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ABSTRACT

Multiphase flow is the simultaneous flow of two or more interacting phases, where
the interaction is influenced by the relative motion of the phases. Gas-particulate
flow constitutes a class of two phase flows that involve a continuous gas phase and
non-evaporating particles. The gas and particle phases are thoroughly mixed with
each other in all parts of the flow domain and are not separated by a distinct inter-
face. Such flows are ubiquitous both in nature and industry and find applications
in gas-solid fluidized beds, pulverised coal fired combustion systems, powder metal-
lurgy and solid transportation systems etc.

The Eulerian-Eulerian approach is commonly used for numerical modeling of
gas-particle flows. In this approach, the properties of the dispersed particle phase
are assumed to be continuous like those of the continuous gas phase. The particle
phase is solved using fluid-like equations and the interaction between the two phases
is taken care by implementing exchange-coefficients which are often calculated em-
pirically. This treatment of handling the particle phase as a whole instead of track-
ing each particle in the domain makes this approach computationally less expensive.

The present doctoral thesis focuses on the development of a generic finite vol-
ume based numerical solver to simulate gas-particle flows using Eulerian-Eulerian
two fluid model on collocated grid arrangement. The solver which is capable of
handling both orthogonal and non-orthogonal meshes in an efficient manner has
been indigenously developed with an emphasis on application to problems involving
gas-particle flows. A detailed description of the convective and diffusive flux dis-
cretizations are provided as also the descriptions of the drag model and coupling
approaches. Validations have been performed for one-way and two-way coupling for
dilute flow conditions in the initial phase of the work. Subsequently, the solver is
modified to handle non-dilute flows as well as to account for particle-particle and
particle wall interactions using the kinetic theory for granular flows (KTGF) model.
Two major concerns in numerical implementation of such complex flows pertain to
the pressure equation and particle packing limit. The pressure equation for the
two-fluid model is derived from the global continuity equation which is obtained by
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adding the continuity equations of both the phases. For some practical applications
like gas-solid bubbling fluidized beds where the particle volume fraction exceeds a
certain critical value and close to the maximum packing limit, the flow physics is
dominated mainly by the frictional stresses and KTGF alone is not sufficient to
adequately describe the flow. For such cases, frictional stress models are incorpo-
rated along with the KTGF model into the flow solver. A detailed validation at all
stages of development (including comparisons from Ansys Fluent and OpenFoam)
for different problems available in the literature are performed and the results show
a reasonably good agreement with the published data.

The flow solver is subsequently applied for parametric studies in three different
scenarios and finally applied to the case of bubbling gas-solid fluidized beds. In
the first study, a complete parametric study of dispersed laminar gas-particle flows
has been carried out assuming a two-way coupling between the phases. This study
focuses on the effects of particle diameter (Stokes number), particle phase material
density, inlet particle phase volume fraction and inlet slip (or difference of phase
velocities at inlet) on the overall flow hydrodynamics of dispersed gas-particle flows.
Simulations have been carried out for a wide range of volume fractions of the dis-
persed phase which varies from a very low value (dilute range) to a moderately high
value (dispersed range) and a wide range of particle diameters (Stokes number) in
horizontal and vertical channels. Studies reveal that the maximum value of steady
state velocity attained by the particle phase inside the domain decreases while that
of the gas phase increases with increase in particle Stokes number. Investigations
are also carried out to understand the effects of inlet slip (or difference of phase
velocities at inlet) on the flow physics inside a horizontal channel which have not
been previously studied in detail. Scenarios where the gas inlet velocity is greater
than the particle inlet velocity and vice-versa are studied and it is observed that
significant changes occur in both phase velocities as well as volume fraction profiles
from the flow situation where both the phases enter the domain with the same inlet
velocity.

The second study discusses the effects of particle-wall (quantified by specularity
coefficient φ) and particle-particle (quantified by restitution coefficient e) interac-
tions on the flow hydrodynamics of dispersed gas-particle flows through horizontal
channels. Such investigations have also been limited as also discussions on the con-
sequent effects of variations of these two parameters on the phase velocities, volume
fractions as well as on the wall shear stress profiles. It has been found that at a
particular value of e, both gas and particle velocities at the centerline of the channel
increase with increase in the value of φ, whereas near the wall, they tend to decrease.
At a fixed non-zero value of φ, both gas and particle velocities tend to increase with
increase in the value of e. But for φ equal to zero (which corresponds to free-slip
boundary condition for particle velocity), there is no significant variations in gas
and particle velocities with changes in e. Numerical simulations also reveal that the
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value of average wall shear stress for the particle phase increases with increase in
the value of φ whereas, for the gas phase, it decreases with increase in the value
of φ. These insights into the flow hydrodynamics could be valuable for practical
situations such as pneumatic conveying.

The third study discussed in this thesis relates to the effects of particle-wall and
particle-particle interactions on the recirculation characteristics of dispersed gas-
particle flows through a sudden expansion. While there have been reports that the
numerical simulations of dispersed gas-particle flows through a sudden expansion
carried out assuming particle-particle interactions show closer agreement with ex-
perimental results, there have been very few studies which quantitatively examine
the effects of both particle-particle and particle-wall interactions on the recircula-
tion characteristics of dispersed gas-particle flows through a sudden expansion. The
stretching or shrinking of recirculation zone with changes in the values of e and
φ could be vital in the design of gas-solid separators, air filters, combustors and
diffusers where there exists a distinct possibility of flow separation. Investigations
from this study reveal that particle-particle interactions,quantified by restitution
coefficient (e) have a greater impact on recirculation characteristics than particle-
wall interactions, which are quantified by specularity coefficient (φ). Studies also
reveal that the recirculation lengths tend to decrease as particle collisions become
more elastic (as e tends to unity) while they increase, as the value of φ increases.
However, the changes in recirculation length is very gradual and less pronounced
when only particle-wall interactions are considered as compared to particle-particle
interactions. From the range of parametric variations studied in this work, the max-
imum recirculation length has been found when the value of φ is maximum and that
of e is minimum.

The last problem discussed in this thesis is the simulation of gas-solid bub-
bling fluidized bed. After carrying out extensive validations and thorough para-
metric studies using the developed solver, the more complex but practical problem
of bubbling fluidized beds is considered. Simulations are performed for idealized
two-dimensional fluidized beds and the results comparing well with previous com-
putational and experimental work. Simulations are performed to study the effects
of particle diameter on the fluidization characteristics keeping all other parameters
invariant. Significant changes in the time-averaged velocity and volume fraction
profiles have been observed with change in the particle diameter.

The thesis presents a comprehensive numerical framework for gas-particulate
flows on unstructured meshes which is an indigenous contribution to the field. The
thesis concludes with a summary of works carried out and recommendations for
future work with emphasis on practical three-dimensional applications.
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Chapter 1

Introduction

Multiphase flow is the simultaneous flow of two or more interacting phases, where the

interaction is influenced by the relative motion of the phases. Two phase flow is the

simplest case of multiphase flows. The subject of two phase flow is very important in

a number of engineering systems like power systems (such as nuclear reactors), heat

transfer systems (such as heat exchangers, spray cooling towers, dryers), process

systems (such as chemical reactors, fluidized beds), transport systems (such as air-

lift pump, pipeline transport of gas and oil mixtures, pulverised solid particles) and

many other applications for their optimum design and safe operations. The existence

of two phase flows can be seen even in many natural and biological phenomena like

sedimentation, soil erosion and transport by wind, formation and motion of rain

droplets and many more.

1.1 Classification of two phase flows

There are different classifications of two phase flows suggested in the literature. But

the more general classification is given by Ishii and Hibiki [1] which is based on

constituents and topology of the flow. Based on the constituents of the flow, two

phase flows are classified as

1. Gas-solid flow (flow of dust particles inside a room, fluidized beds)

2. Gas-liquid flow (bubbly flows, slug flows)

3. Solid-liquid flow (slurry flows, sediment transport)

4. Liquid-liquid (flow of immiscible liquids)

TH-1810_126103008



2 Introduction

Based on the topology of the flow, two phase flows are classified as

1. Separated flow

2. Mixed or transitional flow

3. Dispersed flow

Separated two phase flows are the flows in which the two phases are separated

by a distinct interface and are not mixed with each other. The typical regimes of

this type of flows are shown in Fig. 1.1. Flow of two immiscible fluids like oil and

water or air and water falls in this category.

 

(a) (b) (c)

Figure 1.1: Separated flow, (a) film flow, (b) annular flow, (c) jet flow

In mixed or transitional flows, the two phases are not separated by a sharp

interface in the entire flow domain. They may be mixed with each other in some or

all parts of the domain. The typical regimes for this type of flows are shown in Fig.

1.2. This type of mixed flows may be observed in steam generators, boiling nuclear

reactor channels etc.

   

(a) (b) (c) (d)

Figure 1.2: Mixed or transitional flow (a) slug flow, (b) bubbly annular flow, (c)

droplet annular flow, (d) bubbly droplet annular flow
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Dispersed flows are characterized by the continuous and thorough mixing of both

the phases with each other in all the parts of the flow domain and the two phases

are not at all separated by any interface in any part of the domain. The typical

regimes of this type of flows are given in Fig. 1.3. Examples of this type of flow can

be observed in the flow of dust particles in air, spray cooling and in fluidized beds.

Gas-particle flows, which is the topic of interest of this thesis, falls in the category

of dispersed flows.

   

(a) (b) (c)

Figure 1.3: Dispersed flow, (a) bubbly flow, (b) droplet flow, (c) particulate flow

1.2 Study of two phase flow problems

The study of the problems involving two phase or multiphase flows has been going

on both experimentally and numerically since decades. One of the first significant

experimental works was carried out by Starkey [2] who carried out experiments to

find out the trajectories of the suspended particles in a laminar stream of fluid

through a horizontal tube. Since then, many other significant experimental works

have been carried out by Booras et al. [3], Sinclair et al. [4], Kashinsky et al. [5],

Nakoryakov et al. [6], Luo et al. [7] and Schindler et al. [8] in the field of two

phase flows. On the other hand, in order to model two phase flows numerically, the

following modeling approaches have been proposed.

• Homogeneous equilibrium model

• Drift flux model

• Two-fluid model

1.2.1 Homogeneous equilibrium model

In this model, the flow is analyzed by treating the mixture as a single fluid. The

physical properties are represented by the average values of the mixture which are

TH-1810_126103008



4 Introduction

calculated based on the properties of the constituents as well as the proportion of

the constituents present in the mixture. Both the phases are assumed to possess

the same velocity or in other words, the slip between the phases is neglected. This

model is mathematically simpler and is generally applied in solving flows such as

bubbly flow of water in air or flow of steam at high pressures.

1.2.2 Drift flux model

The drift flux model is similar to the homogeneous equilibrium model in all respects

except that it considers the slip taking place between the phases in modeling a

two phase flow problem. As a result, additional terms appear in the equations

which make it somewhat complicated than the homogeneous equilibrium model.

The homogeneous equilibrium model and the drift flux model are sometimes together

referred to as mixture model.

1.2.3 Two-fluid model

The two-fluid model is formulated by considering each of the two constituting phases

separately. In this model, the two phases have their own independent velocity fields

and other physical properties. Hence, this model is expressed in terms of two sets

of conservation equations governing the balance of mass, momentum and energy of

each phase. The interaction between the phases is taken care of by introducing extra

source terms known as exchange coefficients in the governing equations of both the

phases. This model is more complicated than the mixture models in terms of the

number of equations involved. But its real importance lies in the fact that it can

take into account the dynamic and non-equilibrium interactions between the phases.

1.3 Gas-particle flow

Gas-particle flow falls in the category of dispersed flows in which the phases are

thoroughly mixed with each other and are not separated by a sharp interface. In

this class of flows, the interactions between the particle phase and gas phase play

an important role in governing the physics of the flow [9]. The particle phase may

be solid or non-evaporating liquid. Particles are called the dispersed phase and the
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fluid in which the particles move is called the continuous phase.

Gas-particle flows are encountered in a variety of engineering applications as well

as natural phenomena. In nature, flow of dust particles in atmospheric air is a typical

example of gas-particle flow. In practical application fields, existence of gas-particle

flows may be seen in gas-solid fluidized beds where the finely crushed coal particles

consist the solid phase. Likewise, gas-particle flows are observed in pulverised coal

fired combustion systems, powder metallurgy and solid transportation systems.

1.4 Basic terminology related to gas-particle flows

In this Section, the various terminology associated with gas-particulate flows have

been discussed which will be extensively used in the current thesis. The important

terms related to gas-particulate flows are discussed below.

1.4.1 Volume fraction (α)

As already mentioned, there is no distinct interface between the two phases in gas-

particle flows and both the phases co-exist in all parts of the domain. Therefore,

the concept of volume fraction is introduced which refers to the relative amount of

each phase present in the flow domain. The volume fraction of a particular phase

is defined as the ratio of volume occupied by that phase to the total volume under

consideration. The volume fraction of a phase is mathematically represented as

α = lim
△V→0

△Vp

△V
. (1.1)

In this equation, α denotes the volume fraction of a particular phase, △Vp denotes

the volume occupied by that particular phase in the volume under consideration and

△V is the total volume under consideration occupied by the two phases together.

Based on the volume fraction of the particle phase, gas-particle flows are classified

to be dilute, dispersed or dense.

1.4.2 Phase coupling

In gas-particle flows, the interaction between the continuous gas phase and the dis-

persed particle phase is termed as phase coupling. The interaction between the
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particle phase and the gas phase plays an important role in the overall hydrody-

namics of this type of flows. ‘One-way coupling’ means that the particle phase is

affected by the continuous gas phase, but there is no reverse effect. Generally, when

the volume fraction is in the range of 10−4 − 10−3 [10, 11], the particles hardly have

any effect on hydrodynamics of the continuous gas phase. So, a one-way coupling

is enough for numerical modeling in such a situation. But as the volume fraction

increases upto a range of 10−2, the effects of particle phase on the gas should also

be taken into consideration. This is referred to as ‘two-way coupling’ between the

phases. Loth [12] suggested that the flow in this range can be considered as ‘dilute’

as the effects of particle-particle interactions are not significant. As in one-way and

two-way coupling, particle-particle interactions are not considered, so the flow in

this range can be considered as ‘dilute’.

As the particle phase volume fraction further increases beyond 10−2, particle-

particle interactions gradually become significant. When the particle phase volume

fraction is in the range of 0.1 or more, along with the mutual interaction between

the phases, particle-particle interactions also become significant. This is referred to

as ‘three-way coupling’. The flow in this situation is considered as ‘non-dilute’ or

‘dispersed’ and often influenced by particle-particle and particle-wall interactions.

Even at higher particle phase volume fraction close to 0.5, the hydrodynamics of the

flow is mainly influenced by the frictional stresses generated due to the close packing

of the particles. The flow under these conditions is termed as ‘dense’ and additional

models are to be incorporated in order to take care of the frictional stresses.

1.4.3 Stokes number (St)

Another important parameter related to the hydrodynamics of gas-particle flows

is the particle Stokes number. It is a dimensionless number corresponding to the

behavior of the particles suspended in a fluid flow. Stokes number is defined as the

ratio of characteristic particle relaxation time to the characteristic fluid time scale,

i.e.,

St =
τp
τf

(1.2)

where τp is the particle relaxation time defined as the time required by a particle

falling from rest in a quiescent fluid to reach (1− 1/e) times of its terminal velocity,
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where e is a mathematical constant whose value is approximately equal to 2.71828.

τp is calculated as

τp =
ρsd

2
s

18µg

(1.3)

where ρs is the density of the particle phase, µg is dynamic viscosity of the gas phase

and ds is the particle diameter. A macroscopic Stokes number can be defined when

the fluid time scale τf is determined from the characteristic length (Ls) and the

characteristic velocity (Vs) of the system under consideration, i.e.,

τf =
Ls

Vs

(1.4)

Hence, from Eqs. 1.3 and 1.4, we can mathematically define Stokes number as

St =
ρsd

2
sVs

18µgLs

(1.5)

On the other hand, a microscopic Stokes number can be defined when the fluid time

scale τf is calculated as a function of turbulence time scale [13] as

τf = C
kg
ǫg

(1.6)

where kg is the gas-phase turbulent kinetic energy and ǫg is the dissipation rate of

turbulent kinetic energy and C is a constant.

The Stokes number physically indicates how readily the particle phase responds

to the changes in the gas phase flow field. Particles with Stokes number much smaller

than unity tend to follow the gas phase streamlines and they quickly respond to the

gas phase velocity fluctuations. But particles with Stokes number of the order unity

have a higher inertia and their behavior is effected mostly by their initial velocity and

gravitational forces. They tend to pass through the fluid without much deflection

in their initial trajectories.

1.4.4 Particle-wall specularity coefficient (φ)

In case of wall-bounded gas-particle flows (like flow inside channels), there is always

an interaction between the solid wall and moving particles. Depending upon the

roughness of the wall, there is always some loss of particle momentum due to the

interactions with the wall. To quantify this loss, a parameter termed as specularity
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coefficient (φ) is introduced which is the ratio of the momentum loss due to particle-

wall collisions to the total momentum of the particles. A value of φ equal to zero

refers to a perfectly smooth wall where there is no loss of particle momentum due to

particle-wall collisions (specular collisions, leading to free-slip condition for particle

velocity) and a value equal to unity leads to totally diffusive collisions where the

particle momentum is completely lost due to collisions with the wall. The boundary

conditions for particle velocity, based on the value of φ are derived from Johnson

and Jackson [14] model.

