations were performed to study the effect of particle concentrations and bifurcation
angles on velocity and concentration profiles. The velocity profiles for suspension flow were
observed to be different from that of Newtonian fluid of same effective viscosity. At
bifurcation the velocity profiles for suspension in lateral and span-wise directions are blunted
and degree of bluntness is more apparent with increase in the angle of bifurcation and particle
concentration. It was observed that the migration of particles in the downstream branches leads
to asymmetric velocity and concentration profiles. The effect of non-uniform concentration
distribution including the detailed concentration and velocity profiles in each branch has been
well captured by our numerical simulations. The wall shear stress level was observed to be the
highest near the bifurcation. In the side branch the difference in wall shear stress level of inner

and outer wall was found to be highest for bifurcation angle of 90°.
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Chapter 5

5. Shear Induced Migration in Symmetric 3D T-Shaped

Channels

5.1. Introduction

In a symmetric T- junction the flow splits into two symmetric streams (diverging flow) or two
inlet stream joins to form one outlet stream (converging flow). In this chapter, we have studied
the migration in three dimensional symmetric T- shaped bifurcation channels for diverging and
converging flows. In case 1, there is one inlet and two outlets. Simulations were carried out for
three different concentrations of particles, i.e. 30%, 40% and 50%. The inlet velocity was
0.0045 m/s. In case 2 there were two inlets and one outlet (converging flow). Equal particle
concentration and velocity (0.0025 m/s) from both the inlets were provided. In the third case

(converging flow), the inlet particle concentrations were different but with equal inlet velocity

(0.0025 m/s).

5.2. Case 1: Diverging flow

The computational geometry of the three dimensional T shaped bifurcation channel is shown
schematically in Figure 5.1. It consists of an inlet and two outlets with square cross section.
The inlet and daughter branches were of equal width (0.0018 m) and the channel height was
0.0018 m. The ratio of channel half width to particle radius (B/a) was equal to 18.The lengths
of inlet and daughter branches were 0.5 m and 0.25 m respectively. The length required for
reaching fully developed profile was calculated by using the formula given by Nott and Brady
(1994). Other simulation parameters and geometry details are same as in the previous chapter.
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In Figure 5.1 we have also shown different axes with dashed lines along which the

perpendicular planes were taken for analyzing the velocity and concentration contours.

F

Outlet

0.18 cm

Outlet

C
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° |
@
- s Ry
Side View (/Eg) Front View
°

Figure 5.1. Schematic diagram of the computational geometry and locations where velocity

and concentration data were analysed.

In local co-ordinate system, x denotes the lateral direction, y denotes the flow direction
and z represents the span wise direction. The computational domain of the straight sections of
inlet as well as side branches was discretized using structured grids. The Grid comprised of
total of 561000 cells (10X2800X10 structured cells in the outlet section, 1400X10X10

structured cells in each of the straight sections of side branches (Inlet section) and 10X10X10

structured cells in the bifurcation zone.
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5.2.1. Results and Discussion

5.2.1.1. Velocity field

The impact of particles on the velocity fields are often studied by comparing the suspension
velocity with that of Newtonian fluid having the same effective viscosity and other simulation
parameters. For this purpose the velocity contour and streamlines (front view) of Newtonian
fluid and suspension flow in the mid-plane of the channel are shown in Figure 5.2. For the
clarity of view the contours of the full channel are not shown, and only a small section around
the bifurcation was taken. For the comparison purpose, we have shown the contour planes for
Newtonian fluid and suspension of 40% and 50% concentration. The viscosity of Newtonian
fluid was taken as effective viscosity of 40% suspension. All other simulation parameters were
the same. It is observed that in the case of Newtonian fluid the parabolic profile in the inlet
channel persists up to the bifurcation (location 6) and after that the flow divides into two side
branches. However, for the suspension flow we observe blunted velocity profile in the inlet
section and the bluntness increases near the bifurcation. Another important observation can be
made about the maximum center-line velocity which persists little downstream of location 6
for Newtonian fluid, whereas for suspension this location is upstream of location 6. For 50%

suspension the difference is clearly noticeable.
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Figure 5.2. The front view of velocity contours planes (first row) and stream lines (second
row) for Newtonian fluid and suspension flow (40% and 50% particle concentration) in X-y

plane for bifurcation channel. The inlet velocity was 0.0045 m/s.
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This fundamental difference in the velocity field is due to the presence of particles in
suspension. The increase in the bluntness of velocity profile near the bifurcation in the inlet
section is due to curvature of the streamlines towards the left and right daughter branches. The
degree of bluntness was found to increase with the increase in bulk particle concentration. The
corresponding streamlines are also shown in Figure 5.2b. It can be observed that the dividing
stream line is located exactly at the center of the inlet section of the channel. This is expected
since the channel itself is symmetric and flow is divided equally in the daughter branches. The
smearing of velocity profile near the bifurcation can be seen more clearly in these streamline
plots.

Figure 5.3 shows the comparison of velocity profiles of Newtonian fluid with a 30%
suspension at various locations in the inlet section for lateral and span-wise direction. For the
case of suspension, at location 1 nearly uniform velocity profile is observed. The velocity
locations (1,2,3,4,5,6) are taken at the locations -49.98 cm, -25 c¢m, -1.0cm, -0.5¢m, -.05 cm
and Y= 0 cm (bifurcation) respectively. As we move further downstream of the channel
(locations 2, 3, 4) we observe fully developed blunted velocity profile in both the lateral and
span wise directions. However, at the location 5 influence of bifurcation is apparent and at the
locations 6, the bluntness in velocity profile is more in the lateral direction in comparison to
the span wise direction. Whereas, Newtonian fluid shows nearly parabolic profile at locations
2 and 6 compared to suspension at the same locations in both lateral and span wise directions.
We also studied the 40% and 50% suspensions and the results are shown in Figures 5.4 and
5.5. The similar trends of velocity profiles discussed in previously were observed but the
bluntness in velocity profile increases with the increase in particle concentration.
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Figure 5.3. Comparison of the velocity profiles for Newtonian fluid and suspension (30%

particle concentration) at various locations in inlet section of the symmetric T- shaped

bifurcation channel for (a) lateral and (b) span-wise direction. The inlet velocity was 0.0045

m/s.
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Figure 5.4. Comparison of the velocity profiles for Newtonian fluid and suspension (40%
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Figure 5.5. Comparison of the velocity profiles for Newtonian fluid and suspension (50%
particle concentration) at various locations in inlet section of the symmetric T- shaped
bifurcation channel for (a) lateral and (b) span-wise direction. The inlet velocity was 0.0045
m/s.

The cross-sectional views (x-z plane) of velocity contour at various locations in the
inlet section for Newtonian fluid and suspension (40% and 50%) are shown in the Figure 5.6a.
These cross-sectional slices were taken at various locations (1, 5 and 6) in the inlet section at
planes perpendicular to the flow direction. Locations corresponds to -49.98 cm, -.05 cm and
Y= Ocm respectively. It can be observed that the contours at the location 1 (entrance of the
channel) and location 5 is nearly similar for the Newtonian fluid but when it reaches location
6 (bifurcation point) it spreads in lateral direction. Whereas, in case of suspension (40% and
50%) we observe different behavior compared to the Newtonian fluid. In case of suspension
the contour at location 6 is smeared more along the lateral direction. This is more apparent in

the case of 50% concentration.
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Figure 5.6. The cross sectional velocity contour planes (x-z plane) for Newtonian fluid and
suspension flow (40% and 50% concentration) at various locations in the (a) inlet branch and

(b) side branch. The inlet velocity was 0.0045 m/s.
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Figure 5.6b shows the velocity contour maps in the cross-sectional plane of the side branch.
The contour locations (7,8,9) are taken at the locations -.09 cm, -12.5 and 24.98 cm
respectively. It was observed that at a distance of 0.09 cm from the center of bifurcation
(location 7), which is at the very beginning of the side branch, the velocity field is more
asymmetric and the peak velocity shifts towards the outer (bottom) wall. The asymmetry is
more pronounced for suspension flow. As we move further downstream locations the velocity
field becomes more symmetric and peak velocity shifts towards the centre of the channel. For
Newtonian fluid the velocity field becomes nearly symmetric at location 8 but in case of
suspension flow the shift of velocity peak towards the center is small. At a given location the
degree of asymmetry is more for 50% suspension compared to 40%.