1.4.5 Particle-particle restitution coefficient (e)

In case of gas-particle flows where the particle phase volume fraction is sufficiently

high, there is always a loss of particle momentum due to particle-particle collisions

which effects the overall flow hydrodynamics. This loss in particle momentum is

quantified by introducing particle-particle restitution coefficient (e) which is a mea-

sure of momentum loss due to particle-particle collisions. A value of e equal to unity

refers to perfectly elastic collisions where no momentum is lost due to collisions and

a value of e equal to 0.8 means that 20% of the particle momentum is lost due to

collisions.

1.4.6 Packing limit (αs,max)

In case of dense gas-particle flows, there is a limit or upper bound on the value of

particle phase volume fraction even for closely packed flow situations. This value

is referred to as the packing limit. Generally, for spherical particles, it is taken as

0.63.

1.4.7 Minimum volume fraction (αs,min)

In dense gas-particle flow scenarios, it is defined as the volume fraction above which

the frictional stresses become dominant in the overall hydrodynamics of the flow.

Generally, in case of spherical particles, it is taken as 0.5.
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1.5 Concept of fluidization

Fluidization is referred to as the process of transforming solid particles into a fluid-

like state by suspending them in a gas medium. Generally, this process takes place

when a gas flow is introduced from the bottom of a bed containing solid particles at

a certain velocity large enough such that the gas drag on the particles can overcome

gravity [15]. The solid particles in fluidized state can be easily transported and also,

intense mixing obtained due to fluidization results in high mass-transfer rates. Due

to these advantages, the concept of fluidization is applied in industrial process sys-

tems like gas-solid fluidized beds. The smallest value of inlet gas velocity at which

fluidization occurs is referred to as minimum fluidization velocity.

The behavior of the particles fluidized by gas mainly depends upon their ma-

terial density and mean size. Geldart [16] classified the particles based on their

density and mean size into four clearly recognizable groups. Group A contains par-

ticles having material density less than 1.4 g/cm3 and particle size is in the range

of 20-100 µm. In group B, the particle size typically lies between 40-500 µm and

the particle density between 1.4-4 g/cm3. Group C contains extremely fine and the

most cohesive particles with a size of 20 to 30 µm; while in Group D, the particle

size is above 600 µm and the particles have very high values of material density.

Distinguishable differences in the fluidization characteristics can be observed for all

the four groups of solid particles.

In a broader sense, the gas-solid fluidized beds can be classified on the basis of

the flow behavior inside. The general classifications are given below.

Bubbling gas-solid fluidized beds: In these types of fluidized beds, the inlet

velocity of the fluidizing gas is relatively low (generally of the order or few times

higher than the minimum fluidization velocity) and so, the fluidization zone is rela-

tively stationary with very few particles being entrained from the bed. Due to the

low values of gas inlet velocities, interphase forces other than the drag force (like

lift force and virtual mass force) become insignificant in case of these beds and the

resulting flow inside the bed can be considered as laminar [17].

Circulating fluidized beds: In this type of beds, gas enters at a higher velocity
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sufficient to suspend the bed of the particles. Due to the higher kinetic energy of

the gas, larger number of particles can be entrained from the bed and the entrained

particles are made to recirculate through an external loop back to the bed.

Vibratory fluidized beds: These are the beds in which an additional mechanical

vibration is added to increase the particle entrainment.

Transport or flash reactors: These beds are subjected to a relatively higher val-

ues of gas velocity (higher than circulating fluidized beds) in order to encourage a

continuous particle distribution throughout the domain. The slip between the gas

and the solid phase is significantly reduced providing a positive impact on the overall

heat and mass transfer rates.

Annular fluidized beds: In these types of beds, there is a large nozzle at the

center of the bed which introduces gas at a high speed and additional fluidized gas

is introduced through an annular nozzle ring which facilitates intense mixing of the

gas and the solid particles in the bottom part of the chamber.

1.6 Solution methods

In a broader sense, there are two approaches for numerically solving gas-particle

flows.

1. Eulerian-Eulerian approach (two-fluid model)

2. Eulerian-Lagrangian approach (discrete element model, discrete parcel model)

1.6.1 Eulerian-Eulerian approach

In this approach the two phases (i.e, the gas phase and the particle phase) are con-

sidered as inter-penetrating continua. The two phases coexist in all parts of the

flow domain, but cannot coexist at a point. The interaction between the two phases

is taken care of by implementation of exchange-coefficients which often need to be

specified empirically [18]. To find out the relative amount of each phase present

in the flow domain, the concept of volume fraction (Eq. 1.1) is adopted in this

approach. The volume fraction α is a continuous variable with a value at all the
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1.6 Solution methods 11

points in the domain and often transport equations are solved for it.

In Eulerian-Eulerian approach, the properties of the dispersed particle phase are

assumed to be continuous like those of a fluid. The particle phase is solved using

fluid-like equations and so it becomes relatively easy to implement, solve and in-

terpret the particle phase along with the fluid phase equations [19]. It also takes

relatively less computational time in simulating the flow. Due to these advantages

this approach is extensively used in simulations of gas-particle flows. In the work

reported in this thesis, this approach is used to solve gas-particulate flows.

But there are also some inherent difficulties in the use of Eulerian-Eulerian model

for gas-particle flows. The main difficulty is the modeling of surface boundary con-

ditions for the particle phase. To overcome this problem, Tu et al. [13] established

a set of Eulerian formulation with generalized wall-boundary conditions and devel-

oped a particle wall collision model to better represent the particle wall momentum

transfer. The most commonly used model in order to implement the boundary

conditions for particle velocity is the Johnson and Jackson [14] model.

1.6.2 Eulerian-Lagrangian approach

In this approach the gas phase is treated as a continuum as in the Eulerian-Eulerian

approach but the particle phase is treated using Lagrangian approach, i.e., instead

of treating the particle phase as a whole, it is represented by discrete particles. In

discrete element method (DEM), the motion of each individual particle is tracked

inside the computational domain. Each particle is considered as one distinct element

in the particle cloud and the equations of motion for all the elements are solved.

In discrete parcel method (DPM), a parcel of particles is considered which moves

through the field and equations of motion for such parcels are solved. Eulerian-

Lagrangian approach provides detailed description of particle motion including the

details of history and takes into account all the forces acting on the particles. One

advantage of this approach is that the implementation of exchange coefficients as

in the case of Eulerian-Eulerian approach is not required. But as the number of

particles in the flow domain increases, this approach becomes much more robust

and computationally very much expensive.
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1.7 Review of literature

This doctoral thesis is about the development of a generic finite volume based flow

solver for gas-particulate flows using Eulerian-Eulerian approach and its application

to several problems including parametric studies. Therefore, an extensive review

of literature has been carried out on the use of Eulerian-Eulerian two-fluid model

for gas-particulate flows and associated challenges, role of different particle phase

properties, effects of particle-particle and particle-wall interactions and finally on

the gas-particulate flows in gas-solid fluidized beds.

1.7.1 Eulerian-Eulerian approach

In this approach, the particle phase is simulated using fluid-like equations and the

interactions between the phases are taken care by introducing interphase exchange

terms in the governing equations of both the phases. This approach has been widely

used by various researchers over the years to solve different problems involving gas-

particulate flows. Danon et al. [20] carried out numerical simulations to study a

two phase round jet and studied the particle phase effects on different carrier phase

quantities. Chen and Wood [21] started from Danon et al. [20] and simulated dilute

gas-particle flows in a round jet assuming a two-way coupling between the phases

and proposed new a closure model to take care of gas phase velocity fluctuations.

A similar approach was taken by Mostafa and Mongia [22] in the simulations of a

round gaseous jet laden with solid particles. Shauen et al. [23] carried out studies on

wall-free flows and measured the mean and fluctuating velocities of both phases as

well as the particle mass-fluxes in a dilute particle-laden jet injected into a still en-

vironment. Mostafa et al. [24] also carried out studies for an axisymmetric gaseous

jet laden with evaporating liquid droplets. Similar studies on dilute gas-particle

axisymmetric jet was carried out by Chen et al. [25].

In addition to these wall-free flows (jet flows), Eulerian-Eulerian two fluid model

has also been used extensively in case of wall bounded flows like pipe flows. Tu and

Fletcher [26] studied the effects of particle phase velocity fluctuations in case of con-

fined gas-particulate flows. A two-way coupling between the phases were considered

and the additional dissipation of energy due to the particle velocity fluctuations

is taken care by adding extra source terms in the corresponding governing equa-
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tions. The results obtained were compared with the experimental data of Tsuji et

al. [27]. Again, Tu and Fletcher [13] carried out numerical computation of dilute

gas-solid flow in a square-sectioned 90◦ bend and the results were compared with

the laser doppler velocimetry (LDV) results of Kliafas and Holt [28]. The particle-

wall momentum exchange was taken care of by introducing an extra source term in

the governing equations of the particle phase and also a set of generalized Eulerian

boundary conditions for the particle phase at the solid wall was derived in this work

which can be written in a generic form

aφw + b

[

∂φ

∂n

]

w

= c where φ = [uN
s , u

T
s , ρs] (1.7)

where uN
s and uT

s are the average particle velocities normal and tangential to the

wall respectively and ρs is the particle density. This simulation showed a satisfac-

tory agreement with the experimental data. Tu [29] combined this model with the

overlapped grid technique and successfully simulated dilute gas-particle flows over a

backward-facing step and a T-junction channel. A comparative study on the various

existing models was carried out by Enwald et al. [30].

Ferry and Balachandar [31] proposed a new Eulerian method for disperse two

phase flows which was basically applicable to the particles with very small values of

Stokes number (i.e., particles with small response time τp, Eq. 1.2). It was concluded

that provided the particle response time (τp) normalized by the fluid time-scale is

less than 1, the particle velocity field approaches a unique equilibrium field, inde-

pendent of initial conditions. In this case, the particle velocity field depends only

on the local fluid properties and can be expressed as an expansion of τp. There-

fore, the necessity to solve additional partial differential equations for the particle

phase gets avoided and hence, the method becomes much faster than the standard

Eulerian method. But the applicability is limited only to very small size particles.

Moukalled et al. [32] presented a new algorithm for predicting both incompressible

and compressible multi-phase flow phenomena. The method was formulated on a

non-orthogonal co-ordinate system with collocated arrangement of primitive vari-

ables. The main difference of this algorithm with the earlier ones was that pressure

was selected as a dependent variable ahead of density as the changes in pressure

are significant at all speeds contrary to variations in density, which becomes very

small for low Mach number compressible flows. MCBA (Mass Conservation Based

Algorithms)-SIMPLE algorithm was used in the overall solution procedure which
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is an extension to single phase SIMPLE algorithm. Pressure correction equation is

derived from the overall mass-conservation equation which is obtained by adding

the mass conservation equations for all the phases. This algorithm was found to be

equally applicable in the subsonic, transonic and supersonic regimes.

Tian et al. [33] simulated dilute gas-particle flows over a backward facing step

and observed that in case of particle flow predications, the results obtained using

Eulerian-Eulerian model were closer to the measured experimental data. Moha-

narangam et al. [34] used the models developed by Tu and Fletcher [13] and Tu [29]

and simulated gas-particle flows in a 90◦ bend. For the particle concentration dis-

tribution along the bend, a remarkable qualitative agreement with the experimental

data was found. In a similar study, Mohanarangam et al. [18] compared the above

results with those obtained by using Eulerian-Lagrangian approach and concluded

that the results obtained by using Eulerian-Eulerian approach were closer to the

experimental data of Kliafas and Holt [28]. Benavides et al. [35] carried out a nu-

merical study of dispersed gas-particle flow in a two-dimensional vertically oriented

backward facing step. In this work, the kinetic energy associated with the fluctua-

tions in the particle phase velocity was expressed incorporating the kinetic theory

for granular flows (KTGF) model and represented by the particle phase granular

temperature (θ). So, a balance equation to solve θ has been applied along with the

governing equations of both the phases. Akbarinia and Laur [36] studied the effects

of particle size on the laminar flow inside a curved tube. Kalteh et al. [37] used

Eulerian-Eulerian two fluid model in the simulation of laminar forced convection

heat transfer of a copper–water nanofluid inside an isothermally heated microchan-

nel.

1.7.2 Gas-particle flows considering two-way coupling

Different physical properties of the particle phase have significant effects on the flow

hydrodynamics of gas-particle flows. To gain insights into the effects of change of

these properties, a number of parametric studies have been carried out till date.

Majority of these studies have been either in recirculating flow conditions (such as

flow over a backward facing step) or in plain Poiseuille flows (such as flows through

vertical and horizontal channels). Barton [38] carried out a numerical computation

of dilute particulate laminar flow over a backward facing step which was an exten-
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sion to the the numerical study done by him for single phase flow [39]. The particle

phase was treated with Lagrangian approach and the behavior of the flow for vari-

ous inlet values of Reynolds number, Stokes number and void fraction was studied.

It was found that for a particular value of volume fraction of the particles at the

inlet, particles with low Stokes number tend to increase lower recirculation region

and decrease the upper recirculation region; while the particles with high Stokes

number, dominated by their initial inlet velocity and gravitational force, tend to

deposit on the lower boundary compressing the lower recirculation region. Both up-

per and lower recirculation lengths were found to increase with increase in particle

phase volume fraction for a certain value of particle Stokes number. Barton [40] also

proposed a new predictor-corrector based exponential Lagrangian particle tracking

scheme which showed a better performance in terms of accuracy and computational

efforts. Barton [41] studied particle gladden laminar flow with a stream of hot par-

ticles over a backward-facing step. The thermal effects considered in that case were

buoyancy and themophoresis effect. It was found that the buoyancy effects suppress

the various factors that cause reattachment for the main recirculation region behind

the backward facing step and the thermophoresis effect drives the particles away

from the hot fluid towards colder regions, which subsequently effects the flow field.

Yu et al. [42] carried out extensive studies on the effects of inlet slip (or difference of

velocities of the phases at inlet) between the phases in case of dispersed gas-particle

flow in a single-side backward facing step flow. It was observed that the dispersion

of the particles with Stokes number in the range of unity is less sensitive to the

changes in inlet slip than the higher Stokes number particles.

Similar studies have also been carried out for flows through vertical and hori-

zontal channels. Significant work in simulations of dilute laminar gas-particle flows

was carried out by Passalacqua and Fox [43]. In this work, a third order quadra-

ture based moment method coupled with a fluid solver has been applied to simulate

dilute gas-particle flow in a vertical channel with particle phase volume fractions

between 0.0001 and 0.01. The effect of particle phase volume fraction on particle

velocity has been studied. Similar work was carried out by Passalacqua et al. [44]

in which numerical simulations of laminar gas-particle flows were carried out for

particle Stokes numbers 0.061 and 0.61 in a 2-D vertical channel and results are

compared with those obtained from two-fluid model. Zhao et al. [45] studied the

effects of particle slip velocity in wall bounded turbulent flows and found that the
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slip velocity fluctuations exhibit a monotonic increase with increasing particle Stokes

number. Deshmukh et al. [46] used particle image velocimetry to study the velocity

distribution and profiles of mean velocities and volume fractions of particles in a

gas-solid mixture through horizontal channels. It was found from the experiments

that the small diameter particles are better dispersed in the channel than the larger

ones. In general, in the above studies, the effects of particle-particle and particle-

wall interactions on the overall hydrodynamics have not been taken into account in

detail and so, largely, they assumed a two-way coupling between the phases.

1.7.3 Particle-particle and particle-wall interactions in chan-

nel flows

Along with physical properties of the particle phase, particle-particle and particle-

wall interactions also play a significant role in case of gas-particle flows through

channels. So, a number of studies have been carried out to investigate the effects

of these interactions on the hydrodyanamics of such flows. Sommerfeld and Kussin

[47] carried out experimental study on pneumatic conveying of spherical particles in

a narrow horizontal channel using two-component phase doppler anemometry where

wall roughness was considered in the range of 2-17 µm. It was found that increasing

the degree of wall roughness resulted in higher loss of particle momentum near the

wall. Similar type of study has been carried out by Lain and Sommerfeld [48] both

numerically and experimentally considering a wide range of particle diameter and

wall roughness value. Zhu et al. [49] concluded that particle-wall interactions had a

more significant effect on the flow dynamics for particles with higher diameter than

for smaller particles. Eskin [50] numerically carried out study on dilute turbulent

gas-particle flows in flat horizontal channels using an approach of tangential resti-

tution coefficient, but the study was done for low particle phase volume fractions.

Passalacqua and Fox [43] used the solver MFIX to simulate dilute gas-particle flow

in a vertical channel with particle phase volume fractions between 0.0001 and 0.01.

The wall boundary conditions are set to be specularly reflective, i.e., no particle mo-

mentum is lost due to collisions with the wall and the particle-particle collisions are

considered to be perfectly elastic. Soleimania et al. [51] modified the twoPhaseEuler-

Foam solver of OpenFOAM using the modified boundary conditions given by Li and

Benyahia [52] and studied the effects of these modifications in the particle phase ve-
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locity profiles in channels. Li et al. [53] observed that the simulations carried out

considering particle-particle interactions showed closer agreement with experimental

results for dispersed gas-particle flows through a sudden expansion. Zhao et al. [54]

proposed a new semi-analytical and flow-dependent model for specularity coefficient

based on the measurable particle properties and the model was integrated to the

open-source code MFIX.