The comparison of velocity profiles of Newtonian fluid and suspension (30%) at
various locations in the lateral and span wise directions of the side branch are shown in the
Figure 5.7. We have compared the Newtonian fluid velocity and suspension velocity at same
locations. The location 7 is at the very beginning of the side branch and is 0.09 cm away from
the center of the bifurcation. The other two locations (8 and 9) are 12.5 cm and 24.98 cm apart
from center of the bifurcation. It can be noted from the Figure 5.7a that at location 7 the profiles
for both Newtonian fluid and suspension are asymmetric and skewed towards the outer
(bottom) wall. However, the skewness for suspension is more compared to that of Newtonian
fluid. The asymmetry of the profile results from the non-uniform distribution of particles which
is discussed in detail in the next section. As we move further downstream the profiles shift

towards the center of the channel causing it to appear more symmetric, whereas, Newtonian
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fluid shows parabolic profile at locations 8 and 9. However, at the same locations in the span-

wise direction the profiles are symmetric though blunted (see Figure 5.7b).
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Figure 5.7. Comparison of the velocity profiles for Newtonian fluid and suspension (30%
particle concentration) at various locations in the side branch of the symmetric T- shaped
bifurcation channel for (a) lateral and (b) span-wise direction. The inlet velocity was 0.0045
m/s.

We also studied velocity profiles for the 40% and 50% particle concentration in lateral
and span wise directions and are shown in Figures 5.8 and 5.9 respectively. The similar trends
of velocity profiles which were discussed for 30% particle concentration is observed but the
shifting of velocity profiles is more towards outer wall in the case of the 50% particle
concentration and it can be clearly seen in Figure 5.9a. This skewness increases with the

increase in particle concentration.
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Figure 5.8. Comparison of the velocity profiles for Newtonian fluid and suspension (40%
particle concentration) at various locations in the side branch of the symmetric T- shaped

bifurcation channel for (a) lateral and (b) span-wise direction. The inlet velocity was 0.0045

m/s.
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Figure 5.9. Comparison of the velocity profiles for Newtonian fluid and suspension (50%
particle concentration) at various locations in the side branch of the symmetric T- shaped
bifurcation channel for (a) lateral and (b) span-wise direction. The inlet velocity was 0.0045

m/s.
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5.2.1.2. Shear rate field

The front view of shear rate contour maps in x-y plane for Newtonian and suspension
of 40% and 50% particle concentrations are shown in Figure 5.10. In the inlet section the high
shear rate is observed near the wall and low in the core of the channel. Increase in particle
concentration has little influence on shear rate as shown in Figure 5.10. It can be noticed that
the daughter branches have low shear rates when compared to inlet section. This is due to the
fact that flow coming from the inlet divides into the daughter braches. Since the width of inlet
and two daughter branches were the same, it is expected that the average velocity in the
daughter branches would be half of that in the inlet branch and so will be the shear rate. The
maximum shear rate in the inlet branch for pure fluid, 40% and 50% suspensions were 40.5,
40.6, 41.1 s! respectively. Whereas, in daughter branches the respective values were 23.4,

29.3,34.3 5.
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Figure 5.10. The front view shear rate contour planes for Newtonian fluid and suspension flow
(40% and 50% concentration) at various locations in the (a) inlet branch and (b) side branch.
The inlet velocity was 0.0045 m/s.

The corresponding cross sectional shear rate contour planes (x-z plane) in the inlet and
side branch are shown in Figure 5.11. The corner regions of the planes (cross section) have
relatively higher shear rate compared to the middle regions. The shear rate gradients are highest
at location 6. At the location 7 of the side branch the high shear rate regions are shifted towards
the outer (left) wall but gradually becomes more symmetric as we move to downstream
locations. We observed that increase in particle concentration influences the shear rate

distribution in the channel.
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Figure 5.11. The cross sectional shear rate contour planes for Newtonian fluid and suspension

flow (40% and 50% concentration) at various locations in the (a) inlet branch and (b) side

branch. The inlet velocity was 0.0045 m/s.
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5.2.1.3. Concentration field

The concentration and shear stress contour maps in the mid-plane (Z=0) for 30% and 40%
suspension are shown in Figure 5.12. For the clarity of view we have shown only a small
section around the bifurcation. In the inlet section the shear induced migration causes the
particles to move towards the center of the channel. The central core of the inlet channel which
has high concentration of particles meets the junction of left and right branches of inner walls.
This makes the particle concentration in the side branches to be more near the right walls.
However, even in the side branch the shear rate at the wall is more compared to the center
(please see Figure 5.11b) and this gradient again drives flux of particles towards the center in
the daughter branches. As a result the concentration peak gradually shifts towards the left side
(outer wall). We also observe that the peak value of concentration for 50% suspension is higher
than that of 40% suspension as shown in Figure 5.12b. Figures 5.12c and 5.12d shows the
shear stress maps and it is observed that near the bifurcation (location 6) shear stress is
maximum for the case of 50% bulk particle concentration compared to 40% particle
concentration. It is due to the fact that shear stress is product of viscosity and shear rate. The

middle regions of the inlet section have low shear stress values compared to daughter branches.
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Figure 5.12. Front view particle concentration (a-b) and shear stress (c-d) contour maps in x-
y plane at the centerline for suspension of 40% and 50% particle concentration. The inlet
velocity was 0.0045 m/s. For clarity of contours only small section of channel near the
bifurcation is shown here.

In order to understand quantitative nature of particle distribution we have shown the
concentration profiles for 30% particle concentration in the lateral and span-wise directions of
the inlet section in Figure 5.13. The concentration profile becomes fully developed at location
5. However, unlike the velocity profile the concentration profile remains unaffected till the
beginning of bifurcation section (location 6) and we observe almost identical profile at location
5 and location 6. The concentration profiles of inlet section are similar in both lateral and span
wise directions. We observed that the effect of bifurcation on velocity field is realized little

before the bifurcation, whereas the concentration profile at the same location (when compared
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to the upstream locations) remains somewhat unaffected. The possible reason behind this could
be shear induced rearrangement of particles. The stress field ahead of bifurcation is different
from that at the locations before the bifurcation. This change in stress field causes shear
induced migration, and its effect is such that the particles oppose being carried away by the
fluid streamlines. Similar behavior of concentration profiles in lateral and span-wise direction
are shown in Figures 5.14 and 5.15 for 40% and 50% particle concentration respectively. We
also observed that the lateral concentration profiles for 50% particle concentration were

blunted compared to 30% and 40% particle concentrations.
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Figure 5.13. Comparison of the concentration profiles for suspension flow (30% particle
concentration) at various locations in the inlet section for (a) lateral direction and (b) span-wise

direction. The inlet velocity was 0.0045 m/s.
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Figure 5.14. Comparison of the concentration profiles for suspension flow (40% particle

concentration) at various locations in the inlet section for (a) lateral direction and (b) span-wise

direction. The inlet velocity was 0.0045 m/s.
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Figure 5.15. Comparison of the concentration profiles for suspension flow (50% particle

concentration) at various locations in the inlet section for (a) lateral direction and (b) span-wise

direction. The inlet velocity was 0.0045 m/s.
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Figure 5.16 shows the cross-sectional view of concentration maps in the inlet section (a) and
side branch (b) for suspension of 40% and 50% bulk particle concentrations. These slices were
taken at planes perpendicular to the flow direction at the locations 1, 5 and 6 of the inlet section.
It was observed that as we move downstream in the inlet section the concentration
inhomogeneities gradually develop due to particle migration. The depletion of particles in the
corner region is less compared to the middle portions near the channel walls. This is because
of the fact that the shear rate gradient is smaller in the corner region (see Figure 5.11a). Figure
5.16b shows cross-sectional concentration contour maps in the side branch. It was observed
that at location 7, the concentration field is asymmetrically distributed and as we move further
downstream locations in side branch the particles migrate towards the center of the channel.
The regions close to the top and bottom walls as well as the outer wall (except the corners) is
devoid of particles as represented by dark blue regions. The region close to the inner wall has
highest particle concentration since the shear rate is lowest there (see Figure 5.11b). As one
moves further downstream the peak value of concentration shifts towards the center of the
channel due to the shear induced migration of particles. The migration of particles is faster for
50% suspension compared to 40% suspension which is evident from bright spot at the centre

of location 8.
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Figure 5.16. Cross- sectional view particle concentration contour maps for suspension of 40%
and 50% particle concentration (a) Front view in x-y plane at the centerline (b) in x-z plane for

inlet section (c) for side branch. The inlet velocity was 0.0045 m/s.
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The corresponding concentration profiles in side branch for 30% particle concentration are

shown in Figure 5.17. It is clearly seen from Figure 5.17a that the maximum concentration at

the beginning of the side branch (location 7) is on the inner wall (x/B = +1) which gradually

moves toward the center of the channel as we move further downstream locations (location 8

and 9). The lateral profiles are asymmetric but at the same locations the span-wise profiles (see

Figure 5.17b) are not only symmetric but do not change much in the downstream locations.