1.7.4 Gas-particle flows subjected to recirculation

From the point of view of fluid mechanics, whenever there is an expansion in the

area of cross-section of the flow, generally there is flow separation and a recircu-

lation zone is obtained. The best examples are flow over a backward facing step

and flow through a sudden expansion. Gas-particle flows have applications in coal

combustors, cyclone separators and air filters where there exist possibilities of flow

separation. Therefore, prediction of the complex flow behavior inside the recircula-

tion zone and the effects of the presence of particles in the overall hydrodynamics

in case of separating gas-particle flows is of utmost importance. This has fuelled

research activities in this field for many years to better understand the flow physics

of this class of flows.

Arefmanesh and Michaelides [55] carried out an experimental study on the pres-

sure changes of air-solid flows through a sudden expansion. Ruck and Makiola [56]

studied the dispersion of particles in a backward facing step of expansion ratio 1:2

and found that the recirculation zone length gets decreased as the particle size in-

creased. Barton [38] in his numerical study observed that recirculation length tends

to decrease with increase in particle Stokes number, whereas it increases with in-

crease in particle phase volume fraction and flow Reynolds number. Fessler and

Eaton [57] studied the modifications brought about by particles in the carrier phase

turbulence and observed an increase in the modulation of carrier phase with increase

in particle Reynolds number, Stokes number and volume fraction. Yu et al. [42]

studied effects of particle Stokes number and inlet velocity slip between the carrier

phase and dispersed phase in case of flow over a backward facing step using large

eddy simulation technique. Terekhov and Pakhomov [58] performed a comparative

analysis with available data for gas-dispersed flows through a pipe with sudden ex-

pansion which was further extended for swirling gas-dispersed flows through sudden
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expansion by Terekhov and Pakhomov [59]. Gundogdu et al. [60] proposed a new

analytical model called as slip flow model for determination of pressure drops inside

a sudden expansion geometry. Mohanarangam et al. [61] carried out numerical

study of dilute gas-particle flows through a sudden expansion geometry and inves-

tigated the effects of step height and particle Stokes number on the recirculation

characteristics and overall flow hydrodynamics where particle-particle and particle-

wall interactions were not taken into account. Mergheni et al. [62] predicted the

axial mean velocity and turbulent kinetic energy of both the phases using Runge-

Kutta method for Lagrangian tracking of particles. Li et al. [53] observed that

the simulations carried out considering particle-particle interactions showed closer

agreement with available experimental results. But the effects of particle-particle

interactions on the recirculation length past the step have not been taken into ac-

count. Love et al. [63] carried out numerical analysis within a double expansion and

found two large recirculation zones in opposing corners of the domain for increasing

mass loading and particle Stokes number.

1.7.5 Gas-particle flows in fluidized beds

The main application of gas-particle flows is seen in gas-solid fluidized beds where

the solid particles are transformed into a fluid like state by suspending them in

gas. Gas-fluidized beds consist of fine granular materials (usually smaller than 5

mm) which are subjected to a gas flow from the below, large enough so that the

gas drag on the particles can overcome gravity, and the particles fluidize. A lot

of research has been carried out in the simulation of gas-particle flows in fluidized

beds. Chisea et al. [64] carried out a computational study of the flow behavior of

a lab-scale fluidized bed. In this work, the sub-grid scale (SGS) model proposed

by Deardorff [65] has been used to resolve small length scale fluid motions. The

results obtained from Eulerian-Eulerian approach were compared with the results

obtained from the Eulerian-Lagrangian approach and was found that the CPU time

required in Eulerian-Lagrangian approach was four order of magnitude higher than

the Eulerian-Eulerian approach. Lindborg et al. [66] carried out simulations of

bubbling gas-solid flows in fluidized beds using finite-volume method with time-

splitting approach on a staggered grid arrangement. The velocities in both the

phases were solved using partial elimination algorithm proposed by Spalding [67].

Particle motion, bubble size and bubble rise velocity were found to be the important
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parameters in governing the physics of such type of flow situations. Duarte et al.

[68] performed simulations using Eulerian-Eulerian multiphase model to find out the

fluid dynamic behavior of spouted beds with two different geometries which were

conical-cylindrical and conical respectively. Spouted beds are the fluidized beds in

which particles having a wide size distribution and particles having rough and ad-

hesive strength can be fluidized which cannot be fluidized in conventional fluidized

beds.

The boundary conditions for particle velocities and granular temperature (θ)

are derived by Johnson and Jackson [14]. Wachem et al. [69] used kinetic the-

ory for granular flows (KTGF) model to investigate the dynamic characteristics of

the gas-solid behavior at different superficial gas velocities. Taghipour et al. [70]

studied the hydrodynamics of gas-solid fluidized beds experimentally in a fluidized

bed containing spherical glass beads of 250-300 µm in diameter. Numerical study

was done using Fluent software. Passalacqua and Marmo [71] studied the effects of

frictional stress among the particles on the flow dynamics of gas-solid fluidized beds

using different frictional stress models. Loha et al. [17] studied the effect of different

drag models in simulating bubbling fluidized bed hydrodynamics. Time-averaged

particle axial velocity profiles and solid volume fraction profiles have been studied

using different drag models. Lindborg et al. [66], Beniyahia et al. [72] and Loha et

al. [17] also studied the effect of turbulence modeling of the gas phase in calculation

of bed hydrodynamics of bubbling gas-solid fluidized beds. It has been found that

very little changes in time-averaged velocity profiles and solid phase volume fraction

profiles occur as the gas flow field is changed from laminar to turbulent by applying

suitable turbulence models in case of bubbling gas-solid fluidized beds.

Loha et al. [73] studied the influence of specularity coefficient (φ) on the hy-

drodynamic behavior of gas-solid fluidized bed. Different values of φ resulted in

different particle velocity, granular temperature and particle volume fraction both

close to the wall and in the central region. Similar type of study was done by Loha

et al. [74] to check the effect of variation of particle-particle restitution coefficients

on the flow characteristics of gas-solid fluidized beds. All these studies [17], [73] and

[74] were performed numerically using commercial CFD software FLUENT. Verma

et al. [75] studied the effects of changing the bed size (diameter) on the hydrody-

namics in gas-solid fluidized beds. Zinani et al. [76] studied the effects of changing

TH-1810_126103008



20 Introduction

the drag model on the fluidization characteristics of bubbling gas-solid beds. Notice-

able variations in some cases have been observed in the results with different drag

models. Alamolhoda et al. [77] carried out an experimental study and used the

vibration characteristics of a wall of bubbling fluidized bed to investigate the effect

of change in particle size on fluidized bed hydrodynamics. In this study, variation

of total energy and particle spectral density function with particle size have been

investigated for particles with different mean sizes.

1.8 Motivation and objectives

A careful analysis of the review of literature presented in the previous section reveals

that although a considerable amount of studies have already been carried out in case

of gas-particle flows both numerically and experimentally, yet there remain certain

important points which are less discussed. Firstly, it has been observed that almost

all the numerical works studied in this field have been carried out using commer-

cial solvers (Ansys Fluent [78]), opensource solvers (OpenFOAM [79]) or specialized

solvers (MFIX [80]). Very few numerical studies have been found which have been

carried out using indigenously developed inhouse flow solvers. Apart from this, it has

also been observed that very few studies are available in which a complete paramet-

ric study of laminar dispersed flows have been carried out through channels which

involve the study of effects of particle diameter (Stokes Number), particle phase

material density, inlet particle phase volume fraction together; assuming two-way

coupling between the phases. Also, the effects of inlet slip (or difference of velocities

of the phases at inlet) for laminar dispersed flows through horizontal channels have

not been reported.

While particle-particle and particle-wall effects have been reported to be more

significant for higher diameter particles and at higher particle volume fractions [49],

no studies have been found which quantitatively analyze these effects, quantified by

φ and e, individually as well as in combination for a detailed hydrodynamic study

of dispersed particulate flows through horizontal channels. Also, the effects of vari-

ation of these two parameters on the steady state phase velocities, volume fraction

and average wall shear stress have hardly been discussed.
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Furthermore, the review of literature on recirculating gas-particulate flows re-

veals that majority of the studies focus on the effects of variations of flow Reynolds

number, particle diameter, particle volume fraction, inlet phase slip and step height

on the overall hydrodynamics. It has also been found that phase velocities ob-

tained in case of flow through a sudden expansion match closer with experimental

data for simulations in which particle-particle interactions have been taken into ac-

count [53]. But, very few studies have been found in which the effects of both

particle-particle and particle-wall interactions on recirculation characteristics have

been carried out quantitatively in case of recirculating gas-particulate flows. The

stretching or shrinking of recirculation zone with change in e and φ could be vital

in the design of gas-solid separators, air filters and diffusers where there exists a

distinct possibility of flow separation.

While the applications of two-fluid model have largely focussed on analyzing the

gas-particulate flows in gas-solid fluidized beds and the effects of inlet gas veloc-

ity, bed dimensions, frictional stresses, change in drag models, particle-particle and

particle-wall interactions have widely been studied in studies like [17, 70, 72, 75],

there are very few studies which help in understanding the effects of variations of

particle diameter on the overall fluidization characteristics of bubbling gas-solid flu-

idized beds. In particular, the changes in the time-averaged phase velocity and

volume fraction profiles due to the change in particle diameter have not been dis-

cussed in details in literature.

With the above motivation, the objectives of the present thesis have been framed

as given below.

Solver development

The primary objective of this thesis is to develop an indigenous finite volume method

based flow solver to simulate gas-particle flows capable of handling all flow situations

(ranging from dilute to dense) on both orthogonal and non-orthogonal meshes in the

framework of Eulerian-Eulerian two-fluid model. Kinetic theory for granular flows

and frictional stess models will be incorporated into the solver to care of particle-

particle and particle-wall interactions. A detailed validation of the flow solver for a

vast spectrum of problems of gas-particulate flows will be carried out to evaluate its
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robustness and viability for practical flow scenarios.

Parametric study considering two-way coupling between the phases

The flow solver will be used to simulate dispersed laminar gas-particle flows in hori-

zontal and vertical channels assuming two-way coupling between the phases in order

to study the effects of various parameters including particle diameter (Stokes Num-

ber), particle phase material density, inlet particle phase volume fraction in details.

The effects of inlet slip (or difference of velocities of the phases at inlet) for laminar

dispersed flows through horizontal channels will be studied separately.

Effects of variation of φ and e in flows through horizontal channels

The effects of variation of specularity coefficient (φ) and particle-particle restitution

coefficient (e) on the hydrodynamics of dispersed gas-particle flows through hori-

zontal channels will be investigated. The effects of variation of φ on the steady

state phase velocities and volume fraction profiles for a particular value of e will be

studied and vice-versa. Analysis will also be carried out on the effects of variation

of φ on the average wall shear stress of both the phases.

Effects of variation of φ and e in flows subjected to recirculation

In this study, the effects of variation of φ and e on the recirculation length will be

studied for dispersed gas-particle flows through a sudden expansion. The variations

in the recirculation lengths with change in the value of e at a particular value of φ

will be studied and vice-versa. Also, the combined effects of different combinations

of φ-e pairs on recirculation characteristics of dispersed gas-particle flows through a

sudden expansion will be studied.

Effects of particle diameter on fluidization characteristics

This study will be on the effects of variation of particle diameter on the fluidization

behavior inside bubbling gas-solid fluidized beds. The effects of change in the particle

diameter on time-averaged phase velocity and volume fraction profiles at different

sections inside the fluidized bed reactor will be analyzed keeping all other flow and
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physical properties invariant. Also, the changes in the time-averaged particle phase

volume fraction contours occurring with change in the particle diameter will be

investigated.

1.9 Thesis overview

The remainder of the work discussed is this thesis is organized in the following chap-

ters.

Chapter 2 presents the details of the governing equations and discretization pro-

cedure adopted in the development of the inhouse gas-particle flow solver. Different

models incorporated into the solver to take care of the presence of the particle phase

as well as the empirical relations used to calculate different particle phase properties

have been explained. The chapter concludes with the details of the solution algo-

rithm.

Chapter 3 is dedicated to the validation of the developed solver. As the solver

is indigenously developed, it is extensively validated with available published data

at every stage of the development. In cases where standard benchmark data is not

available, some test cases have also been validated with available commercial or

opensource solvers.

In Chapter 4, a detailed parametric study of dispersed laminar gas-particle flows

through vertical and horizontal channels have been carried out assuming two-way

coupling between the phases. The effects of various particle properties like parti-

cle diameter (Stokes number), particle material density, inlet particle phase volume

fraction on the hydrodynamics of dispersed laminar gas-particle flows have been

discussed. Also, the effects of inlet slip (or difference of phase velocities at the inlet)

on the steady state phase velocity and volume fraction profiles have been studied

for laminar dispersed flows through horizontal channels.

Chapter 5 focusses on the effects of variation of specularity coefficient (φ) and

particle-particle restitution coefficient (e) on the overall hydrodyanamics of dispersed

gas-particle flows through horizontal channels. Also, the combined effects of these
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two parameters on the steady state phase velocities and volume fraction profiles

have been studied. Investigations have also been carried out to study the effects of

variation of φ on the average wall shear stress of both the phases.

Chapter 6 discusses the effects of specularity and particle-particle restitution

coefficients on the recirculation characteristics of dispersed flows through a sudden

expansion. Studies have been carried out to find the effects of variation of e at a

particular value of φ and vice-versa. Also, the combined effects of different values

of φ-e pairs on recirculation characteristics have been studied.

In chapter 7, the developed solver is first used to simulate different cases of bub-

bling gas-solid fluidized beds and a detailed validation of the results obtained from

the developed solver have been compared with the available numerical and experi-

mental data. After that, the solver is used to study the effects of particle diameter

on the overall fluidization characteristics of bubbling gas-solid fluidized beds keeping

all other flow and physical parameters invariant.

Chapter 8 concludes the work presented in the thesis along with scopes for future

work.
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Chapter 2

Governing equations and

discretization procedure

In this chapter, an overview of the governing conservation equations along with

the details of the numerical discretization technique used for the development of

the finite volume gas-particulate flow solver have been discussed. Collocated grid

arrangement has been used where all the dependent variables are defined at the

centroid of each individual cell. Both the phases are treated using Eulerian approach

where the conservation equations for mass and momentum are solved for the gas

and particle phases separately and interaction is taken care by inter-phase exchange

term. Kinetic theory for granular flows (KTGF) model has been used in combination

with Eulerian-Eulerian two fluid model in order to take care of particle phase velocity

fluctuations. In order to account for the frictional stresses generated due to the close

packing of particles, frictional stress model is incorporated into the solver.

2.1 Governing equations

The general assumptions while formulating the governing equations of both the

phases are given below.

1. The particles are assumed to be uniform spheres of constant diameter.

2. There is no mass or momentum transfer over the surface of the particles due

to particle-particle interactions.
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3. The flow field is isothermal and the physical properties of both phases are

constant.

Based on these assumptions, the generalized governing equations of both the

phases are formulated as given below. The details of derivation of these equations

can be found in the work of Jackson [81].

Gas phase continuity equation

∂(αgρg)

∂t
+∇ · (αgρgug) = 0 (2.1)

where αg is the gas phase volume fraction, ρg is the gas phase material density and

ug is gas phase velocity vector. There is no mass exchange between the phases and

the material densities of the individual phases remain constant. As the material

density of a particular phase remains constant, so Eq. 2.1 can be re-written as

∂αg

∂t
+∇ · (αgug) = 0 (2.2)

Gas phase Momentum Equation

The gas phase momentum equation is given by the Navier-Stokes equations, modified

to incorporate the effect of the presence of the particle phase.

∂(αgρgug)

∂t
+∇ · (αgρgugug) = −αg∇p+∇ · τg + αgρgg +Kgs(us − ug) (2.3)

here p is the hydrodynamic pressure, τg is the viscous stress tensor of the gas phase,

g is the acceleration due to gravity and Kgs is the momentum exchange coefficient

between the phases. The gas phase being assumed as a Newtonian fluid, the stress

tensor τg is expressed using the following expression.

τg = αgµg[∇ug + (∇ug)
T ]− 2

3
αgµg(∇ · ug)I (2.4)

where µg is the dynamic viscosity of the gas phase and I is the unit tensor.

The term containing Kgs in Eq. 2.3 gives the amount of drag acting on the

gas phase due to the presence of the particles. This term is insignificant in case of
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2.1 Governing equations 27

one-way coupling, as for one-way coupling the particle phase volume fraction is too

small to have any effect on the gas phase flow fields. But as volume fraction of the

particle phase increases gradually, the drag force term appearing in Eq. 2.3 becomes

significant in the overall hydrodynamics of the flow. Different models are available to

calculate the value of the momentum exchange coefficient (Kgs) between the phases.

In Eulerian-Eulerian approach, the governing equations for the particle phase

are also written in a similar manner as the governing equations of the gas phase.

Additional terms are incorporated to take care of interaction among the particles.

The governing equations for the particle phase can be written as given below.

Particle phase continuity equation

∂(αsρs)

∂t
+∇ · (αsρsus) = 0 (2.5)

where αs is the particle phase volume fraction, us is the velocity vector of the

particulate phase and ρs is its material density which remains constant as there is

no mass exchange among the phases. So, the continuity equation can be written as

∂αs

∂t
+∇ · (αsus) = 0 (2.6)

Particle phase momentum equation

∂(αsρsus)

∂t
+∇ · (αsρsusus) = −αs∇p−∇ps +∇ · τs + αsρsg+Kgs(ug −us) (2.7)

where ps is the solid pressure and τs is the solid phase shear stress tensor. Like the

gas phase shear stress tensor τg, τs is expressed as

τs = αsµs[∇us + (∇uT
s )] + αs(λs −

2

3
µs)(∇ · us)I (2.8)

where µs is the particle phase shear viscosity and λs is the solid bulk viscosity. In

case of one-way and two-way coupling between the phases, the viscous stresses ( τs)

and the solid pressure (∇ps) terms in Eq. 2.8 are not taken into account. These two

terms take care of the particle-particle interactions and hence, are considered for the

simulations assuming three-way coupling. the calculation of these two quantities are

done based on some empirical relations which are derived from the KTGF model.
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2.2 Kinetic theory for granular flows model

In this work, kinetic theory for granular flow (KTGF) model has been used in

combination with Eulerian-Eulerian two fluid model in order to take care of particle

phase velocity fluctuations. According to this model, the total energy (E) per unit

mass of a granular or particulate phase is composed of three parts [14] which are

E = EMK + EPT + Eh (2.9)

where EMK is the kinetic energy associated with the local average velocity, Eh

is the true thermal internal energy of the solid material and EPT is the pseudo

kinetic energy associated with the deviations of the motion of the individual particles

from the local average. In KTGF model, the kinetic energy associated with the

fluctuations of the particle velocity from the local average value (EPT ) is represented

by a by a new variable called granular temperature (θ) which is defined below

as given in [14]

EPT =
1

2
v2 =

3

2
θ (2.10)

where v2 is the mean square of the velocity fluctuations about the local average

value u.

A separate partial differential equation is written for θ which is written as

3

2

[

∂

∂t
(αsρsθ) +∇ · (αsρsusθ)

]

= (−p
s
I + τs) : ∇us +∇ · (κ∇θ)− γ (2.11)

where the first term in the right hand side of the above equation is the conversion of

energy due to pressure and shear in the particle phase, second one is the conductivity

of granular temperature (θ) and the last one is the dissipation due to inelastic

collisions. The value of θ obtained from Eq. 2.11 is used to calculate the values of

solid pressure (ps) and solid phase viscosity (µs) via empirical relations, and those

values are used in the particle phase momentum equation (Eq. 2.7) in order to take

care of particle-particle interactions.

2.2.1 Algebraic form of θ equation

In this work, instead of solving the PDE for granular temperature (θ) given in

Eq. 2.11, an algebraic form of expression (given by Lun et al. [82]) has been used

to calculate the value of granular temperature (θ). This form of expression for
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2.2 Kinetic theory for granular flows model 29

θ has already been used earlier in literature [69, 83, 84]. This algebraic form of

θ has been derived assuming that θ is dissipated locally and thus neglecting the

convection and diffusion terms and retaining only the dissipative and the source

terms of the corresponding PDE, given in Eq. 2.11. The advantage of using this

algebraic expression for θ is that the value of θ at all the cell centers can be calculated

directly without solving any PDE, also without sacrificing a significant amount of

accuracy and with some less amount of computational cost. Hence, in this work, θ

is calculated using the following algebraic expression given in Lun et al. [82] and

Syamlal [85].

θ =





−k1αstr(Ds) +

√

k1
2αs

2tr2(Ds) + 4k4αs(k2tr2(Ds) + 2k3tr(D
2

s))

2αsk4





2

(2.12)

In Eq. 2.12, tr(Ds) is the trace of the viscous stress tensor of the solid phase velocity

and the coefficients k1 , k2 , k3 and k4 are calculated as given below.

k1 = 2(1 + e)ρsg0 (2.13)

k2 =
4

3
√
π
dsρs(1 + e)αsg0 −

2

3
k3 (2.14)

k3 =
dsρs

√
π

6(3− e)

(

1 +
2

3
(1 + e)(3e− 1)αsg0

)

+
8dsρsαsg0(1 + e)

10
√
π

(2.15)

k4 =
12(1− e2)ρsg0

ds
√
π

(2.16)

where e is the particle-particle restitution coefficient, g0 is the radial distribution

function related to the dimensionless distance of the particles and ds is the particle

diameter. The value of θ obtained from Eq. 2.12 is used to calculate solid pressure

(ps) and solid phase shear viscosity (µs) using some empirical relations.

2.2.2 Calculation of solid pressure and radial distribution

function

The value of solid pressure (ps) is calculated using the empirical relation given in

Lun et al. [82] which is calculated based on the value of θ obtained from the Eq. 2.12

and the gradient of the solid pressure (∇ps) is used in particle momentum equation

(Eq. 2.7).

ps = ρsαsθ[1 + 2(1 + e)goαs] (2.17)
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Here, g0 is the radial distribution function which is related to the dimensionless

distance between the particles and is given by Sinclair and Jackson [4] as

g0 =
3

5

[

1−
(

αs

αs,max

)
1

3

]−1

(2.18)

where αs,max is the maximum allowable packing limit for particles which means

that the particle volume fraction cannot exceed beyond that value. Generally, for

gas-solid bubbling fluidized bed applications, its value is taken as 0.63.

2.2.3 Calculation of solid phase shear viscosity

The solid phase shear viscosity (µs) arises due to translational (kinetic) motion and

collisional interactions of the solid particles. Hence, the solid phase shear viscosity

can be written as

µs = µs,col + µs,kin (2.19)

where µs,col refers to the component of solid phase shear viscosity due to collisions

among the particles and µs,kin is the component due to translational motion of the

particles. Several empirical models are available for calculation of the effective solid

phase shear viscosity (µs) which are described below.

Gidaspow Model: In this model proposed by Gidaspow [86], µs is calculated as

µs =
4

5
αs

2ρsdsgo(1 + e)

√

θ

π
+

2

(1 + e)go

5
√
π

96
ρsdsθ

1

2

[

1 +
4

5
(1 + e)goαs

]2

(2.20)

The first part of the right hand side of Eq. 2.20 represents the collisional part while

the second part is due to the translational motion of the particles. This model for

solid phase shear viscosity can be applied to dilute and moderately dilute dispersed

flows and also suitable for simulations of dense fluidized bed applications. In the

work described in this thesis, the expression given in Eq. 2.20 has been used to

calculate µs.

Syamlal Model: In this model proposed by Syamlal [80], the collisional part of

the solid phase shear viscosity is the same as that of Gidaspow model [86] whereas
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the expression for the translational part is different. Here, µs is calculated as

µs =
4

5
αs

2ρsdsgo(1 + e)

√

θ

π
+

αsdsρs
√
θπ

6(3− e)

[

1 +
2

5
(1 + e)(3e− 1)αsg0

]

(2.21)

This model is good for a wide range of applications ranging from dilute to dense

flow scenarios.

Sinclair Model: The value of solid phase shear viscosity (µs), in this model [87],

is calculated as

µs =
5dsρs

√
θπ

96αs

{[

8αs

5(2− η)

] [

1 +
8

5
η(3η − 2)αsgo

]

+
768

25π
ηα2

sgo

}

+
5dsρs

√
θπ

96αsη(2− η)go
ω

[

1 +
8

5
η(3η − 2)αsgo

]

(2.22)

where

η = (1 + αs)/2 (2.23)

This model of solid phase shear viscosity is particularly suitable for dilute and dense

pneumatic transport lines and risers. Generally, it is not largely applied in simula-

tions involving gas-solid fluidized beds.

The solid phase bulk viscosity (λs) accounts for the resistance of the granular

particles to compression and expansion which is expressed as suggested by Gidaspow

[86].

λs =
4

3
αs

2ρsdsgo(1 + e)

√

θ

π
(2.24)

In this work, the values of µs and λs are calculated using Eqs. 2.20 and 2.24 which

are used to calculate the particle phase stress tensor (τs).

2.3 Use of frictional stress model

In case of practical flow situations like gas-solid bubbling fluidized beds, there exist

regions where the particles are closely packed. Under those circumstances, the

flow physics is influenced more by the frictional stresses generated due to close

packing of particles and only KTGF model is not sufficient to adequately describe

the flow behavior. Hence, in such flow scenarios, frictional stress model must be
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necessarily incorporated into the flow solver in order to obtain physically consistent

and stable numerical solutions. Like solid kinetic stresses, the solid frictional stresses

also consist of frictional shear stress and frictional normal stress (or frictional solid

pressure) [88]. These solid frictional stresses are added to the solid kinetic stresses

(ps and µs) calculated using KTGF when the solid volume fraction exceeds a critical

minimum value αs,min. Generally, the value of αs,min is taken to be 0.5, i.e, if the

particle volume fraction exceeds the value 0.5, then only the frictional stresses comes

into effect. So, in these cases, the net solid pressure and the net solid phase shear

viscosity can be expressed as

ps = ps,KTGF + ps,f (2.25)

and

µs = µs,KTGF + µs,f (2.26)

The terms ps,KTGF and µs,KTGF are calculated using Eqs. 2.17 and 2.20, respec-

tively, whereas frictional solid pressure ps,f is calculated as given by Schaeffer [89]

and µs,f is calculated as given by Johnson and Jackson [14].

ps,f = Fr
(αs − αs,min)

n

(αs,max − αs)
p (2.27)

µs,f = ps,f sin φf (2.28)

where the coefficient Fr is taken as a function of αs,min as Fr=0.1αs,min, n=2, p=5

and φf is the internal frictional angle.

2.4 Interphase interaction forces

In two phase flows, there are two mutually interacting phases and the interaction

between the phases is greatly influenced by the relative motion between the phases.

Due to the mutual interactions, various interphase forces get generated between the

phases depending upon physical and flow conditions of the continuous and dispersed

phases. The main interphase forces influencing the two phase flow characteristics are

Virtual mass force: In two-phase or multiphase flows, virtual mass force comes

into existence when a secondary phase (such as solid particles or droplets or bubbles)
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accelerates relative to a primary gas phase. The inertia of the gas phase mass

encountered by the accelerating particles (or droplets or bubbles) exerts a virtual

mass force on the particles. Mathematically, it is expressed in [68] as

Fvm = 0.5αsρg

(

dug

dt
− dus

dt

)

(2.29)

The virtual mass effect is significant when the secondary phase density is much

smaller than the primary phase density. In case of simulations carried out in this

thesis, the secondary phase consists of solid particles which have very high density

in comparison to the continuous gas phase. So, this force is not considered in the

simulations.

Lift force: This force acts on a secondary dispersed solid phase particles mainly

due to the velocity gradients in the primary-phase flow field. The mathematical

expression for lift force is given in [68] as

Fl = −0.5ρgαs(ug − us)(∇× ug) (2.30)

The inclusion of this term in the governing equation is justified when the particle

size is relatively large (is of the order of 10 mm), as in the case in spouted beds

or in case of flows where there is a quick separation of the phases. In other cases,

where the particle size is of the order of several hundred microns, the lift force is

insignificant compared to the interphase drag force.

Basset force: The Basset force term accounts for the viscous effects of the phases

and addresses the temporal delay in boundary layer development as the relative

velocity of the phases change with time. It is also known as the history term. This

term is significant only in case of unsteady flow conditions where the secondary par-

ticles accelerate at a very high rate.

Magnus Force: The magnus force is the lifting force developed due to the rotation

of the particles. This effect is caused by a pressure differential between both sides of

the particle resulting from the velocity differential due to rotation. The lift produced

by the magnus force can be quantified in the following way as given in [10].

Fmag = 0.5ρgCLRA|us − ug|(us − ug) (2.31)
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where A is the projected area and CLR is the lift coefficient due to rotation. This

force is significant mainly in case of particles with very large sizes.

Thermophoretic Force: It is an interphase force which comes into existence due

to a temperature gradient in the continuous phase. As in this thesis, the flow field

is considered to be completely isothermal (mentioned in the assumptions), so this

force is not taken into account.

Drag force: It is the force which acts opposite to the relative motion of any object

moving with respect to a surrounding fluid. In case of two phase flows, it comes

into existence due to the relative motion of the two phases. This force is extremely

significant when the ratio of the density of the dispersed phase to the continuous

phase (ρs/ρg) is greater than 100 kg/m3 [9] and the size of the dispersed phase par-

ticles lies in the range of below 700 µm. In the work described in this thesis, the

properties of both the phases lies in this range and so, drag force becomes the only

significant force out of all these interphase forces.

The drag force acting on a single sphere moving through a fluid medium is well

studied and empirically correlated to a wide range of particle Reynolds numbers

[68]. However, in case of dispersed gas-particle flows, the drag or interphase mo-

mentum exchange is affected by the presence of other particles. To take care of this

interphase momentum exchange term (Kgs, appearing in Eqs. 2.3 and 2.7) between

the gas and particle phases, a number of models have been proposed in different lit-

erature. A few of them are Syamlal-O’Brien drag model [90], Gidaspow drag model

[86], McKeen model [91] and Kolev’s model [92] which are described below.

Gidaspow drag model: In the model proposed by Gidaspow [86], Kgs is calculated

as

Kgs =
3

4
Cd

αsαgρg|ug − us|
ds

αg
−2.65 if αg > 0.8 (2.32)

Kgs = 150
αs

2µg

αgds
2
+ 1.75

αsρg|ug − us|
ds

if αg ≤ 0.8 (2.33)

where Cd is the drag coefficient between the phases and ds is the particle diameter.
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Cd is given by Kolev [86] as

Cd =

{

24
Rep

if Rep ≤ 1
24
Rep

(

1 + 0.15Re0.687p

)

if 1 ≤ Rep ≤ 1000
(2.34)

Here the particle Reynolds number (Rep) is defined as

Rep =
ρg|ug − us|ds

µg

(2.35)

In Eq. 2.35, µg is the dynamic viscosity of the gas phase. This model is very widely

used in case of gas-particle flow simulations as it can be used in all the flow condi-

tions ranging from dilute to dense and also are very efficient in simulating complex

flows like flows in gas-solid fluidized beds. In this work, the model proposed by

Gidaspow [86] has been used in most of the cases.

Syamlal-O’Brien drag model: In this model, the interphase momentum exchange

coefficient (Kgs) is calculated as follows.

Kgs =
3

4
Cd

αsαgρg|ug − us|
V 2
r ds

(2.36)

where the drag coefficient Cd is calculated as

Cd =

(

0.63 + 4.8

√

Vr

Rep

)
2

(2.37)

The relative velocity (Vr) is calculated as

Vr = 0.5

[

a− 0.06Rep +

√

(0.06Rep)
2 + 0.12Rep(2b− a) + a2

]

(2.38)

where

a = α4.14
g (2.39)

and

b =

{

0.8α1.28
g if αg <= 0.85

α2.65
g if αg > 0.85

(2.40)

This model can also be used in a wide range of flow scenarios ranging from dilute

to dense. In some of the cases, this model has been used in this work to calculate

the interphase momentum exchange coefficient (Kgs).
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Wen and Yu drag model: In this model proposed by Wen and Yu [93], Kgs is

calculated as

Kgs =
3

4
Cd

αsαgρg|ug − us|
ds

αg
−2.65 (2.41)

where the drag coefficient Cd is calculated as

Cd =
24

αsRep

[

1 + 0.15(αsRep)
0.687

]

(2.42)

This model is generally appropriate for dilute flow conditions.

Kolev drag model: The interphase drag force (fp) acting between the phases per

unit volume is calculated by Kolev [92]as

fp = ρgαs

1

ds

3

4
Cd|ug − us|(ug − us) (2.43)

This model is appropriate in case of simple dilute flow conditions and not used for

dense flow situations like flows in gas-solid fluidized beds.

McKeen drag model: In this model [91], the interphase exchange coefficient is

calculated as

Kgs = C

(

17.3

Res
+ 0.336

)

ρg|us − ug|
ds

αsα
−1.8
g (2.44)

where C is a constant. In earlier published works like Visuri et al. [94], Loha et al.

[17], the effects of changing these drag models to calculate the interphase exchange

coefficients have been thoroughly discussed for liquid-solid and gas-solid fluidized

bed systems. In those studies, it has been found that the results obtained by using

Gidaspow [86] and Syamlal-O’Brien [90] drag model were closer to the available

experimental data. In the present studies, the effects of changing the drag models

have been examined for the problem discussed in Chapter 5 (Section 5.6) and it is

found that, for that particular problem, very little difference can be observed when

either of Gidaspow and Syamlal-O’Brien models has been used.