We have also carried out simulations for 40% and 50% particle concentrations and

corresponding concentration profiles are shown in Figures 5.18 and 5.19 respectively. We

observed that location of maximum concentration at inner wall increases with increase in

particle concentration at location 7.
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Figure 5.17. Comparison of the concentration profiles for suspension flow (30% particle

concentration) at various locations in the side branch for (a) lateral direction and (b) span-wise

direction. The angle of bifurcation was (6 = 180") and the inlet velocity was 0.0045 m/s.
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Figure 5.18. Comparison of the concentration profiles for suspension flow (40% particle

concentration) at various locations in the side branch for (a) lateral direction and (b) span-wise

direction. The inlet velocity was 0.0045 m/s.
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Figure 5.19. Comparison of the concentration profiles for suspension flow (50% particle

concentration) at various locations in the side branch for (a) lateral direction and (b) span-wise

direction. The inlet velocity was 0.0045 m/s.
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5.2.1.4. Wall shear stresses

We have shown the contour map of wall shear stress for the inlet and side branch for 40% and
50% particle concentration in Figure. 5.20. In the inlet section the wall shear stress is low at
the corner for the full length except near the bifurcation where the high value of shear stress is
observed at the corners. This is due to increase in the bluntness of velocity profile between
location 5 and 6 that causes high shear rate at the wall. At the junction of inner walls of the
side branch both shear rate and concentration are high and hence the wall shear stress level
rises (indicated by the bright red spot in the contour map). We found that wall shear stress at

the inner wall is more for 50% particle concentration.
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Figure 5.20. Shear stress contours planes for outer and inner walls in side branches for various

particle concentrations. The inlet velocity was 0.0045 m/s.
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5.3. Case 2: Converging flow with equal inlet concentrations

The computational geometry for this case is shown schematically in Figure 5.21. It consists of
two inlets and one outlet with square cross section. The details of the geometry are the same
as in the previous case. Flow is provided in each inlet arm with bulk velocity U= 0.0025 m/s.
Simulations were carried out for different inlet concentrations of particles. Other simulation
parameters and geometry details are shown same as previous case. The same computational

grids were used which were mentioned in the previous case.
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Figure 5.21. Schematic diagram of the computational geometry for converging flow and
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locations where velocity and concentration data were analyzed.
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Since the length of all the branches is same for both converging and diverging channels, we used the

same grid. The velocity profiles from the two cases show that the flow field is nearly reversible.

Therefore, it is justified to consider the same grid.

5.3.1. Results and Discussion

5.3.1.1. Velocity field

Figure 5.22 illustrates the contours of the velocity field of Newtonian fluid and suspensions

flowing through converging T- channel.
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Figure 5.22. The front view of velocity contours planes for Newtonian fluid (a) and suspension
of (b) 40% (c) 50% inlet particle concentrations in x-y plane for T- shaped channel. The inlet

velocity was 0.0025 m/s given for both the inlets (inlet 1 and inlet 2).
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These contour planes were taken at the mid plane (Z=0). We have compared the suspension
velocity with that of Newtonian fluid having the effective viscosity equal to that of 40%
suspension. The inlet velocity equal to 0.0025 m/s was given through both the inlet 1 and inlet
2. The contour for Newtonian fluid is shown in Figure 5.22a and that of 40% and 50%
suspensions are presented in the Figures 5.22b and 5.22¢ respectively. It is observed that in
case of the Newtonian fluid the parabolic profile in the outlet section persists location 6 and an
increase in velocity magnitude is observed when compared to the inlet sections (inlet 1 and
inlet 2). Whereas, in case of suspension we observe decrease in velocity magnitude in the outlet
section after the converging point (location 6) and it is blunted. This effect will be more
apparent with an increase in particle concentration which is depicted in Figure 5.22c. The
increase in velocity magnitude in outlet section is due to the merging of streams from the inletl
and inlet 2 which enhances the velocity magnitude in the outlet section. The corresponding
streamline plots of Newtonian fluid and suspension are presented in Figure 5.23. It can be
observed that maximum velocity is observed at the center of the outlet section of the channel.
This is expected since the channel itself is symmetric and flow is divided equally in the
daughter branches.

Figure 5.24 shows the cross-sectional view of velocity contour planes of Newtonian fluid
and suspension of 40% and 50% particle concentration taken at various locations in the inlet
section. The flow direction in these plots can be viewed as normal to the plane of the paper and
pointing inside. For the case of Newtonian fluid, it is observed that initially at location 1 nearly

uniform velocity of 0.0025 m/s is observed and fully developed flow at locations 2 and 3.
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Figure 5.23. The front view of velocity contours planes for Newtonian fluid (a) and suspension
of (b) 40% (c) 50% inlet particle concentrations in x-y plane for T- shaped channel. The inlet
velocity was 0.0025 m/s given for both the inlets (inlet 1 and inlet 2).

As we move further in downstream of the inlet section, at location 4 the velocity profile
tries to move downward as shown in contour at location 4. At location 5, velocity profile shifts
more in downward direction. The corresponding velocity contours for 40% and 50% particle
concentration are also presented in Figure 5.24. These contours were taken at the same
locations where Newtonian fluid contours were studied. We observe that they were following
the same trends as the Newtonian fluid but bluntness and decrease in peak velocity magnitude

is more apparent in the case of 50% particle concentration when compared to Newtonian fluid.
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Figure 5.24. The cross sectional velocity contour planes for Newtonian fluid and suspension
flow (40% and 50% concentration) at various locations in the x-z plane for inlet branch of
converging T- shaped channel. The inlet velocity (0.0025 m/s) was same in both the inlets.
The contour (1,2,3,4,5) were taken at the locations -24.98 cm, -12.5 cm, -0.15 cm, -0.1 cm
and -0.09 cm respectively.

Figures 5.25 and 5.26 illustrate the trend of velocity profiles of Newtonian fluid and
suspensions of 40% and 50% particle concentration in inlet section for lateral and span wise
directions. In these graphs Newtonian fluid velocity profiles drawn at locations 2 (middle of
the channel), 4 and 5 (these two locations are nearer to the converging point). The profile in
lateral direction is nearly parabolic at location 2 but at location 4 the profile shows shifting
towards downward direction. At location 5, the profile is more shifted towards the downward

direction and increase in velocity magnitude is observed at the same location. Whereas, the
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velocity profiles in span-wise direction were parabolic profile at location 2 and little blunted
with decrease in velocity magnitude at locations 4 and 5. On the hand suspension velocity
profiles shows different behavior. At location 1 (nearer to entrance of inlet 1 section) nearly
uniform profile is observed. At locations 2 and 3 the velocity is fully developed but blunted
when compared to the Newtonian fluid. At location 4 and location 5 shifting of velocity profile
is towards downward direction were observed. The velocity profile of Newtonian fluid and
suspension of 50% particle concentration in lateral and span-wise directions were similar as
that of 40% particle concentration and results are presented in Figure 5.26. In this graph we
also observed that peak velocity magnitude of suspension (50%) has lower values compared

to 40% particle concentration.
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Figure 5.25. Comparison of the velocity profiles for Newtonian fluid and suspension (40%
particle concentration) at various locations in the inlet section for T-shaped channel in (a)
lateral and (b) span-wise direction. The inlet velocity of 0.0025 m/s was same in both the
inlet 1 and inlet 2 and particle concentration was 40%. The velocity locations (1,2,3,4,5) are

taken at the locations -24.98 cm, -12.5 cm, -0.15 cm, -0.1 cm and -0.09 cm respectively.
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Figure 5.26. Comparison of the velocity profiles for Newtonian fluid and suspension (50%
particle concentration) at various locations in the inlet section for T-shaped channel in (a)
lateral and (b) span-wise direction. The inlet velocity of 0.0025 m/s was same in both the inlet
1 and inlet 2 and particle concentration was 50%. The velocity locations (1,2,3,4,5) are taken
at the locations -24.98 cm, -12.5 cm, -0.15 cm, -0.1 cm and -0.09 cm respectively.