2.5 Boundary conditions

The boundary conditions play a major role in obtaining accurate numerical solutions

for any set of partial differential equations. The importance of boundary conditions
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in case of two-fluid model is significant as there are two distinct phases available in

all parts of the domain. In this work, at the inlet of the flow domain, a Dirichlet

boundary condition is specified for all the variables other than pressure whereas for

pressure, a homogeneous Neumann boundary condition is specified. On the other

hand, at outlet, pressure is considered to be atmospheric while all other variables are

specified a homogeneous Neumann boundary condition. At solid boundaries, a no-

slip condition is specified for the gas phase; whereas for the particle phase, to take

care of the momentum loss due to particle-wall collisions, the velocity boundary

conditions at solid walls are derived as functions of wall shear stress as given by

Johnson and Jackson [14]. It is given as,

τs,w = −π

6

αs

αs,max

φρsgo
√
3θus,w (2.45)

From Eq. 2.45, the value of us at the wall is calculated. As already stated, φ is the

specularity coefficient between the particle phase and the wall and g0 is the radial

distribution function which is defined in Eq. 2.18. The value of φ can be varied

form zero (for perfectly specular collisions, where no momentum is lost) to a value

equal to 1 (where the complete particle momentum is lost due to collisions with the

wall). Hence, the boundary conditions for the particle velocity on the wall changes

according to the value of φ. For the volume fraction αs and αg of the phases, a

homogeneous Neumann boundary condition is specified at the walls. The boundary

conditions for particle granular temperature (θ) is given by Johnson and Jackson

[14] as

qθ,s =
π

6

αs

αs,max

φρsgo
√
3θ|us,w|2 −

π

4

αs

αs,max

(1− es,w
2)ρsgo

√
3θ3 (2.46)

where qθ,s is the granular energy flux at the wall and it can be expressed in terms

of θ as

qθ,s = κ
∂θ

∂n
=

π

6

αs

αs,max

φρsgo
√
3θ|us,w|2 −

π

4

αs

αs,max

(1− es,w
2)ρsgo

√
3θ3 (2.47)

Hence, from Eq. 2.47, the boundary values of θ at the wall are calculated. The

values of θ and us at the wall follow from Eqs. 2.46 and 2.47 respectively and are

computed using simple explicit finite difference. In Eqs. 2.46 and 2.47, the term

αs,max is the maximum packing limit of the particles whose value is taken as 0.63.
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2.6 Numerical methodology

In order to solve coupled higher order partial differential equations, numerical tech-

niques such as finite difference method (FDM), finite volume method (FVM) and

finite element method (FEM) are usually employed. Finite volume method, owing

to its attractive conservation properties, is largely adopted for simulating fluid flow

problems. In this work also, this method has been used to solve the governing equa-

tions of both the phases.

In finite volume method, the domain is decomposed into a number of non-

overlapping small control volumes (also referred to as cells). This process is termed

as grid generation and in this work, the unstructured grid generation software GAM-

BIT [95] is used for this purpose. The geometric information pertaining to the grid

needs to be derived to be used in the finite volume framework and this is precisely

the role of the preprocessor. The preprocessor calculates all geometric information

pertaining to the grid, such as the volume, face areas and surface normals as well as

the co-ordinates of the centroids, which appear in the discrete form of the governing

equations. In the present work, the focus being on a generic solver, all elemental

topologies are handled in a unified manner. The cell shapes could be arbitrary con-

vex polygons but largely consist of tetrahedra, hexahedra, prisms and pyramids for

three dimensional scenarios and quadrilateral and triangle for two dimensional sce-

narios or a combination of two or different types. Figure 2.1 shows different types of

cells can be used in the solver. The surface area normal for a polygonal face with n

vertices can be calculated as the sum of the cross product of the coordinate vectors

of its nodes V taken in a cyclic manner.

Sf =

n
∑

i=1

Vi ×Vi+1 (2.48)

A general approach to volume calculation is also adopted based on the Gauss theo-

rem which defines the cell volume as

∆V =
1

3

nf
∑

i=1

xi · n̂i Ai

where nf represents the number of faces, and xi is the face center, n̂i is its unit

normal vector and Ai is the area magnitude of the ith face. The cell centroids are

calculated as average of the vertex coordinates and the distance between cell centers
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Figure 2.1: Different types of cell. (a) tetrahedron, (b) prism, (c) hexahedron, (d)

pyramid, (e) quadrilateral, (f) triangle

sharing a face as well as the normal distance between the center of each cell and its

faces are also calculated and stored a priori.

Interpolation

In this work, a collocated arrangement of variables is adopted where all the variables

are calculated at cell centers of each control volume. So, in order to calculate the

values at the faces of the control volumes, as and when required, interpolation
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technique has to be used. Figure 2.2 shows the face “abc” which is shared by two

neighboring cells having centers marked as co and nb. The values of general variable

a

b

c
d

e

nbnf

co
f

φ

φ

co

nb

Figure 2.2: Pictorial representation of interpolation technique

φ at those cells centroids are denoted as φco and φnb respectively. To calculate the

corresponding value of φ at the face center f of the face “abc”, an inverse volume-

weighted linear interpolation method is used which can be written as

φf =
∆Vnbφco +∆Vcoφnb

∆Vnb +∆Vco

(2.49)

where ∆Vco and ∆Vnb denotes the volumes of the cells having centers co and nb

respectively.

2.7 Discretization procedure

In the present study, the discretization of all the equations is performed using finite

volume method (FVM) where the entire solution domain is sub-divided into number

of cells (finite volumes). Collocated grid arrangement is used where all the dependent

variables are defined at the centroid of the individual cells. FVM uses the integral

form of the governing equations. On integrating the differential form of governing

equations over the entire flow control volume and applying the Gauss Divergence

theorem, the integral form of the governing equations are obtained which may be

written for each of the cells based on the following assumptions.

• A cell averaged value is ascribed to the centroid of each control volume.

• A single-point Gauss quadrature is employed for the surface integrals which

requires only the face mid-point value of all variables.
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A SIMPLE-like algorithm solves the Navier-Stokes equations of both the phases

with a face-based data structure and the momentum, volume fraction and pressure

equations are solved using a semi-implicit method. The pressure equation is derived

from the overall continuity equation which is obtained by adding the continuity equa-

tions of both the phases [32] and the pressure-velocity coupling is achieved through

momentum interpolation [96]. The numerical approach and the discretization pro-

cedure followed in this work are along the lines of Dalal et al. [97]. The details of

the solution methodology has been discussed in the subsequent sections with an em-

phasis on the implementation aspects specific to gas-particulate flows. The general

integral forms of the continuity and momentum equations can be written as follows.

Continuity Equation:

The integral form of the continuity equation given in Eq. 2.1 is integrated as shown

below.
∫

∆V

∂α

∂t
dV +

∫

∆V

∇ · (αu)dV = 0 (2.50)

Here α and u will have the suffixes of g and s for gas phase and particle phase,

respectively.

Momentum Transport Equation:

The integral form of the momentum equation for a general variable φ can be written

as
∫

∆V

∂(αρφ)

∂t
dV +

∫

∆V

∇ · (αρuφ)dV =

∫

∆V

−α∇pdV +

∫

∆V

(∇ · αµ∇φ)dV

+

∫

∆V

SφdV (2.51)

2.7.1 Discretization of the continuity equation

The terms in the continuity equation (Eq. 2.1 and Eq. 2.6) are discretized for each

cell as given below.

Temporal term

∫

∆V

∂α

∂t
dV ≈ αco

n+1 − αco
n

∆t
∆Vco (2.52)
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where co is the cell center of a particular cell of volume ∆Vco and φ is the value at

the cell center co.

Convective term

∫

∆V

∇ · (αu)dV =

∫

∆S

(αu) · dS ≈
∑

f

αfuf · Sf =
∑

f

Ffαf (2.53)

uf is the velocity defined at the face center f , Sf is the surface vector representing

the area of that face. Ff is the outward volume flux through face f which is given

as

Ff = uf · Sf (2.54)

The details of the discretization of the convective flux has been discussed later in

Section 2.7.2.

2.7.2 Discretization of the momentum equation

The details of the discretization of the temporal term, convective and diffusive fluxes

of the momentum equations have been discussed below in details.

Temporal term

The unsteady or temporal term of the momentum equation can be discretized as

∫

∆V

∂(αρφ)

∂t
dV ≈ (αρφ)n+1

co − (αρφ)nco
∆t

∆V co (2.55)

where ∆Vco is the volume of the owner cell co and the cell-centroidal values of any

variable φ are assumed to be equal to the cell-averaged quantities.

Treatment of the Convection Fluxes

The convective fluxes are discretized by first converting the volume integral to a

surface integral and approximating the later with a single point Gauss quadrature.
∫

∆V

∇ · (αρuφ)dV =

∫

∆S

(αρuφ) · dS ≈
∑

f

αfρfφf(u · S)f =
∑

f

αfρfFfφf (2.56)

Here the values of ρf and αf are obtained from the cell-centered value using inverse

volume-weighted interpolation. φf is the value of φ at the center of face f . Now, in
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order to calculate the value of Ffφf for a face f , a weighted average of upwind and

central difference scheme is used following the deferred correction approach of Khosla

and Rubin [98], so that the problems relating to numerical diffusion and numerical

dispersion can be avoided. For a face f , the convective flux can be estimated as a

linear combination of upwind and central difference scheme as given below.

Ffφf = (Ffφf)UDS

n+1 + γ
[

(Ffφf)CDS

n − (Ffφf )UDS

n
]

(2.57)

where γ is the deferred constant whose value varies in between 0 and 1. Fluxes at

faces due to first order upwind scheme (UDS) and central difference scheme (CDS)

can be expressed in the following manner.

Ffφf
UDS = φco[|Ff , 0|]− φnb[| − Ff , 0|] (2.58)

Here [|Ff , 0|] denotes the the maximum of the two arguments and φnb denotes the

value of the variable φ in the corresponding neighbor cell. On the other hand,

the flux at the face f using CDS can be calculated using inverse volume-weighted

interpolation as given below.

Ffφf
CDS = Ff

(

∆Vnb

∆Vnb +∆Vco

φco +
∆Vco

∆Vnb +∆Vco

φnb

)

(2.59)

where ∆Vco is the volume of the owner cell co and ∆Vnb is the volume of the cor-

responding neighbor cell nb. The first term, i.e., the upwind part at (n + 1) time

level in Eq. 2.57 is incorporated in the coefficients of the unknown velocity during

pressure velocity iteration while the second part is incorporated as source term of

the same equation and are evaluated using previous iteration values. The deferred

correction approach enhances the diagonal dominance of the coefficient matrix to

enhance the stability of the solution algorithm.

Treatment of the diffusive fluxes

The diffusive term in the momentum equation is computed using Green-Gauss re-

construction which is second order accurate. Using Gauss divergence theorem, the

diffusive fluxes for a general variable φ for a particular face f is calculated in the

following manner.

∫

V

∇ · (µα∇φ) dV =

∫

S

(µα∇φ) · dS ≈
∑

f

(µα∇φ · S)f =
∑

f

Fdφf
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where Sf is the face area vector with a magnitude of Af and its direction is given

by unit vector n̂f . For orthogonal grid arrangement, this face area vector is parallel

to the line joining the adjacent cell centers whereas for non-orthogonal grids, this

face area vector is inclined to the line joining the adjacent cell centers as shown

in Fig. 2.3. and thus giving rise to the non-orthogonal component of diffusive

O

a

b

c

a

b

c
d

e

nbnf

nb

nb

n
f

co

co

co

Figure 2.3: Pictorial representation of diffusive flux calculation.

fluxes. This is explained with the help of Fig. 2.3 where the face “abc” is shared

by two neighboring tetrahedral cells with centers marked as co and nb. It can be

clearly understood from Fig. 2.3 that the face unit normal represented by n̂f is

not parallel to the line joining the cell centers co and nb and thus for this case,

along with the normal diffusion, there will be a component of diffusive flux for this

non-orthogonality. Projecting the cell centers over the surface normal will result in

two more points co′ and nb′. For a particular face, the diffusive fluxes for a variable

φ can be calculated as,

(∇φ)f · Sf = Af (∇φ)f · n̂f = Af

(φnb′ − φco′)

∆n
(2.60)

where ∆n is the distance between points co′ and nb′. φ′

nb and φ′

co are the values of

φ at the points nb′ and co′ respectively which can be approximated from the values

of φ at the points co and nb using Taylor series expansion, neglecting higher order

terms as given below.

φnb′ = φnb +∇φnb ·
−−−→
nb nb′ (2.61)

φco′ = φco +∇φco ·
−−−→
co co′ (2.62)
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Substituting Eqs. 2.61 and 2.62 in Eq. 2.60, finally the expression for the net

diffusive flux can be found out as

(∇φ)f · Sf = Af





(φnb − φco)

∆n
+

∇φnb ·
−−−→
nb nb

′ −∇φco ·
−−−→
co co

′

∆n



 (2.63)

The first part of Eq. 2.63 is the normal or orthogonal component of diffusive fluxes

while the second part is mainly appearing due to non-orthogonality of the grids.

It is to be noted that for calculating value at the face for any variable φ, inverse

volume weighted interpolation technique employed by Dalal et al. [97] is used unless

otherwise stated.

Source terms and their discretization

In the momentum equations of both the phases, source terms appear and consist of

pressure gradient, gravity, drag force terms in both the phases and solid pressure

gradient in particle phase alone. The drag force term appearing in the momentum

equations of both the phases is treated volumetrically. The gradient of solid pressure

term appearing in the particle phase momentum equation is treated using standard

Green Gauss approach. The numerical treatment of all the above mentioned source

terms appearing in the momentum equation are discussed below.

Pressure gradient and gravity

In this work, in order to obtain a proper force balance between pressure and grav-

ity, a variant of the method first proposed by Perot [99] has been adopted. In this

approach, the centroidal quantities are calculated from the respective face centered

values, wherein the face normal velocities are utilized to calculate the cell centroidal

velocity vector. This concept has been utilized by Manik [100], but instead of cal-

culating the cell centered velocity vector, this method has been successfully applied

to calculate cell centroidal values of pressure gradients and other cell centered quan-

tities like gravity forces for interfacial multiphase flows. This approach is termed

as Modified Green Gauss (MGG) in [100] and is used for the treatment of pressure

and gravity terms in this work. Hence, the pressure gradient at the cell centroid is

calculated as

∫

∆V

(α∇p)dV =α∇p∆Vco =
∑

f

{

αf

(

∂p

∂n

)

f

(xf − xco)|Sf |
}

(2.64)
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where the subscripts “co” and “f” denotes the values at cell center and faces re-

spectively. In a similar way, the gravity term is treated as follows.

∫

∆V

(αρg)dV =αρg∆Vco =
∑

f

{

αfρf(g · n̂)f(xf − xco)|Sf |
}

(2.65)

In Eqs. 2.64 and 2.65, x denotes the co-ordinates of face and cell centroids and |Sf |
represents magnitude of face area vector.

Gradient of solid pressure term

This term exists only in the particle phase momentum equation and the Green Gauss

reconstruction is used to discretize it as follows.

∫

∆V

−∇psdV = −
∫

S

psdS ≈ −
∑

f

psfSf (2.66)

Where psf is the solid pressure at the face center of and Sf is the surface area vector

of face f . For evaluating solid pressure at the face center, inverse volume interpola-

tion method is used.

Drag force term

This term is present in the momentum equations of both the phases and it is treated

volumetrically. This term (denoted by Sφ) is integrated over the cell volume as

∫

∆V

SφdV ≈ (Sφ)co∆Vco (2.67)

2.8 Discretized form of the governing equations

Using the details of the discretization procedure discussed in Section 2.7, the gov-

erning equations of both the phases are discretized. The momentum equations of

both the phases have been modified using the idea of partial elimination algorithm

(PEA) proposed by Spalding [67]. According to this algorithm, instead of taking

the phase velocities of the interphase drag term in previous time step (n) levels in

both the equations, it is taken as Kgs(u
n
s −un+1

g ) in gas phase momentum equation

and as Kgs(u
n
g − un+1

s ) in particle phase momentum equation.
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The momentum equation of the gas phase solved herein in discretized form at

(n + 1) time level can be written as,

(ρgαgug)co
n+1 − (ρgαgug)co

n

∆t
∆Vco +

∑

f

F n+1
gf (ρgαgug)

n+1
f +

∑

f

F n+1
dguf =

−(αg∇p)co
n+1∆Vco + {Kgs(u

n
s − un+1

g )
co
∆Vco +

(ρgα
n+1
g g)co∆Vco (2.68)

This may be rearranged to read as,
(

ρgαg
n+1

∆t
+Kgs

)

co

∆Vcou
n+1
g,co −

(

ρgαg
n+1

∆t

)

co

∆Vcou
n
g,co +

∑

f

F n+1
gf (ρgαgug)

n+1
f

+
∑

f

F n+1
dguf = −(αg∇p)co

n+1∆Vco + (Kgsu
n
s )co∆Vco + (ρgα

n+1
g g)co∆Vco (2.69)

where the term F n+1
gf is the volume flux and F n+1

dguf is the diffusive flux for the gas

phase at a particular face f .