The cross-sectional views (x-z plane) of velocity contour at various locations in the
outlet section for Newtonian fluid and suspension (40% and 50%) are shown in the Figure 5.
27. These cross-sectional slices were taken at various locations (6, 7, 8, 9, 10 and 11) in the
outlet section at planes perpendicular to the flow direction. First row shows contours of
Newtonian fluid and second and third rows the contours of 40% and 50% particle
concentrations respectively. It can be observed that the velocity contours of Newtonian fluid
at the location 6 (entrance of the outlet section) the contour is smeared and flat in the lateral
direction and at this location same velocity magnitudes of two inlet streams are entering into

the outlet section due to this the contour at the center is flatter and more stretched. At other
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locations of outlet section the profile resembles like fully developed and velocity peak near the
center. For the case of suspension we observe different behavior compared to the Newtonian
fluid. In case of suspension the contour at location 6 is more smeared and flatter along the
lateral direction. This is more apparent in the case of 50% concentration. At further
downstream locations in the outlet section velocity contour looks fully developed and similar
at all other locations. We also observe that the peak velocity magnitude decreases with the

increase in particle concentration.
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Figure 5.27. The velocity contour planes for Newtonian fluid and suspension flow (40% and
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50% concentration) at various locations in the outlet section of T- shaped channel. The inlet
velocity of 0.0025 m/s was same in both the inlet 1 and inlet 2. The contour locations
(6,7,8,9,10,11) are taken at the locations -0 cm, -0.5cm, -1 cm, - 1.8 cm -2.5 cm and - 49.98

cm respectively.
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The comparison of velocity profiles of Newtonian fluid and suspension (40%) at various
locations in the lateral and span wise directions in the outlet section are shown in Figure 5.28
and 5.29. In Figure 5.28 the profiles are drawn up to location 4.5 cm. The Newtonian fluid
velocity profile is compared at location 6 only. The profiles for suspension at all the locations
which are represented in graphs are blunted and fully developed at all the locations. Profiles in
span wise direction are also blunted at all the location except at location 6 (Y=0 cm). The
profiles in further down of the outlet section are shown in Figure 5.29. The profile are blunted
and fully developed at all the locations but Newtonian fluid profile is parabolic. The similar
trends of velocity profiles are observed for 50 % particle concentration and the results are

presented in Figures 5.30 and 5.31.
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Figure 5.28. Comparison of the velocity profiles for Newtonian fluid and suspension at various
locations in the outlet section for T- shaped bifurcation channel in (a) lateral and (b) span-wise

direction. The inlet velocity and particle concentration was 0.0025 m/s and 40% respectively.
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Figure 5.29. Comparison of the velocity profiles for Newtonian fluid and suspension at various
locations in the outlet section for T- shaped bifurcation channel in (a) lateral and (b) span-wise

direction. See the previous caption.
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Figure 5.30. Comparison of the velocity profiles for Newtonian fluid and suspension at various
locations in the outlet section for T- shaped channel in (a) lateral and (b) span-wise direction.

The inlet velocity and particle concentration was 0.0025 m/s and 50% respectively.
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Figure 5.31. Comparison of the velocity profiles for Newtonian fluid and suspension at various
locations in the outlet section for T- shaped channel in (a) lateral and (b) span-wise direction.

The inlet velocity and particle concentration was 0.0025 m/s and 50% respectively.

5.3.1.2. Shear rate field

The shear rate contour maps in x-y plane for Newtonian and suspension (40% and 50%) are
shown in Figure 5.32. For the Newtonian fluid, the outlet section has high shear rate near the
wall and low near the converging section (location 6). In case of suspension, increase in particle
concentration has little influence on shear rate as shown in Figure 5.32c. The corresponding
cross sectional shear rate contour planes (x-z plane) in the inlet section and outlet section are
shown in Figures 5.33 and 5.34 respectively. In these contours the flow direction is
perpendicular to the plane of paper and pointing inwards. From Figure 5.33 it is observed that
for the case of Newtonian fluid at location 1 (the entrance of the inlet section) the shear rate
is uniform and low at the center (which is shown with blue colour) and corner regions have

high value and as we move to location 2 and 3 the corner regions of the contour planes have
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relatively higher shear rate compared to the middle regions. The shear rate gradients are highest
at location 5. On the other hand the suspension shows little different behavior and we observe
that increase in low shear rate regions (blue spot) and decrease in shear rate at the center of
corner regions(upward direction) is more apparent with the increase in particle concentration
at locations 2 and 3. At locations 4 and 5 only one side of corner regions (lower) have the high

shear rates. This is due to bending of the streamlines towards the outlet section.
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Figure 5.32. The Front view of shear rate contour planes for Newtonian fluid (a) and
suspension flow with (b) 40% and (c) 50% particle concentration in a converging T-shaped

channel.
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Figure 5.33. The cross-sectional shear rate contour planes for Newtonian fluid and
suspension flow (40% and 50% concentration) at various locations in the (a) inlet branch and
(b) side branch. The inlet velocity was 0.0025 m/s in both the inlets. The contour locations
(1,2,3,4,5) are taken at the locations -24.98 cm, -12.5 cm, -0.15 cm, -0.1 cm and -0.09 cm
respectively.

Figure 5.34 shows the shear rate contours at different locations in the outlet section. At
the location 6 (beginning of outlet section) the contour is dumbbell shape for the case of
Newtonian fluid. This dumbbell shape is due to the fact that fluid from the both inlets tries to
squeeze in the outlet section. For the suspension this shape is more flat which increases with
particle concentration. This is due to the fact that the two streams of suspension with high
concentration of particles at the centre do not mix as easily as the Newtonian fluid. The cross
sectional contour planes at other locations are nearly same after location 7 and has low shear

rate values at the center.
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Figure 5.34. The shear rate contour planes for Newtonian fluid and suspension flow (30% and

Newtonian Fluid
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40% concentration) at various locations in the outlet section of the T- shaped channel. The
inlet velocity was 0.0025 m/s in both the inlets. The contour locations (6,7,8,9,10,11) are taken

at the locations -0 cm, -0.5 cm, -1 cm, - 1.8 cm -2.5 cm and -49.98 cm respectively.

5.3.1.3. Concentration field

The concentration contour maps in the mid-plane for 40% and 50% suspension are presented
in Figure 5.35. For the clarity of view we have shown only a small section around the
converging section. We have given the inlet particle concentration 40% and velocity of 0.0025
m/s through inlet 1 and inlet 2. In the inlet sections the shear induced migration causes the
particles to move towards the center of the channel. The central core of the inlet channel has

high concentration of particles and this central core moves downward in the converging

135



Chapter 5

section. The particles also move in downward direction, thus concentration contours at the
location 5 shows bend towards the outlet section. The similar trends was also observed for the
particle concentration of 50% shown in the Figure 5.35b. Another interesting observation is
that two separated concentration streams are clearly seen in the outlet section which eventually

merge.
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Figure 5.35. Front view of the particle concentration contour maps in x-y plane at the
centerline for suspension of (a) 40% and (b) 50% particle concentration. The inlet velocity was
0.0025 m/s in both the inlets sections. For clarity of contours only a section of bifurcation
channel is shown here.

Figure 5.36 shows the cross-sectional view of concentration maps (x-z plane) in the
inlet section for suspension of 40% and 50% bulk particle concentrations. These slices were
taken at planes perpendicular to the flow direction at various locations which are shown with
arrow direction on the top of each slices. It was observed that at location 1(staring of inlet-1
section) there is nearly uniform particle concentration and as we move downstream in the inlet

section the concentration in-homogeneities gradually develop due to particle migration.
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We also observe that the depletion of particles in the corner region is less compared to the
middle portions near the channel walls. This is because of the fact that the shear rate gradient
is small in the corner region (see Figure 5.33). As we move further downstream of the inlet
section asymmetry in concentration contours are seen and we found that at location 5 the
concentration contour shift towards the downward direction and this is more intense in the case
of particle concentration of 50%. The regions close to the top and bottom walls as well as outer

wall (except the corners) is devoid of particles as represented by dark blue regions.
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Figure 5.36. Cross- sectional view particle concentration contour maps for suspension of 40%
and 50% particle concentration in inlet section of T-shaped channel. The inlet velocity was
0.0025 m/s in both the inlets. The contour locations (1,2,3,4,5) are taken at the locations -

2498 cm, -12.5 cm, -0.15 cm, -0.1 cm and -0.09 cm respectively.
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In order to understand quantitative nature of particle distribution we have shown the
concentration profiles for 40% particle concentration in the lateral and span-wise directions of
the inlet section in Figures 5.37a and 5.37b respectively. The lateral concentration profiles are
fully developed at locations 2 and 3. The shape of the fully developed concentration profile
looks like inverted V shape. However, unlike the velocity profile the concentration profile
remains unaffected till the beginning of converging section (location 6) and we observe almost
identical profiles at location 4 and location 5 and shifting towards the downward direction due
to the fact that this location is very near to the converging section as shown in Figure 5.37a.
The concentration profiles in span wise direction at all the locations are similar and fully
developed. The similar behavior of concentration profiles for lateral and span-wise direction

is shown for 50% particle concentration in Figure 5.38.
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Figure 5.37. Comparison of the concentration profiles of suspension flow (40% particle
concentration) at various locations in the inlet section for T-shaped channel in (a) lateral and

(b) span-wise direction. The inlet velocity was 0.0025 m/s in both the inlets.
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The value of maximum concentration for fully developed is higher for 50% particle

concentration when compared to 40% particle concentration.
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Figure 5.38. Comparison of the concentration profiles of suspension flow (40% particle
concentration) at various locations in the inlet section for T-shaped channel in (a) lateral and
(b) span-wise direction. The inlet velocity was 0.0025 m/s in both the inlets.

In Figure 5.39a we have shown the cross sectional concentration contour planes taken
at various locations in the outlet section for 40% suspension. In these contours we present how
and at what length these two concentration streams meet in the outlet section. The equal inlet
velocity and particle concentration was assigned at both the inlets (inlet 1 and inlet 2). It is
observed that at location 6 (Y= 0 cm), initially two separated concentration cores appear and
as we move downstream in the outlet section the two streams gradually come closer. At
location Y= -2.5 cm these two streams of concentration mix completely and get smeared along
lateral direction. After the location Y= -2.5 cm particles come to the center and become more

concentrated (spherical red spot) and smearing reduces.
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As we move down further in the outlet section we observe that the concentration profile is fully
developed beyond location 3 (Y= -5cm) and at location 4, all the particles move towards at the
center of the channel. The concentration contour maps for the 50% particle concentration are
shown in the Figure 5.39b for few locations at which velocity and shear rate contours were
taken in the outlet section. At location 8 (Y= -2.5 cm) we found the mixing of two
concentration streams and smearing along the lateral direction. Further down, the fully

developed profile is observed with peak concentration value at the centre.
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Figure 5.39. The cross- sectional view particle concentration contour maps taken at various
locations in outlet section of T— shaped converging channel for suspension flow (a) 40%
particle concentration (b) 50% particle concentration.

The corresponding concentration profiles of 40% particle concentration in lateral and
span-wise direction are presented in Figure 5.40. The profiles are taken at a difference of 1cm

between two successive locations and it is considered up to location Y= -4.5 cm.
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Figure 5.40. Comparison of the concentration profiles of suspension flow (40% particle
concentration) at various locations in the outlet section for T-shaped channel in (a) lateral and
(b) span-wise direction. The inlet velocity was 0.0025 m/s in both the inlets and particle
concentration was 40%.

It is clearly seen from Figure 5.40a that at location 6 (entrance of the outlet section) the
peak - valley - peak concentration profile appears and this is due to combining of two streams
in the outlet section. As we move downstream locations in the outlet section, the peak- valley-
peak pattern in concentration profile gradually decreases and only a single peak in the
concentration profile emerges. Another interesting observation is that at location Y= -2.5 cm
the two peaks in concentration profile completely merge and then it resembles like a single
blunted profile. The profiles in span-wise direction are initially more blunted and gradually
develop to inverted V shape profile as we move downstream of the outlet section. We have
also shown the profiles in further downstream locations of the outlet section in Figure 5.41. It

is observed that the profiles are similar at all locations indicating that flow is fully developed.
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Figure 5.41. Comparison of the concentration profiles of suspension flow (40% particle
concentration) at various locations in the outlet section for T-shaped channel in (a) lateral and
(b) span-wise direction. The inlet velocity was 0.0025 m/s in both the inlets and particle

concentration was 40%.
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Figure 5.42. Comparison of the concentration profiles of suspension flow (50% particle
concentration) at various locations in the inlet section for T-shaped channel in (a) lateral and
(b) span-wise direction. The inlet velocity was 0.0025 m/s in both the inlets and particle

concentration was 50%.
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Similar trend of concentration profiles in lateral and span-wise direction in outlet section are
also observed for the case of 50% particle concentration and results are presented in the Figures

5.42 and 5.43 respectively.
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Figure 5.43. Comparison of the concentration profiles of suspension flow (50% particle
concentration) at various locations in the outlet section for T-shaped channel in (a) lateral and
(b) span-wise direction. The inlet velocity was 0.0025 m/s in both the inlets and particle

concentration was 50%.

5.3.1.4. Shear stress field

Figure 5.44 shows the shear stress contour maps in x-y plane for Newtonian fluid and
suspension. The profiles for Newtonian fluid and suspension are clearly distinct. For
suspension flow two distinct peaks in shear stress values are observed in the converging
section. The maximum shear stress value for 50% bulk particle concentration is higher

compared to 40% particle concentration and Newtonian fluid. It is due to the fact that shear

143



Chapter 5

stress is product of viscosity and shear rate. In the outlet section the maximum shear stress is

observed at the walls.
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Figure 5.44. The shear stress contour planes for (a) Newtonian fluid, (b) 40 % suspension, and
(c) 50% suspension in x-y plane for T-shaped converging channel. The inlet velocity was
0.0025 m/s in both the inlets.

We have shown the contour map of wall shear stress for the inlet and outlet section for
40% particle concentration in Figure 5.45. At the inner wall of the inlet section the wall shear
stress is higher compared to the outer wall. This is due to the reason that the inner wall is on
the side of outlet section in which the two streams enter. This shifts the high shear rate regions
close to the inner wall. In the inlet section the maximum wall shear stress is observed at the

corner (entrance of the outlet section). In the outlet section the wall shear stress values are
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similar for both the inner and outer wall due to symmetry of the two inlets. However, maximum
wall shear stress is observed in the middle. This is due to the fact that the wall shear stress can
be evaluated from the product of shear rate at the wall and effective viscosity. Low shear rate

but high viscosity can also give rise to large wall shear stresses.
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Figure 5.45. Shear stress contours planes for outer and inner walls for converging flow in a

T-shaped converging channel. The particle concentration was 40% and the inlet velocity was

0.0025 m/s.
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5.4. Case 3: Converging flow with unequal inlet concentration

For this case too we have used the same geometry which was considered in the previous two
cases. It consists of two inlets and one outlet with square cross section. The bulk velocity (U =

0.0025m/s) was same for both the inlets but the particle concentration in the two inlets were

different.