Similarly, the solution form of the particle phase momentum equation can be

written as

(ρsαsus)co
n+1 − (ρsαsus)co

n

∆t
∆Vco +

∑

f

F n+1
sf (ρsαsus)

n+1
f +

∑

f

F n+1
dsuf =

−(αs∇p)co
n+1∆Vco − (∇ps)co

n+1∆Vco + {Kgs(u
n
g − un+1

s )}co∆Vco

+(ρsα
n+1
s g)co∆Vco (2.70)

which on rearrangement reads,
(

ρsαs
n+1

∆t
+Kgs

)

co

∆Vcou
n+1
s,co −

(

ρsαs
n+1

∆t

)

co

∆Vcou
n
s,co +

∑

f

F n+1
sf (ρsαgus)

n+1
f

+
∑

f

F n+1
dsuf = −(αs∇p)co

n+1∆Vco − (∇ps)co
n+1∆Vco + (Kgsu

n
g )co∆Vco

+ (ρsα
n+1
s g)co∆Vco (2.71)

where the term F n+1
sf is the volume flux and F n+1

dsuf is the diffusive flux for the particle

phase at a particular face f . This leads to a linear system of equations for both

the gas and particle phase flow variables which are solved using the pre-conditioned

krylov solvers with the help of library of iterative solvers (LIS) [101].
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2.9 Momentum interpolation technique

In this work, a collocated grid arrangement has been used where all the variables

are calculated at the cell-centers. In order to avoid the pressure checker board

problem in collocated meshes, momentum interpolation technique which is similar

to the method proposed by Rhie and Chow [96] has been used. In this approach,

a fractional step methodology has been used as in [97] and therefore, the governing

equation for an intermediate step (∗) between n and (n+1) time levels is constructed

by dropping the pressure and gravity terms which reads
(

ρgαg
n+1

∆t
+Kgs

)

co

∆Vcou
∗

g,co −
(

ρgαg
n+1

∆t

)

co

∆Vcou
n
g,co +

∑

f

F ∗

gf (ρgαgug)
∗

f+

∑

f

F ∗

dguf = (Kgsu
n
s )co∆Vco (2.72)

Subtracting Eq. 2.72 from Eq. 2.69 and assuming that the differences in the con-

vective and diffusive terms between the (∗) and (n+ 1) levels may be neglected, we

get for a cell with centroid co,
(

ρgαg
n+1

∆t
+Kgs

)

un+1
g −

(

ρgαg
n+1

∆t
+Kgs

)

u∗

g = −αn+1
g ∇pn+1 + ρgα

n+1
g g (2.73)

or

un+1
g − u∗

g = −A∇pn+1 + Aρgg (2.74)

where A is defined as

A =









αn+1
g

ρgα
n+1
g

∆t
+Kgs









(2.75)

Taking divergence of both the sides of Eq. 2.74 and integrating gives,
∫

∆V

∇ · ug
n+1dV −

∫

∆V

∇ · ug
∗dV = −

∫

∆V

∇ · (A∇p)n+1dV +

∫

∆V

∇ · (Aρgg)dV (2.76)

This may be simplified using Gauss-Divergence theorem to get,
∫

∆S

ug
n+1 · dS−

∫

∆S

ug
∗ · dS = −

∫

∆S

(A∇pn+1) · dS+

∫

∆S

(Aρgg) · dS (2.77)

Rewriting Eq. 2.77 by replacing the surface integrals by Gauss quadrature gives,
∑

f

un+1
gf · Sf =

∑

f

u∗

gf · Sf −
∑

f

(A∇pn+1)f · Sf +
∑

f

(Aρgg)f · Sf (2.78)
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The final form of the equation therefore reads,

∑

f

F n+1
gf =

∑

f

F ∗

gf −
∑

f

(A∇pn+1)f · Sf +
∑

f

(Aρgg)f · Sf (2.79)

which is the momentum interpolation formula for the gas phase where F n+1
gf and F ∗

gf

are the fluxes of un+1
g and u∗

g respectively.

In an exactly similar way, the momentum interpolation formula for the particle

phase can be derived and is obtained as

∑

f

F n+1
sf =

∑

f

F ∗

sf −
∑

f

(B∇pn+1)f · Sf +
∑

f

(Bρsg)f · Sf (2.80)

where B is defined as

B =







αn+1
s

ρsα
n+1
s

∆t
+Kgs






(2.81)

2.10 Derivation of the pressure equation

The pressure equation for this type of flow is obtained from the overall continuity

equation which is obtained by adding the continuity equations of both the phases

[32]. Thus adding the continuity Eqs. 2.2 and 2.6 and integrating gives,

∫

∆V

∂αg

∂t
dV +

∫

∆V

∇ · (αgug)dV +

∫

∆V

∂αs

∂t
dV +

∫

∆V

∇ · (αsus)dV = 0 (2.82)

Replacing the temporal derivatives using volume averaged quantities (as shown in

Eq. 2.52) and applying Gauss-Divergence Theorem on the divergence terms (as

shown in Eq. 2.53) give,

(αg
n+1 + αs

n+1)− (αg
n + αs

n)

∆t
∆Vco +

∑

f

αgf
n+1Fgf

n+1 +
∑

f

αsf
n+1Fsf

n+1 = 0

(2.83)

which may be further simplified by applying that at any cell centroid, the term

αg + αs is equal to 1 at all time levels which leads to,

∑

f

αgf
n+1Fgf

n+1 +
∑

f

αsf
n+1Fsf

n+1 = 0 (2.84)
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Substituting the mometum interpolation formulae (Eqs. 2.79 and 2.80) into Eq.

2.84 and after rearranging, the final form of the pressure equation is obtained as

given below.

∑

f

αgf
n+1Fgf

∗ +
∑

f

αsf
n+1Fsf

∗ +
∑

f

(Aαgρgg)f · Sf +
∑

f

(Bαsρsg)f · Sf

=
∑

f

{

(Aαg +Bαs)f(∇p)f
n+1 · Sf

}

(2.85)

2.11 Solution algorithm

As already mentioned, the overall solution approach of the gas-particulate flow solver

developed in this work is based on fractional step methodology in a collocated finite

volume framework. The overall solution algorithm of the solver may be summarized

as follows.

1. Initialize all variables.

2. At the start of (n+1) time step, it is assumed that Fgf
n+1=Fgf

∗ and Fsf
n+1=Fsf

∗.

3. Solve for the particle phase volume fraction equation (Eq. 2.6) to calculate

αs
n+1.

4. Calculate gas phase volume fraction as αg
n+1=1–αs

n+1.

5. Solve the granular temperature (θ) using Eq. 2.12 and calculate the values of

solid pressure (ps) and solid phase viscosity (µs) using Eqs. 2.17 and 2.20.

6. Solve for provisional velocities (ug
∗) for the gas phase by iterating the gas

phase velocity equations without pressure and gravity term and calculating

flux for the provisional velocities as F ∗

g f = ug f
∗ · Sf .

7. Solve for provisional velocities (us
∗) for the particle phase by iterating the

particle phase velocity equations without pressure and gravity term and cal-

culating flux for the provisional velocities as F ∗

s f = us f
∗ · Sf .

8. Solve the pressure equation (Eq. 2.85) to get the updated pressure pn+1.
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9. Calculate the volume fluxes (F n+1
g f and F n+1

s f ) for the gas and the particle

phases by momentum interpolation formulae given in Eqs. 2.79 and 2.80 re-

spectively.

10. Calculate the phase velocities (ug
n+1 and us

n+1) using the updated pressure

and the fluxes using the following expressions.

un+1
g − u∗

g = −A∇pn+1 + Aρgg (2.86)

and

un+1
s − u∗

s = −B∇pn+1 +Bρsg (2.87)

11. Repeat steps (2) to (10) till stopping criterion is satisfied.

This solution algorithm is implemented to develop the indigenous finite volume

flow solver for gas-particulate flows and the various stages of development of the

solver can be listed as follows.

• Stage 1: Development of laminar dilute gas-particle flow solver using one-way

coupling between the phases.

• Stage 2: Development of laminar dilute gas-particle flow solver using two-way

coupling between the phases.

• Stage 3: Development of the generalized gas-particle flow solver which can

handle all ranges of flow conditions.

• Stage 4: Development of the dispersed gas-particle flow solver using three-way

coupling between the phases (Addition of KTGF model).

• Stage 5: Addition of frictional stress model into the solver in combination

with KTGF model to take care of dense gas-particle flows.

• Stage 6: Application of the solver in the flows in bubbling gas-solid fluidized

beds.

These six stages represent the chronological order of development, validation and

application of the flow solver and forms the core of the present thesis.
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2.12 Closure

In this chapter, the details of the governing equations of both the phases and their

discretization procedure have been discussed. The importance of implementing the

KTGF model, frictional stress model and different drag models have also been dis-

cussed. The details of derivation of the momentum interpolation formulae for both

the phases and the derivation of the pressure equation from the phase continuity

equations have also been illustrated in details. The chapter ends with the details of

the solution algorithm.
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Chapter 3

Validation of the flow solver

In this chapter, a detailed validation of the inhouse flow solver which is developed

using the Eulerian-Eulerian two-fluid model (as discussed in Chapter 2) has been

presented. As the solver has been indigenously developed, so during the course of

the development of the solver, it has been validated at each and every stage to

check its accuracy. In this chapter, the stage by stage validation of the flow solver is

presented for all range of flow conditions (ranging from dilute to dense) considering

one-way, two-way and three-way coupling between the phases. The importance of

the KTGF model and the need of including the frictional stress model for dense

gas-particulate flow situations are also demonstrated.

3.1 Validation for one-way coupling

As already discussed in Chapter 1, one-way coupling refers to the flow scenario where

particle phase is affected by the continuous gas phase but not vice-versa. In order

to validate the flow solver for one-way coupling, the following two test cases have

been considered.

• Particles released at a very low velocity into a uniform fluid flow field.

• Particles falling freely into a quiescent gas medium.

In both the cases, the solution obtained from the developed solver is compared with

the solution of the Lagrangian formulation given in Dasgupta [102].
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3.1.1 Particles released at a very low velocity into a uniform

fluid flow field

In this test case, it is considered that the dispersed phase particles enter with a low

velocity into a wall-free gas flow domain as shown in Fig. 3.1, where the continuous

W OutletInlet

L

x

y

Uniform gas flow domain (1 m/s)

Figure 3.1: The schematic of particles entering at a low velocity into a uniform gas

flow domain.

gas phase flows with a uniform horizontal velocity of 1 m/s. The particles enter the

domain with a velocity of 0.1 m/s and inlet volume fraction of 0.005. The gas phase

is considered to be air with density 1.2 kg/m3 and the particle phase is considered

to have a density of 665 kg/m3. The length of the channel (L) is 4 m and width

(W ) is 0.5 m. The effect of gravity is not considered in this problem.

For the above stated parameters, the variations of particle phase velocity along

the the length of the domain are studied for two sets of particle diameters of 200

µm and 400 µm respectively and compared with the results obtained by using La-

grangian model in Figs. 3.2 (a) and (b). In order to check the ability of the solver

to handle both orthogonal and non-orthogonal meshes, two grids are considered, a

Cartesian mesh with 1600 quadrilateral cells and a non-orthogonal mesh with 3474

triangular cells, keeping the the grid resolution almost same for both the cases. It

can be observed that for both the meshes, the particles having a higher diameter

have to move a greater distance downstream of the domain before attaining a con-

stant velocity. A very good agreement with the results obtained from the Lagrangian

model given in Dasgupta [102] can be observed in Figs. 3.2 (a) and (b) for both the

values of particle diameters.
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Figure 3.2: Particle phase velocity variation along the length of the domain for

particles with a diameter of (a) 400 µm, (b) 200 µm compared with [102].

3.1.2 Particles falling freely into a quiescent gas medium

The second test considers the case of particles falling freely under the effect of grav-

ity into a quiescent gas medium. The schematic diagram of the problem is shown

in Fig. 3.3. In this case, the quiescent fluid medium is considered to be air with

Quiescent medium (air)

g

H

W
x

y

Freely falling 
particles

Figure 3.3: The schematic of particles falling freely into a quiescent medium.

density 1.2 kg/m3. The height of the domain (H) is taken to be equal to 4 m and
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the width (W ) has been considered as 0.5 m. Simulations have been carried out on

a computational grid having 1600 uniform quadrilateral cells. The solver has been

tested for two different particle densities- 665 kg/m3 and 2990 kg/m3 respectively.

The former corresponds to the density of n-heptane particles and the later is close

to the density of glass beads. The dispersed phase particles are released into the

quiescent air medium at a very low velocity (equal to 0.0001 m/s). The particles

move under the influence of gravity.

The test is performed for two sets of particle diameters 200 µm and 400 µm and

the numerical solutions obtained from the developed solver and Lagrangian model

given in Dasgupta [102] are compared in Figs. 3.4 (a) and (b). The solutions show a
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Figure 3.4: Particle phase velocity variation along the flow direction for freely falling

particles for a diameter of (a) 400 µm, (b) 200 µm compared with [102].

very good agreement, thereby demonstrating that the solver is capable of simulating

dilute laminar gas-particle flows.

These two test cases together conclusively demonstrate that the implementation

of one-way coupling in the proposed flow solver is indeed correct and the solver can

be used to simulate dilute laminar gas-particle flows quite accurately.
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3.2 Validation for two-way coupling

As already discussed, two-way coupling refers to the flow situation where both gas

and particle phases have effect on each other. The test case of dispersed laminar

gas-particle flow over a two dimensional backward facing step has been considered

in order to study the two-way coupling characteristics of the proposed flow solver.

It is to be marked that in this case, the interactions of both the phases on each other

are taken into account. However, particle-particle and particle-wall interactions are

not considered.

The problem of dispersed laminar gas-particle flow past a backward facing step

(given in Barton [38]) is simulated using the flow solver. The schematic of the

domain has been shown in Fig. 3.5. In this problem, an entrance length of 3h is

added to prevent downstream effects travelling upstream, where h is the height of

the step with the main channel being 32h long. Figure 3.5 also illustrates the lower

recirculation length x1 and upper recirculation lengths x2 and x3 respectively inside

the domain. A flow situation is considered where both the phases have an equal

1

Wall

Wall

Wall

S
te

p

O
ut

le
tIn

le
t

3

2

32h3

h
h

h

x

x

x

Figure 3.5: Schematic of the backward facing step problem

inlet velocity of 1 m/s. The ratio of the particle density to the fluid density is taken

to be equal to 10 as given in [38]. The flow Reynolds number based on the channel

height (h) is chosen as 400. A grid with 7600 quadrilateral cells is used to discretize

the domain with clustering near the solid boundaries. Simulations are carried out to

study the variations of recirculation lengths with Stokes number (St) at a constant

particle phase volume fraction (αs) of 0.0005 and the variations of recirculation

lengths with particle phase volume fraction (αs) at a particular Stokes number (St)
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of 10−3. The results obtained from the present solver have been compared with those
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Figure 3.6: Variations in the recirculation lengths (a) with Stokes number at volume

fraction 0.0005, (b) with particle phase volume fraction at Stokes number 10−3;

compared with [38].

obtained by Barton [38] in Fig. 3.6 (a) and (b). The variation of recirculation length

(xc) with St for αs=0.0005 has been shown in Figs. 3.6 (a) and the variation of xc

with αsfor St=10−3 has been shown in Fig. 3.6 (b). It can be seen from the plots

that the agreement is excellent which validates the developed solver for gas-particle

flows with two-way coupling.

3.3 Validation for three-way coupling

The importance of three-way coupling for practical flow problems including gas-solid

fluidized beds makes it necessary to perform validation studies of the flow solver to

check its ability to handle particle-particle and particle-wall interactions. Kinetic

theory for granular flows (KTGF) model is incorporated into the flow solver to take

account of particle-particle and particle wall interactions. It has been observed that

in case of dense flow situations, the frictional stresses generated due to the contact

of the particles become very high. In these cases, KTGF alone is not sufficient to

adequately describe the flow. So, in addition to KTGF, frictional stress model is
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also incorporated into the solver to take care of the stresses generated due to close

packing of particles in case of dense flow situations. The following test cases have

been considered for performing validation studies of the proposed flow solver for

three-way coupling.

3.3.1 Dispersed laminar gas-particle flow through a vertical

channel

Simulations of dispersed gas-particle flow in a vertical channel of height H and width

W are performed as carried out by Passalacqua and Fox [43]. The schematic of the

channel is shown in Fig. 3.7. In this problem, the inlet velocity of both the phases

W

g

Outlet

W
al

l

H

Inlet

W
al

l

Figure 3.7: Schematic of vertical channel used for validation of three-way coupling.

is fixed at 2.0 m/s and the flow Reynolds number is set equal to 1378 which is lower

than its transition value to turbulence for a single-phase flow between two parallel

plates. The flow Reynolds number is adjusted by changing the viscosity of the carrier

phase. The gas phase is considered to be air with density equal to 1.2 kg/m3 and

particle phase has a density of 1500 kg/m3. The height of the channel (H) is 1 m

and width (W ) is 0.1 m. The domain is meshed with 2000 quadrilateral cells as

given in [43]. Numerical simulations for a set of particles having a value of particle

Stokes number 0.61 has been carried out. The corresponding particle diameter based

on this value of Stokes number is 252 µm. The simulations are performed for two

different values of inlet particle phase volume fractions 0.0001 and 0.01. The value of
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particle-particle restitution coefficient (e) is set to unity (perfectly elastic collisions)

and the walls are considered to be specularly reflective (with the value of φ set to

zero). Both drag and gravity have been considered in the simulations. The steady

state gas and particle velocity profiles are compared at midplane (H=0.5 m) of the

channel (as shown in Figs. 3.8(a) and (b)) with those given in [43] and a reasonably

good agreement is observed with the results in published literature.
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Figure 3.8: Comparison of plots of steady state (a) gas velocity, (b) particle velocity

in the midplane of the vertical channel with [43].