5.4.1. Results and Discussion

5.4.1.1. Velocity field

Figure 5.46a shows the contour map of suspension velocity and Figure 5.46b shows the stream
lines in x-y plane of the T-shaped channel in converging flow. These contour planes were taken

at the mid plane (Z = 0). The particle concentration was 30% in inlet-1 and 20% in the inlet-2.
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Figure 5.46. The velocity contour planes (a) and streamline plot (b) for suspension flow in x-y
plane for T- shaped channel. The inlet velocity and concentration are shown in the figures.

We also observed that the velocity contour at location 6 is shifted towards the inlet having
lower concentration. The corresponding streamline plot of suspension flow is presented in

Figure 5.46b. Figure 5.47 shows the cross-sectional view of velocity contour planes taken at
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various locations in the inlet sections. At location 1, nearly uniform velocity is observed which
becomes non-uniform at locations 2 and 3. As we move further in downstream of the inlet-1
section (30% inlet concentration) at locations 4 and 5 the peak velocity is shifted towards the
right direction. For the inlet-2 section (20% inlet concentration) the contour slices shows
shifting of the peak velocity to the left as the outlet section is approached. After location 5 the
two inlet streams curve to enter the outlet section. In these contours the direction of flow can be
considered perpendicular to the plane of paper and pointing inwards. The flow in outlet section

can be also be visualized in the same manner.
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Figure 5.47. The cross sectional velocity contour planes taken at various locations in the x-z
plane for inlet sections of T- shaped channel. The inlet velocity was 0.0025 m/s in both the
inlets. First row shows contour for 30% particle concentration and second for 20% particle
concentration. The contour slices (1,2,3,4,5) are taken at the locations -24.98 cm, -12.5 cm, -

0.15 cm, -0.1 cm and -0.09 cm respectively.
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Figure 5.48 shows the velocity profiles at various locations for inlet-1 section in lateral and span
wise directions. The asymmetry of the lateral velocity profiles at location 4 and 5 can be clearly
seen. As expected we do not see any asymmetry in the span wise direction. However, the
velocity profiles in both lateral and span wise directions are blunted at all locations due to shear
induced migration. The corresponding velocity profiles for the inlet-2 section are shown in
Figure 5.49. The profiles are similar to that of inlet-1 section but the peak velocity at locations

4 and 5 are higher in the inlet-2 section.
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Figure 5.48. The velocity profiles of suspension at various locations in the inlet-1 section (30%
particle concentration) in (a) lateral and (b) span-wise directions. The profiles (1,2,3,4,5) are

taken at the locations -24.98 cm, -12.5 cm, -0.15 cm, -0.1 cm and -0.09 cm respectively.
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Figure 5.49. The velocity profiles of suspension at various locations in the inlet-2 section (20%
particle concentration) in (a) lateral and (b) span-wise directions. The profiles (1,2,3,4,5) are
taken at the locations -24.98 cm, -12.5 cm, -0.15 cm, -0.1 cm and -0.09 cm respectively.
The cross-sectional views (x-z plane) of velocity contour at various locations in the
outlet section for suspension are shown in Figure 5.50. These cross-sectional slices were taken
at planes perpendicular to the flow direction. The locations are given on the left side of each
slice in the figure. At location 6 (Y=0 cm), the velocity field is asymmetric and shifted towards
the right side. As we move downstream in the outlet section, gradually this asymmetry in
velocity disappears. Symmetric and fully developed velocity profile is observed at the location
Y =-12 cm. At other locations of outlet section the profile resembles like fully developed and

velocity peak is near the center.

149



Chapter 5

U(mfs) U{m/s)
0.00823 0.0092
g E o008 = F o.008
= 5 =
é’ - 0.006 v = 0.006
Il 1l
0.004
o ' 0.004
0.002 0.002
0 ]
Umis) Ugowls)
0.00897 0.00908
g 0.008
g E £ E 0.008
wy E 15} 3
3 - 0006 2 = 0.006
| —
]
L .04 i 0.004
2 i
0.002 i
Umis) '
5
Ugm's
e 0 a(on;::
Eo.00s
g £ E o0
v - 0.006 E
l;- = = 0,006
L 0.004 :1 -
ol 0002
0
Ulm's) U(ms)
00091 0.00885
E o008 £ E 0.008
E = o 3
i Z 0.006 ) = 0.006
- B =
[ 0.004 !
- g I L4
0.002 > i
a 0

Figure 5.50. The cross sectional view of velocity contour planes taken at various locations in
the x-z plane of the outlet section of T- shaped channel. The flow parameters were same as in
Figure 5.49.

The velocity profiles of suspension at various locations in the outlet section in the
lateral direction is shown in Figure 5.51. The velocity profiles at initial locations are shifted
towards the right direction (on the side of low concentration inlet). However further downstream

locations the profiles are again symmetric (See Figure 5.51b).
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Figure 5.51. The lateral velocity profiles of suspension at various locations in the outlet section

of T-shaped channel. The flow parameters were same as in Figure 5.50.

5.4.1.2. Shear rate field

The shear rate and shear stress contour maps in x-y plane of outlet section are shown in
Figure 5.52. High shear rate is observed near the right wall of the outlet section but high
shear stress in observed on the left side. Peak in the shear stress is clearly observed on the
high concentration inlet section near the confluence of the two streams. The corresponding
cross sectional shear rate contour planes (x-z plane) in the inlet sections are shown in Figure
5.53. The asymmetry in the shear rate field can be easily observed near the confluence
(locations 4 and 5). Again we would like to mention that in the contour maps of Figure 5.53

and 5.54 the flow direction is perpendicular to the plane of paper and pointing inward.
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Figure 5.52. The contour planes for shear rate (a) and shear stress (b) in x-y plane of the T-

shaped channel in converging flow.
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Figure 5.53. The cross sectional contour planes of shear rate field in the inlet sections of the
T-shaped channel. The slices (1,2,3,4,5) were taken at the locations -24.98 cm, -12.5 cm, -
0.15 cm, -0.1 cm and -0.09 cm respectively.

Figure 5.54 shows the cross sectional shear rate contour planes at different locations in
the outlet section. At location 6 (Y=0 cm), which is the beginning of outlet section the contour

the shear rate filed is asymmetric but the high values are on the side of outlet section. As we
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move further downstream locations it is observed that the shear rate field gradually becomes

symmetric with highest values near the middle of wall regions and lowest at the centre.
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Figure 5.54. The cross sectional contour planes of shear rate field at various locations in the

outlet section in converging flow in a T shaped channel.
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5.4.1.3. Concentration Field

The front view concentration contour maps in the mid-plane are presented in Figure 5.55. For
the clarity of view we have shown only a small section around the converging section. In the
inlet sections the shear induced migration causes the particles to move towards the center of
the channel. The peak concentration in inlet-1 section (30% inlet concentration) is more
compared to the inet-2 section whose inlet had 20% particle concentration. The central core of
both the inlets moves downward in the converging section and enters the outlet section at
location 6. The high concentration core which originated in inlet-1 persists in the outlet section

as well for some distance which gradually merge at downstream locations.

U =0.0025 m/s U=-0.0025 m/s

Inlet 1
l
1
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Figure 5.55. Concentration contour map in x-y plane (Z=0) for converging flow in a T-shaped
channel with same velocity but different inlet concentrations. For clarity of contours only a

small section of bifurcation channel is shown here.
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In Figure 5.56 we show the cross-sectional view of concentration maps (x-z plane) in the inlet

sections. As expected the nature of these contour maps is very similar to that described in the

previous case. In order to understand quantitative nature of particle distribution we have shown

the concentration profiles in the inlet section 1 for the lateral and span-wise directions in

Figures 5.57 and that of inlet-2 section in Figure 5.58. The nature of these profiles are similar

to the one described in the previous case. The cross sectional concentration contours taken at

various locations in the outlet section are shown in Figure 5.59. Unlike the case-2 (equal

velocity and equal concentration at both the inlets) in this case we observe asymmetric

concentration profile at the beginning of the outlet section (location 6). The peak concentration

gradually shifts towards the center of the outlet section and the profile becomes more

symmetric.
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Figure 5.56. Cross- sectional contour maps of particle in the inlet sections of T-shaped channel

in converging flow with same velocity but different inlet concentrations. The contour

(1,2,3,4,5) were taken at the locations -24.98 cm, -12.5 cm, -0.15 cm, -0.1 cm and -0.09 cm

respectively.
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Figure 5.57. Concentration profiles at various locations in the inlet-1 section of converging T-
shaped channel flow: (a) lateral direction, and (b) span-wise direction. All other parameters

were same as in Figure 5.56.
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Figure 5.58. Concentration profiles at various locations in the inlet-2 section of converging T-
shaped channel flow: (a) lateral direction, and (b) span-wise direction. All other parameters

were same as in Figure 5.56.
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Figure 5.59. Cross- sectional contour maps of particle concentration in the outlet sections of
T-shaped channel in converging flow with unequal inlet concentration but equal inlet velocity.

The corresponding concentration profiles at various locations of outlet section in lateral
direction are presented in Figure 5.60. At location 6 (entrance of the outlet section) the peak-
valley-peak pattern in concentration profile is clearly observed. The left peak corresponding
to 30% inlet section shows high value and compared to the right peak which corresponds to
20% inlet section. As we move downstream locations in the outlet section, the peak- valley-

peak pattern in concentration profile gradually vanishes and we get concentration profile with
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a single peak which is shifted towards the left. The shear induced migration causes further

migration of the particles towards the center of the channel and finally leading to symmetric

profile that resembles that of a straight channel.
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Figure 5.60. Concentration profiles at various locations of the outlet section in T-shaped

channel with converging flow having equal inlet velocity (0.0025 m/s) but unequal particle

concentration (30% in inlet-1 and 20% in inlet-2).
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5.4.1.4. Wall shear stress

The contour map of wall shear stress for the case of unequal inlet particle concentration is
shown in Figure 5.61. The wall shear stress is higher on the wall of the inlet which is on the
side of the outlet section (bottom wall) and the peak concentration is observed near the corner
at the junction of inlet and outlet sections. The wall shear stress values are more for inlet-1
section (30% inlet concentration) compared to the inlet-2 section whose inlet had 20% particle
concentration. In the outlet section the wall shear stress values are higher in left wall compared
to right wall. However, maximum wall shear stress is observed in the middle. This is due to

the fact that in the outlet section the peak concentration is in the centre of the channel.

Inlet-1 ( Inner wall) Inlet-2 (Inner wall)

Inlet-1 (bottom wall) Inlet-2 (bottom wall)

Outlet (Left wall) == = Outlet (Right wall)

Figure 5.61. Wall shear stress contours planes for outer and inner walls of T-shaped channel

in converging flow. The particle concentration was 40% and the inlet velocity was 0.0025 m/s.
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5.5. Conclusion

¢ In case for diverging flow in T shaped bifurcation channel, at bifurcation the velocity
profiles for suspension in lateral and span-wise directions are blunted and degree of
bluntness is more for suspension of higher particle concentration. In side branches the
velocity profiles in lateral direction are more shifted towards outer wall. The
concentration profiles in inlet section are blunted and in the side branch the location of
maximum concentration is shifted towards the inner wall.
¢ In converging flow in T-shaped channel, for the case of equal inlet particle concentration
and velocity it was observed that the two inlet streams merge in the outlet section. In the
beginning of the outlet section the velocity field shows single peak with blunted velocity
profile but the concentration peaks corresponding to the fully developed profiles in the
inlet section persists for some distance. In the downstream locations both the velocity
and concentration profiles undergo significant changes. The velocity profile becomes less
blunted. The two peaks in concentration progressively merge to give a single peak. The
two distinct peaks in shear stress values are observed in the converging section. The
maximum shear stress value for 50% bulk particle concentration is higher compared to
40% particle concentration and Newtonian fluid. The wall shear stress was found to be
highest at the corner regions of the junction of inlet and outlet sections.
e Similar trend as mentioned above was also observed in converging flow in T channel, for
the case of unequal inlet particle concentration but equal velocity. The increase in
velocity magnitude in outlet section is due to the merging of streams from the inlet-1 and

inlet-2 which enhances the velocity magnitude in the outlet section. It was also observed
160



Chapter 5

that the shifting of velocity profile near the entrance of the outlet section is towards that
inlet section which had lower concentration. However at further downstream locations
the profiles are again symmetric. At the entrance of the outlet section asymmetric peak-
valley-peak pattern in concentration profile was observed. The left peak corresponding
to 30% inlet section showed high value when compared to the right peak which
corresponds to 20% inlet section. As we move downstream locations in the outlet
section, the peak- valley- peak pattern in concentration profile gradually vanishes and we
get concentration profile with a single peak which is shifted towards the side of higher

concentration inlet.
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6. Conclusions and Future Direction

6.1. Conclusions

This thesis covers the low Reynolds number flow physics of concentrated suspensions of non-
Brownian particles suspended in a Newtonian fluid. The main theme of this thesis is to study
the phenomenon of shear-induced migration of particles in bifurcation channels through
numerical simulations based on the Diffusive Flux Model. The transport equations were solved
in Open source Computational Fluid Dynamics (CFD) package named OpenFOAM. It is based
on the Finite Volume Method (FVM) to solve the system of Partial Differential Equations
(PDEs). First we have validated the results obtained from simulation of suspension flow in 2D
rectangular channel with experimental data of Lyon and Leal (1998) and analytical results of
Phillips et al. (1992). The results were found to be in good agreement with experimental and
analytical solution. For bifurcation geometry, we have validated the numerical results with the
experiments of Leble ef al. (2011). The geometry and flow parameters considered in our
simulations were similar to that in the experiments. The experiments of Leble er al. (2011)
were only for 14% particle concentration and they have provided the measurements of velocity
field. The measurements of concentration field were not performed. In this thesis we have
investigated shear-induced migration for highly concentrated suspensions (more than 30%
particle concentration) which are industrially important. We have studied the shear induced
migration of particles of concentrated suspensions through symmetric 2D and 3D bifurcation
channels. We have studied the effect of concentration, flow rate, effect of angle on velocity
profile and concentration profile near the bifurcation and before the bifurcation. Shear rate and

163



Chapter 6

wall shear stresses were also studied. First we discussed the results of suspension flow in two

-dimensional channel and then flow in symmetric 3D Y-shaped geometry followed by results

obtained for dense suspension flow in 3D T shaped geometry. Important results from our

simulations can be summarized as:

The velocity profile for the suspension flow showed considerable differences over the
Newtonian fluid profile of the same viscosity as that of suspension. This is attributed to the
shear induced migration of particles.

In the Stokes flow regime there is no effect of flow rate on velocity and concentration
profile. Near the bifurcation peak-valley-peak patterns in velocity profile were observed
for channels with greater angles of bifurcation and higher bulk particle concentrations. The
velocity and concentration profiles were symmetric in the inlet section but asymmetric in
the side branches. There is small influence of particle size on velocity profile but significant
effect was observed on the concentration profiles. The wall shear stresses are larger at the
inner walls when compared to the outer walls of the side branches.

In symmetric three dimensional bifurcation channels, at bifurcation the velocity profiles
for suspension in lateral and span-wise directions are blunted and degree of bluntness is
more apparent with increase in the angle of bifurcation and particle concentration. It was
observed that the migration of particles in the downstream branches leads to asymmetric
velocity and concentration profiles. The wall shear stress level was observed to be the
highest near the bifurcation. In the side branch the difference in wall shear stress level of

inner and outer wall was found to be highest for bifurcation angle of 90°.
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In case for diverging flow in T shaped bifurcation channel, at bifurcation the velocity
profiles for suspension in lateral and span-wise directions are blunted and degree of
bluntness is more apparent with increase in the particle concentration. In side branches the
velocity profiles in lateral direction are more shifted towards outer wall. The concentration
profiles in inlet section are blunted and in the side branch the location of maximum
concentration is shifted towards the inner wall.