3.3.2 Dispersed laminar gas-particle flow through a hori-

zontal channel

In the previous test case, the value of particle-particle restitution coefficient (e) is

set to unity (perfectly elastic collisions) and walls are considered to be specularly re-

flective (the value of φ is set to zero). So, in order to check the capability of the flow

solver to handle inelastic particle-particle collisions as well as finite wall roughness,

a test case of dispersed gas-particle flow through a horizontal channel is considered.

The schematic of the channel is shown in Fig. 3.9. The length of the channel (L)

is considered to be 0.4 m and width (W ) is considered as 0.155 m. The gas phase

density is considered to be equal to 1.2 kg/m3 and the particle phase has a density
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Figure 3.9: Schematic of horizontal channel used for validation of the solver with

three-way coupling.

of 2500 kg/m3. Numerical simulations are carried out in this horizontal channel for

an inlet particle phase volume fraction of 0.1. The value of specularity coefficient

(φ) is considered to be equal to 0.3 and the value of particle-particle restitution

coefficent (e) is taken to be 0.9. Both phases are considered to enter the channel

with a velocity equal to 1 m/s. The flow Reynolds number based on the channel

width is considered to be equal to 200.

Simulations are carried out using a non-orthogonal grid, shown in Fig. 3.9,

having 5606 triangular cells in order to check the capability of the developed solver

to handle non-orthogonal unstructured grids. The steady state gas and particle

Figure 3.10: Grid with 5606 triangular cells used for the validation of three-way

coupling.

velocity profiles as well as particle volume fraction profiles at the midplane of the

channel (H=0.2 m) obtained from the present solver are compared in Figs. 3.11 (a),

(b), (c) with those obtained from Ansys Fluent [78] using the same set of simulation

parameters and computational grid. The results show a very good agreement. Also,

the contours of steady state gas and particle velocities obtained from both the solvers

are shown in Figs. 3.12 (a) and (b) and an overall excellent agreement can be seen

TH-1810_126103008



62 Validation of the flow solver

Gas velocity ug(m/s) 

y 
(m

)

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
0

0.05

0.1

0.15

Present
Ansys Fluent V14.5

Particle velocity us (m/s)

y 
(m

)

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

0.05

0.1

0.15

Present
Ansys Fluent V14.5

(a) (b)

Particle volume fraction (αs)

y 
(m

)

0.02 0.04 0.06 0.08 0.1 0.12
0

0.05

0.1

0.15

Present
Ansys Fluent V14.5

(c)

Figure 3.11: Comparison of plots of steady state (a) gas velocity, (b) particle velocity,

(c) particle phase volume fraction at the midplane of the channel obtained from

present simulations and Ansys Fluent

from the results obtained from both the solvers. Both in Figs. 3.11 and 3.12, a good

agreement can be seen in the solutions obtained from both the solvers. These two

test cases show that the developed solver can give accurate solutions for gas-particle

flows with three-way coupling with KTGF model.
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(a)

(b)

Figure 3.12: Comparison of contours of steady state (a) gas velocity, (b) particle

velocity (in m/s) obtained from present simulations and Ansys Fluent

3.3.3 Settling suspension under the effect of gravity

This problem discusses the homogeneous settling of a gas-particle suspension inside

a vertical column under the effect of gravity. In order to examine the ability of the

solver to handle flows where there is a rapid variation of particle volume fraction,

this problem has been taken up. The physical parameters of this problem are taken
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from Passalacqua and Fox [103]. The schematic of the problem is shown in Fig.

3.13 which shows a vertical channel of length L=0.3 m and width W=0.05 m, with

an initial particle volume fraction equal to 0.3 in the whole domain. The simulation
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Figure 3.13: The schematic diagram of the domain of settling suspension.

parameters have been listed in Table 3.1.

Table 3.1: Parameters used for simulation of the settling suspension case

Simulation parameters Values

Channel height (H) 0.3 m

Channel width (W ) 0.05 m

Initial Particle volume fraction (αs) 0.3

Gas density (ρg) 1.2 kg/m3

Particle density (ρs) 2000 kg/m3

Particle diameter (ds) 400 µm

Particle restitution coefficent (e) 0.9

Maximum packing limit (αs,max) 0.63

Minimum volume fraction (αs,min) 0.5
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When this case was simulated using the flow solver for three-way coupling but

employing only the KTGF model, it has been found that the simulation ran only

upto 0.0514 s of physical time and after which the linear system of equations pertain-

ing to phase velocities and volume fraction did not converge leading to a numerically

unstable solution procedure. The volume fraction contours for this case upto 0.05 s

have been shown below.

(a) (b) (c) (d)

Figure 3.14: Contours of instantaneous particle volume fractions obtained at (a)

t=0 s, (b) t=0.01 s, (c) t=0.03 s, (d) t=0.05 s using only KTGF

It can be observed from Fig. 3.14 that the particles tend to fall due to gravity

and as a result, the particle volume fraction at the bottom increases very quickly

with time. The reason behind the inability of the solver to go beyond 0.0514 s of

simulation time is that after 0.05 s (as seen in Fig. 3.14 (d)), the volume fraction

tends to reach a value equal to the maximum packing limit (αs,max) which leads to

unphysically high value of radial distribution function (g0, Eq. 2.18) which in turn

makes the simulations unstable. This clearly shows that the KTGF model alone can

not handle dense gas-particulate flows where particle volume fraction is close to the

packing limit.

To overcome this difficulty, it is necessary to incorporate the frictional stress

model into the solver in addition to KTGF. In this model, as described in Section

2.3, frictional solid pressure (ps,f) and frictional solid phase viscosity (µs,f) are de-
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fined and added to the solid pressure (ps) and and particle phase shear viscosity(µs)

which are calculated from KTGF, when the particle volume fraction exceeds min-

imum volume fraction (αs,min). The problem is simulated again using KTGF in

conjunction with the frictional stress model and it has been found that the fric-

tional stress model helps in keeping the particle phase volume fraction within the

packing limit and the simulations can be run for the desired period of time. After

overcoming this difficulty, this problem is simulated again with the flow solver using

orthogonal, non-orthogonal and hybrid grids and in all the three grids, the number

of cells have been kept closer to that used by Passalacqua and Fox [103] such that

the results can be compared with those given in [103].

The instantaneous contours of particle phase volume fraction for each of the

three grids are shown in Figs. 3.15, 3.16 and 3.17 upto a physical time of 0.6 s.

(a) (b) (c) (d) (e) (f) (g)

Figure 3.15: (a) Computational grid with orthogonal quadrilateral cells, contours of

particle phase volume fractions obtained at (b) t=0.1 s, (c) t=0.15 s, (d) t=0.2 s,

(e) t=0.25 s, (f) t=0.3 s, (g) t=0.6 s; from the grid having orthogonal quadrilateral

cells.

For each of the three grids, similar variations in the contours of the particle phase

volume fraction can be observed with time. The particle phase starts to settle at

the bottom of the column where the volume fraction quickly increases and reaches a

value very close to the packing limit (αs,max). At physical time t=0.3 s, the particle

phase gets completely settled and hence, there is no significant variation of volume
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(a) (b) (c) (d) (e) (f) (g)

Figure 3.16: (a) Computational grid with triangular cells, contours of particle phase

volume fractions obtained at (b) t=0.1 s, (c) t=0.15 s, (d) t=0.2 s, (e) t=0.25 s, (f)

t=0.3 s, (g) t=0.6 s; from the grid having triangular cells.

(a) (b) (c) (d) (e) (f) (g)

Figure 3.17: (a) Computational grid with hybrid cells, contours of particle phase

volume fractions obtained at (b) t=0.1 s, (c) t=0.15 s, (d) t=0.2 s, (e) t=0.25 s, (f)

t=0.3 s, (g) t=0.6 s; from the grid having hybrid cells.

fraction contours taking place afterwards in each of the three grids shown in Figs.

3.15, 3.16 and 3.17. Also, the variation of particle phase volume fraction along

the vertical centerline of the channel at different time instances obtained from the
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present computations are compared with those obtained from Passalacqua and Fox

[103] in Figs. 3.18 (a), (b) and (c) who solved it using open source code OpenFOAM

[79]. It can be observed from that the variation of centerline particle volume fraction
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Figure 3.18: Comparison of axial particle phase volume fraction profile along the

centerline at (a) t=0.1 s, (b) t=0.15 s, (c) t=0.6 s with [103].

predicted by the present solver (with both orthogonal and non-orthogonal grids) at

different time instances match well with the results shown in [103]. Hence, it can be
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said that the developed solver has the ability to accurately predict the rapid changes

in particle phase volume fractions in the proximity of maximum packing limit.

Check for mass conservation

In order to assess the ability of the flow solver to conserve mass discretely, the

variation of total mass with time is studied for the settling suspension problem

discussed herein. Since the problem has no particles entering or leaving the flow

domain, so the total mass of the particles in the domain should necessarily remain

constant. Table 3.2 shows the comparison of total mass of particles obtained after

5 s (50,000 time steps) of physical time with the initial total mass on all the three

grids used for the simulations. Also, Fig. 3.19 shows the variation of total mass

with time upto 1.5 s of physical time. It can be seen from both Table 3.2 and Fig.

3.19 that the percentage error between the initial and the final mass of the particles

lie in the range of 10−5 for all the three grids which conclusively demonstrates the

discrete mass conservation of the developed flow solver.

Table 3.2: Variation of total mass of the particles with time

Type of cells
Minitial (kg)

(a)

Mfinal (kg)

(after 5 s) (b)

% error

(b-a)/a×100

quadrilateral 0.450000031 0.450000267 5.24 × 10−5

triangular 0.450000031 0.450000279 5.51 × 10−5

hybrid 0.450000031 0.450000287 5.68 × 10−5

These three test cases discussed herein clearly show the proper implementation of

three-way coupling with KTGF model to take care of particle-particle and particle-

wall interactions and and the need to incorporate frictional stress model to handle

dense gas-particulate flows.
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Figure 3.19: Variation of total mass of the particles with time for three different

types of cells

3.4 Closure

In this chapter, a detailed validation of the developed gas-particulate flow solver has

been presented. The solver has been developed indigenously and hence, significant

efforts have been made to validate the flow solver at each stage in a careful man-

ner. Studies have been performed for assessing the capability of the flow solver to

handle all flow conditions (ranging from dilute to dense) with large density parti-

cles. The need for using the frictional stress model for dense gas-particulate flows is

demonstrated and it has been found from the validation studies that the flow solver

can accurately compute dilute, dispersed and dense gas-particulate flows for a wide

range of flow scenarios.
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Chapter 4

Dispersed laminar gas-particle

flows through vertical and

horizontal channels

Particle diameter (Stokes number), particle density and inlet particle phase volume

fraction are some parameters which greatly influence the flow physics of dispersed

gas-particle flows. In this chapter, using the developed solver, an extensive study

of dispersed gas-particle flows through vertical and horizontal channels considering

two-way coupling between the phases is carried out in order to both qualitatively

and quantitatively investigate the effects of these parameters on the overall hydrody-

namics of this type of flows. Also a detailed study is carried out in order to find out

the effects of ‘inlet slip’ (or difference of phase velocities at inlet) on the flow physics

inside a horizontal channel. The effects of both gas inlet velocity being greater than

particle inlet velocity and vice-versa have been studied keeping all other parameters

constant. A detailed analysis of the influence of all these parameters on the flow

physics of dispersed gas-particle flows are presented based on the obtained results.

The contents in this chapter have been published as Kotoky, S., Dalal, A., and Natarajan, G.,

2018, “A parametric study of dispersed laminar gas-particle flows through vertical and horizontal

channels”, Advanced Powder Technology, vol. 29 (5), pp. 1072-1084.

TH-1810_126103008



72 Dispersed laminar gas-particle flows through vertical and horizontal channels

4.1 Problem definition

In order to investigate the effects of particle diameter and inlet particle phase volume

fraction on the hydrodynamics of dispersed laminar gas-particle flows, a vertical

channel of height (H) 0.4 m and width (D) of 0.155 m is considered as shown in

Fig. 4.1. Each of the phases is allowed to enter the channel with a velocity of 1

g

y

Outlet

D

x

Inlet

HW
al

l

W
al

l

Figure 4.1: Schematic of the vertical channel used to study effects of particle diam-

eter and inlet particle volume fraction.

m/s. Gravity is acting vertically downward opposite to the flow direction. The flow

Reynolds number based on the channel width (D) is taken to be 200. The gas phase

is considered to be air with density 1.2 kg/m3. The simulations are carried out for

two sets of particles having densities of 500 kg/m3 and 1000 kg/m3 respectively. In

order to study the effects of particle diameter on the flow physics inside the channel,

the simulations have been carried out for three values of particle diameters (ds= 100

µm, 300 µm and 500 µm) for an inlet particle phase volume fraction equal to 0.01,

for both the values of particle densities. On the other hand, simulations are carried

out for three values of inlet particle phase volume fraction (αs=0.0001, 0.001 and

0.01) for a particle diameter of 300 µm in order to study the effects of change of

inlet particle phase volume fraction on the hydrodynamics. A two-way coupling is

considered between the phases. A grid of 2480 uniform quadrilateral cells is used

for the simulations. The drag model of Gidaspow [86] is used for the simulations.

The simulation parameters are listed in Table 4.1.
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Table 4.1: Parameters used for simulations of dispersed gas-particle flow through

vertical channel

Simulation parameters Values

Channel length (H) 0.4 m

Channel height (D) 0.155 m

Inlet gas velocity (vg) 1.0 m/s

Inlet particle velocity (vs) 1.0 m/s

Inlet Particle volume fraction (αs) 0.0001, 0.001, 0.01

Gas density (ρg) 1.2 kg/m3

Particle density (ρs) 500, 1000 kg/m3

Particle diameter (ds) 100, 300, 500 µm

Flow Reynolds number (Re) 200

4.2 Study of effects of particle diameter

In order to investigate the effects of particle diameter on the hydrodynamics of gas-

particulate flows, three values of particle diameter 100 µm, 300 µm and 500 µm are

considered for the simulations. The resulting effects of change of particle diameter on

the steady phase velocity profiles are studied keeping all other simulation parameters

constant.

4.2.1 Effects on steady state particle velocity profiles

Table 4.2 shows the values of maximum steady state velocities attained by the

particle phase inside the channel for the two different values of particle densities

of 500 kg/m3 and 1000 kg/m3 respectively and for the above mentioned values of

particle diameters. A gradual decrease in the value of the maximum steady state

particle velocity can be observed inside the channel with increase in particle size for

both the values of densities. Furthermore, Fig. 4.2 shows the variation of steady

state particle velocity profiles at the midplane (H=0.2 m) of the channel for a

TH-1810_126103008



74 Dispersed laminar gas-particle flows through vertical and horizontal channels

Table 4.2: Maximum particle velocity inside the channel for particles of different

sizes at constant inlet volume fraction of 0.01

Case
Particle density

(kg/m3)

Particle diameter

(µm)

Max particle velocity

(m/s)

1 500 100 1.14

300 1.11

500 1.06

2 1000 100 1.10

300 1.05

500 0.96

particle density of 1000 kg/m3 for three sets of particle diameters. It is evident from
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Figure 4.2: Variation of steady state particle velocity profiles at midplane of the

vertical channel with particle diameter for inlet particle volume fraction 0.01.

both Table 4.2 and Fig. 4.2 that as the particle diameter is increased from 100 µm

to 500 µm, the maximum steady state particle velocity at a particular section of the

channel decreases. This can be attributed to the fact that the motion of the particles

with larger diameters (or larger Stokes numbers) is more influenced by their inertia
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and gravitational forces than the inter-phase drag force acting between the phases.

Due to this high inertia and gravitational force as compared to the interphase drag

forces for higher diameter particles, the steady state particle velocity at a certain

section of the channel decreases with increase in particle diameter for a particular

inlet particle volume fraction.

4.2.2 Effects on steady state gas velocity profiles

The effects of change of particle diameter on the corresponding steady state gas

velocity profiles are also studied. The maximum steady state gas velocities obtained

for the above case are shown in Table 4.3. It can be seen in Table 4.3 that unlike

particle velocity, the maximum steady state gas velocity obtained inside the domain

tend to increase marginally with increase in particle diameter. Also, the variations

Table 4.3: Maximum gas velocity inside the channel for particles of different sizes

at constant inlet volume fraction

Case
Particle density

(kg/m3)

Particle diameter

(µm)

Max gas velocity

(m/s)

1 500 100 1.144

300 1.149

500 1.155

2 1000 100 1.11

300 1.117

500 1.129

of steady state gas velocity profiles at the midplane (H=0.2 m) of the channel for

a particle density of 1000 kg/m3 are shown for two sets of particle diameters of 100

µm and 500 µm in Fig. 4.3. It can be seen both in both Table 4.3 and Fig. 4.3

that as the particle diameter is increased keeping all other parameters constant, the

gas velocity at a certain particle phase density shows a gradual marginal increase

with particle diameter. It is due to the fact that particle velocity inside the do-

main decreases with increase in particle diameter, so for higher diameter particles,
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Figure 4.3: Variation of steady state gas velocity profiles at midplane of the vertical

channel with particle diameter at constant inlet particle volume fraction

the opposing drag force exerted by the particles on the gas phase decreases which

in turn increases the corresponding gas velocity with increase in particle diameter

inside the channel.