In converging flow in T-shaped channel, for the case of equal inlet particle concentration
and velocity it was observed that the two inlet streams merge in the outlet section. In the
beginning of the outlet section the velocity field shows single peak with blunted velocity
profile but the concentration peaks corresponding to the fully developed profiles in the inlet
section persists for some distance. In the downstream locations both the velocity and
concentration profiles undergo significant changes. The velocity profile becomes less
blunted. The two peaks in concentration progressively merge to give a single peak. The
two distinct peaks in shear stress values are observed in the converging section. The
maximum shear stress value for 50% bulk particle concentration is higher compared to
40% particle concentration and Newtonian fluid. The wall shear stress was found to be
highest at the corner regions of the junction of inlet and outlet sections.

Similar trend as mentioned above was also observed in converging flow in T channel, for
the case of unequal inlet particle concentration but equal velocity. The increase in velocity
magnitude in outlet section is due to the merging of streams from the inlet-1 and inlet-2
which enhances the velocity magnitude in the outlet section. It was also observed that the

shifting of velocity profile near the entrance of the outlet section is towards that inlet
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section which had lower concentration. However at further downstream locations the
profiles are again symmetric. At the entrance of the outlet section asymmetric peak-valley-
peak pattern in concentration profile was observed. The left peak corresponding to 30%
inlet section showed high value when compared to the right peak which corresponds to
20% inlet section. As we move downstream locations in the outlet section, the peak-
valley- peak pattern in concentration profile gradually vanishes and we get concentration
profile with a single peak which is shifted towards the side of higher concentration inlet.
We hope that our study has provided some insight into the flow physics of concentrated
suspensions which is required in many applications involving network of branching
system to design mixing devices as well as better understanding of system failures in
piping networks relevant to industry and physiology. Also, bifurcations are the key
element in flow devices for mixing (Wong et al, 2004), heat exchange (Haller et al,
2009) and droplet formation (Link et al. 2004). Whereas these devices have been studied

in great detail for Newtonian fluids, much less is known about the about transport of
concentrated suspensions. The flow of non-Newtonian fluids (without particles) in T
shaped channels has been much more studied in the literature (Matos and Oliveira 2013;
Matos and Oliveira 2014), mainly focused on the investigating the stress and velocity
field but the flow of concentrated suspensions through bifurcation channels are less

studied.
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6.2. Future Direction

In this work we have performed numerical simulations for suspension flow in bifurcation
channels by using Diffusive Flux Model. This model gives satisfactory results for rectilinear
flows like channel flow but is not suitable for more complicated geometries. With this model
we are unable to capture the secondary flows since the rheology of suspension is assumed to
be Newtonian with effective viscosity. Suspension Balance Model proposed by Nott and Brady
(1994) can overcome the drawback of Diffusive Flux Model since it couples the migration to
non-Newtonian rheology of suspension including the normal stress differences. In the future
one can use Suspension Balance Model to capture the flow physics in bifurcation consisting
of circular or elliptical cross sections. It is a challenging work to perform unsteady simulations
in real time but the progress in these directions is underway. The experimental measurement
in bifurcation channels is also needed for better understanding of flow physics. In many
practical applications the suspending fluid are non-Newtonian with complex rheology. It
would be interesting to couple the shear-induced migration models with non-Newtonian
rheology such as shear-thinning, shear thickening, time-dependent non-Newtonian fluids. One
can also work perform particle level simulations such as Stokesian Dynamics in complex
bifurcation geometries and compare results with Diffusive Flux Model and Suspension

Balance Models.
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Appendix A

Initialize field variables
(Boundary and Initial conditions)

\ 4

Guess Pressure

[
>
A

y

Solve Momentum by using equation (2.38)

A\ 4

Correct Pressure by using Continuity

equation (2.37) ‘

\ 4

Solve Particle transport by using
equation (2.39)

No Check for

convergence

Flow chart for algorithm used in simulation
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Implementation of the SIMPLE algorithm in OpenFOAM
The SIMPLE algorithm can be implemented in OpenFOAM as follows (The complete

implementation of the algorithm can be seen in the source code of the simpleFoam solver

Appendix B

provided with OpenFOAM):

Store the pressure calculated at the previous iteration, because it is required to apply

under-relaxation

p.storePrevlter();

Define the equation for U
tmp<fvVectorMatrix> UEqn
(
fvm::div(phi, U)
- fvm::laplacian(nu*pow(1- ¢/0.68,-1.82), U)
);

Note: tmp< > is used to reduce peak memory.

Under-relax the equation for U
UEqn().relax();
fvOptions.constrain(UEgn());

Solve the momentum predictor
solve(UEqn() == -fvc::grad(p));
fvOptions.correct(U);

Update the boundary conditions for p
p.boundaryField().updateCoeffs();

Calculate the a, coefficient and calculate U
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volScalarField rAU(1.0/UEqgn().A());
volVectorField HbyA("HbyA", U);
HbyA =rAU*UEqn().H();
UEqgn.clear();

Calculate the flux

surfaceScalarField phiHbyA("phiHbyA", fvc::interpolate(HbyA) & mesh.Sf());
fvOptions.makeRelative(phiHbyA);

adjust Phi(phiHbyA, U, p)

Define and solve the pressure equation and repeat for the prescribed number of non-
orthogonal corrector steps
fvScalarMatrix pEqn
(
fvm::laplacian(rAU, p) == fvc::div(phiHbyA)
);
pEqn.setReference(pRefCell, pRefValue);
pEqn.solve();

Correct the flux

phi = phiHbyA - pEqn.flux();

Calculate continuity errors

# include "continuityErrs.H"

Under-relax the pressure for the momentum corrector and apply the correction
p.relax();
U = HbyA - rAU*fvc::grad(p);

U.correctBoundaryConditions();

fvOptions.correct(U);
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o fvScalarMatrix ¢ Eqn
volScalarField mul1=0.62*1.82*pow(a,2)*y*pow(¢,2)*pow(0.68- ¢,-1);
volScalarField mu2=0.41*pow(a,2)* y* ¢ ;
volScalarField mu3=0.41*pow(a,2)* ¢ * ¢;
solve
(
fvm::div(phi, ¢)
- fvm::laplacian(mul, ¢)
- fvm::laplacian(mu?2, ¢)

fvc::laplacian(mu3, y)
);
e (Check for convergence and repeat from the beginning until convergence criteria are
satisfied.
e The value of the initial residual can be obtained when solving the corresponding

equation using the initialResidual() method. Two syntax are possible

eqnResidual = solve
(
UEqgn() == -fvc::grad(p)
).initialResidual();
or, equivalently, for the pressure equation, since it has been already defined,

eqnResidual = pEgn.solve().initialResidual();
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Appendix C

Implementation of the SIMPLE algorithm in OpenFOAM
The different discretization schemes, solvers and relaxation factors used in OpenFOAM

solver setting is described in the following sections [OpenFOAM User’s Guide].

Discretization schemes:

gradSchemes
{
default Gauss linear;
}
divSchemes
{
default Gauss linear;
}
laplacianSchemes
{
default Gauss linear corrected;
}
interpolationSchames
{
default linear;
}
snGradSchemes
{
default corrected;

Solvers settings used in OpenFOAM for present simulations
Solvers

{
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solver
preconditioner
tolerance

relTol

solver
preconditioner
tolerance

relTol

PCG;
DILU;
le-7;

PBiCG
DILU;
le-7;

9

T (¢ =¢ ) (concentration of the particles)

{

}
}
SIMPLE

{

solver
preconditioner
tolerance

relTol

nCorrectors

PBiCG
DILU;
le-7;
0;

2;

nNonOrthogonalCorrectors

pRefCell
pRefValue

0;
0;

9

// minimum 2

2;
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relaxationFactors
{
fields
{
p 0.2;
T 0.9;
}
equations
{
U 0.7;
}
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Appendix D

Derivation of Zero Flux Boundary Condition
Flux due to varying interaction frequency is given as,
N, = _Kcaz((pzvy + ¢Vy o)

Flux due to varying viscosity is given as,

Ny = —Kyy¢? (%) (53) @9

Zero flux boundary condition is given as,
n.(N.+N,) =0

dn

d¢) (V) = 0

—K.a?(¢?n. (V) + ¢y (1. V) — K,y > <%> (

2\ rd
(1.7¢) [—Kcachy — K79 (%) (ﬁ)] = Kea?$%n. (V)

K.¢(.Vy)

o))

(.Vg) = —
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