Figs. 4.4 (a) and (b) show the contours of steady state gas and particle velocity

respectively in the channel for particle density of 1000 kg/m3 and particle diameter

of 500 µm.

4.3 Study of effects of inlet particle phase volume

fraction

In order to study the effects of inlet particle phase volume fraction on the steady

state phase velocity profiles inside a vertical channel, the same channel (shown in

Fig. 4.1) is considered with the flow parameters discussed in Section 4.1. The

volume fraction of the particles at the inlet of the channel is varied from a lower

value of 0.0001 to a moderate value of 0.01 for particle densities of 500 kg/m3 and

1000 kg/m3 and particle diameter of 300 µm. The resulting effects of change of

inlet particle phase volume fraction on the steady phase velocity profiles are studied

keeping all other simulation parameters constant.
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(a) (b)

Figure 4.4: Contours of steady state (a) gas phase velocity and (b) particle phase

velocity for particle density of 1000 kg/m3 and diameter of 500 µm for inlet particle

phase volume fraction 0.01

4.3.1 Effects on steady state gas velocity profiles

The steady state gas phase velocity profiles at the midplane of the channel (H=0.2 m)

for density value of 500 kg/m3 are plotted in Fig. 4.5. It can be seen that as particle

phase volume fraction is increased from 0.0001 to 0.01, the steady state velocity

attained by the gas phase at midplane of the channel decreases. This can be at-

tributed to the fact that with increase in particle phase volume fraction, the amount

of drag acting on the gas phase increases as the interphase exchange term (Kgs) has

particle volume fraction (αs) in the numerator. This in turn reduces the steady

state maximum velocity of the gas phase at any section of the channel. It is also

noticeable that with increase is particle volume fraction, the gas phase velocity pro-

file changes its shape from a nearly parabolic one (for inlet particle volume fraction

0.0001) to a bit flattened one (for inlet particle volume fraction 0.01). Table 4.4

shows the values of maximum gas velocity obtained in the domain at steady state

for the above mentioned density and particle diameter values and for particle phase

volume fraction varying from 0.0001 to 0.01. The gradual decrease in the value

of maximum gas phase velocity inside the domain seen in Table 4.4 is due to the

increase of the magnitude of interphase drag force exerted by the particle phase on

the gas phase with increase in particle phase volume fraction.
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Figure 4.5: Variation of steady state gas velocity profiles at midplane of the vertical

channel with inlet particle volume fraction for particle diameter 300 µm

Table 4.4: Maximum gas velocity inside the channel for different inlet volume frac-

tions of particle phase at constant particle diameter of 300 µm

Case
Particle density

(kg/m3)

Particle volume fraction

(inlet)

Max gas velocity

(m/s)

1 500 0.0001 1.31

0.001 1.26

0.01 1.15

2 1000 0.0001 1.29

0.001 1.23

0.01 1.12

4.3.2 Effects on steady state particle velocity profiles

Like gas phase velocity, noticeable variations can also be observed in case of steady

state particle velocity with change in inlet particle phase volume fraction. Figure

4.6 shows the profiles of steady state particle velocity at the midplane (H=0.2 m)

of the channel. In Fig. 4.6, a gradual decrease of steady state particle velocity can
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Figure 4.6: Variation of steady state particle velocity profiles at midplane of the

vertical channel with inlet particle volume fraction for particle diameter 300 µm

be observed with increase in particle phase volume fraction. Also, the maximum

values of particle phase velocity obtained inside the channel for different inlet volume

fractions have been shown in Table 4.5. It can be seen from both Fig. 4.6 and

Table 4.5: Maximum particle velocity inside the channel for different inlet volume

fractions of particle phase at constant particle diameter of 300 µm

Case
Particle density

(kg/m3)

Particle volume fraction

(inlet)

Max particle velocity

(m/s)

1 500 0.0001 1.28

0.001 1.23

0.01 1.11

2 1000 0.0001 1.24

0.001 1.12

0.01 1.05

Table 4.5 that like gas velocity, steady state particle velocity inside the channel also

decreases with increase in the particle phase volume fraction at inlet. It is again
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due to the increase in the value of interphase momentum exchange coefficient (Kgs)

with increase in the value of particle phase volume fraction which in turn increases

the interphase drag exerted by the gas phase on the particles.

4.4 Study of effect of inlet slip between the phases

The term ‘inlet slip’ refers to the difference of the phase velocities at the inlet of the

domain. Depending on the way in which particles are introduced into the domain,

There may be a difference of velocity of the phases at the inlet in different real

situations like pneumatic conveying, solid transportation system etc. Hence, this

study has been taken up in the present work and the variations of phase velocities

and volume fractions in the domain have been studied with inlet slip for a particular

value of inlet particle phase volume fractions.

Problem definition

In this study, a two-dimensional horizontal channel of length L=0.4 m and height

H=0.155 m as shown in Fig. 4.7 is considered. The fluid phase is considered to

Wall boundary

Wall boundary

Inlet H    Outlet

L

Figure 4.7: Schematic of horizontal channel used to study the effects of inlet slip

between the phases.

be air with density 1.2 kg/m3 and the particulate phase density is taken to be 500

kg/m3. The inlet volume fractions of gas and particle phase are specified as 0.8 and

0.2 respectively. A no slip condition is specified for the carrier phase velocity at the

walls, while a free-slip condition is specified for the disperse phase velocity. Two-way

coupling is achieved between the phases by assuming that there is no momentum
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loss due to the collisions of the particles with the wall and particle-particle collisions

are perfectly elastic. The particle diameter is considered to be equal to 300 µm.

The slip is provided between the phases in two ways.

• Gas velocity (ug)=1.0 m/s and particle velocity (us)=0.5 m/s.

• Gas velocity (ug)=0.5 m/s and particle velocity (us)=1.0 m/s.

In both the cases, the flow Reynolds number based on the channel height and inlet

gas velocity is kept to be equal to 200. A uniform grid of 2480 quadrilateral cells

is used for the simulations. The changes in the steady state phase velocity and

volume fraction profiles as well as the mass flow rates of both phases are studied

and compared with the case when both the phases enter with the same magnitude

of velocity.

4.4.1 When gas velocity is greater than particle velocity at

inlet (ug>us)

Figure 4.8 (a) shows the comparison of steady state gas velocity profiles when (i)

both the phases enter the channel with same velocity (ug=us=1 m/s, no inlet slip

condition) and when (ii) particle velocity at inlet is less than the gas velocity (ug>us,

ug=1 m/s and us=0.5 m/s) at the midplane (H=0.2 m) of the channel. It can be

seen that although the inlet gas velocity for cases (i) and (ii) mentioned here are the

same, yet the steady state gas velocity obtained at the midplane of the channel is

less in case (ii) than that of case (i). It is due to the reason that in case (ii), as the

inlet particle velocity is less than the inlet gas velocity, there exists a tendency of the

gas phase to increase the particle phase velocity and hence there is more momentum

transfer from the gas phase to particle phase in this case than in the case of same

inlet velocities. As a result, the steady state gas velocity at any section for this case

is less than the case where there is same inlet velocity for both the phases. Table

4.6 shows the steady state mass flow rates at different sections of the channel and

it can be seen that the steady state mass flow rate for the gas phase remains the

same in both the cases (i) and (ii). But as the steady state gas phase velocity at any

section in case (ii) is lower than that of case (i), so the gas phase volume fraction

has to increase in order to keep the mass flow rate same in both the cases. Hence,

it can be seen in Fig. 4.8 (b) that the steady state gas phase volume fraction at the
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Figure 4.8: Comparison of plots of steady state (a) gas velocity,(b) gas volume

fraction and (c) particle volume fraction profiles in the midplane of the channel for

(i) ug=us=1 m/s; (ii) ug=1 m/s, us=0.5 m/s

midplane of the channel is greater in case (ii) than in case (i). Since at any section

of the channel, αg +αs=1, so, the corresponding steady state particle phase volume

fraction decreases for case (ii) than in case (i); as seen in Fig. 4.8 (c).
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Table 4.6: Steady state mass flow rates at different channel sections for ug>us at

inlet

Case
inlet x=0.1 m x=0.2 m

ṁg

(kg/s)

ṁs

(kg/s)

ṁg

(kg/s)

ṁs

(kg/s)

ṁg

(kg/s)

ṁs

(kg/s)

(i) ug = us=1 m/s 0.00124 0.155 0.001238 0.15491 0.001239 0.15484

(ii) ug=1 m/s,

us=0.5 m/s
0.00124 0.0775 0.001236 0.07701 0.001234 0.07699

4.4.2 When particle velocity is greater than gas velocity at

inlet us>ug)

In this case, the carrier phase, i.e., the gas phase inlet velocity is less than the

dispersed phase inlet velocity. In this case also, a distinct difference between the

steady state particle velocity profiles can be observed for the cases when (i) both the

phases enter the channel with same velocity (ug=us=1 m/s, no inlet slip condition)

and when (ii) particle velocity at inlet is greater than the gas velocity (ug=0.5 m/s

and us=1 m/s), as seen in Fig. 4.9 (a). It can be seen that although the inlet particle

velocity for cases (i) and (ii) mentioned above are same, yet the steady state particle

velocity obtained at the midplane of the channel is less in case (ii) than that of case

(i). It is due to the fact that in case (ii), as the inlet particle velocity is more than the

inlet gas velocity, there exists a tendency of the gas phase to decrease the particle

phase velocity through the interphase drag force term which contains (ug-us) term.

As a result, the steady state particle velocity at any section for this case is less than

the case where there is same inlet velocity for both the phases. Table 4.7 shows the

steady state mass flow rates at different sections of the channel and it can be seen

that the steady state mass flow rate for the particle phase remains the same in both

the cases (i) and (ii). But as the steady state particle phase velocity at any section

in case (ii) is lower than in case (i), so the particle phase volume fraction has to

increase in order to keep the mass flow rate constant in both the cases. Hence, it can

be seen in Fig. 4.9 (b) that the steady state particle phase volume fraction at the

midplane of the channel is greater in case (ii) than in case (i). Since at any section
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Figure 4.9: Comparison of plots of steady state (a) particle velocity, (b) particle

volume fraction and (c) gas volume fraction profiles in the midplane of the channel

for (i) ug=us=1 m/s; (ii) ug=0.5 m/s, us=1 m/s

of the channel, αg + αs=1, so, the corresponding steady state gas phase volume

fraction decreases for case (ii) than in case (i); as seen in Fig. 4.9 (c).
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Table 4.7: Steady state mass flow rates at different channel sections for us>ug at

inlet

Case
inlet x=0.1 m x=0.2 m

ṁg

(kg/s)

ṁs

(kg/s)

ṁg

(kg/s)

ṁs

(kg/s)

ṁg

(kg/s)

ṁs

(kg/s)

(i) ug = us=1 m/s 0.00124 0.155 0.001238 0.15491 0.001239 0.15484

(ii) ug=0.5 m/s,

us=1 m/s
0.00062 0.155 0.000619 0.15483 0.000616 0.15480

4.5 Closure

In this chapter, a detailed parametric study of dispersed laminar gas-particle flows

assuming a two-way coupling between the phases has been carried out using the flow

solver. The variations in the steady state phase velocities and phase volume fraction

profiles have been studied quantitatively for variations in particle diameter as well as

inlet particle phase volume fractions in case of dispersed gas-particle flows through

a vertical channel. Studies have also been carried out in order to find out the effects

of ‘inlet-slip’ on the steady state phase velocity and volume fraction profiles in case

of horizontal channels. Distinguishable variations in steady state phase velocities

and volume fraction profiles have been observed in both the cases.
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Chapter 5

Effects of specularity and

restitution coefficients on the

hydrodynamic behavior of flows

through horizontal channels

Particle-wall interactions (quantified by specularity coefficient, φ) and particle-particle

interactions (quantified by restitution coefficient, e) have significant influence on the

overall flow characteristics of dispersed gas-particle flows. In this chapter, using the

developed solver, a study has been carried out to investigate the effects of φ and

e on the overall hydrodynamics of dispersed gas-particle flows through horizontal

channels. Also, investigations have been carried out to find out the φ-e pair for

which the phase velocities become an extremum. In addition to these, The variation

in the wall shear stress of both the phases with change in the value of φ has also been

studied. It has been observed in literature that very few studies are available till

date where the quantitative effects of variations of these two parameters have been

studied individually (as done by Loha et al. [73, 74] for bubbling gas-solid fluidized

The contents in this chapter have been published as Kotoky, S., Dalal, A., and Natarajan, G.,

2018, “Effects of specularity and particle-particle restitution coefficients on the hydrodynamic be-

havior of dispersed gas-particle flows through horizontal channels”, Advanced Powder Technology,

vol. 29(4), pp. 874-889.
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beds) as well as in combination for dispersed gas-particle flows through horizontal

channels. Moreover, discussions on the consequent effects of variation of these two

parameters on the steady state phase velocities, volume fractions as well as on the

wall shear stress profiles are also very limited. With these motivations in mind, in

this chapter, a detailed parametric study has been carried out to investigate the

effects of variation of φ and e on the phase velocitites and volume fraction profiles

inside a horizontal channel. In addition to these, the variation in the wall shear

stress of both the phases with the variation of φ has also been studied.

5.1 Problem definition

The present investigations focus on a thorough parametric study of dispersed gas-

particle flows through horizontal channels considering a three-way coupling between

the phases in order to determine the effects of specularity coefficient (φ) and particle-

particle restitution coefficient (e) on the flow physics inside the channel. To this end,

simulations are carried out in a horizontal channel of length L=0.4 m and width W=

0.155 m as shown in Fig. 5.1. The gas phase is considered to be air with a density

y

x

W Outlet
 

Inlet

Wall

Wall

L

Figure 5.1: Schematic of horizontal channel used to study the effects of specularity

coefficient and particle-particle restitution coefficient.

of 1.2 kg/m3 whereas the particle phase is considered to have a density of 2500

kg/m3 and the particle diameter is considered to be 530 µm. This value of particle

density and particle diameter corresponds to Geldart B [16] group of particles. The

flow Reynolds number based on the channel width is considered to be equal to 200.

In order to investigate the effects of φ on the flow behavior, simulations have been
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carried out for three values of φ (φ=0.0, 0.5 and 0.8) for an inlet particle volume

fraction value of 0.1 and at a fixed value of e=0.9. Similarly, the effects of e have

been studied by varying its value from 0.99 to a value of 0.8 for an inlet particle

volume fraction of 0.1 and at a value of φ=0.5. These values for φ and e have been

selected for simulations because the previously reported works involving simulation

of Geldart B particles like [73, 74] have used the values of φ and e in this range and

obtained comparable results with available experimental data for bubbling gas-solid

fluidized beds. Also, a study is performed for different combinations of values of

φ and e in order to find the combined effect of the two parameters on the overall

hydrodynamics of gas-particle flows through a horizontal channel. Finally, a study

on the variation of wall shear stress of both the phases with wall-roughness has been

taken up. In this regard, simulations have been carried out for the above mentioned

three values of φ at a value of e=0.99 and a detailed analysis of the obtained results

have been carried out thereafter. The simulation parameters are listed in Table 5.1.

Table 5.1: Parameters used for simulation for dispersed gas-particle flow through

horizontal channel

Simulation parameters Values

Inlet gas velocity (ug) 1.0 m/s

Inlet particle velocity (us) 1.0 m/s

Inlet Particle volume fraction (αs) 0.1

Gas density (ρg) 1.2 kg/m3

Particle density (ρs) 2500 kg/m3

Particle diameter (ds) 530 µm

Flow Reynolds number (Re) 200

Specularity coefficient (φ) 0, 0.5, 0.8

Particle restitution coefficent (e) 0.99, 0.9, 0.8
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5.2 Grid independence study

Several researchers like Gelderbloom et al. [104], Jung et al. [105] have done studies

to find out the appropriate grid size for bubbling fluidized beds involving gas-particle

flows. Gelderbloom et al. [104] concluded that when the grid size is of the order

of ten times the particle diameter, the bubble size computed with that grid showed

closer agreement with experimental results. So, in the present study, grid indepen-

dence study has been carried out to investigate if this observation holds good for

the test case studied herein. In this regard, three grids with different number of

volumes have been used; the first one is of size 60 × 21 (where the cell size is more

than ten times of particle diameter), the second one is of size 80 × 31 (where the

cell size is of the order of ten times of particle diameter) and third one is of size

120 × 51 (where the cell size is much smaller than ten times of particle diameter).

Considering e=0.9 and φ=0.5, simulations are carried out using the three meshes

and the steady state particle velocity and particle volume fraction profile at the

midplane of the channel are compared for the three grids in Fig. 5.2. It can be

(a) (b)

Figure 5.2: Plots of steady state (a) particle velocity, (b) particle phase volume

fraction profiles at midplane of the channel for different grid sizes.

seen that there is no significant difference among the particle velocity profiles ob-

tained using the three different grids and that the profile obtained from the 80 ×
31 grid lies in between the profiles obtained from 60 × 21 and 120 × 51 grids for

particle velocity. In case of particle phase volume fraction, the 60 × 21 grid seems
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to overpredict near the walls, while there is no significant difference in the steady

state particle phase volume fraction profiles for the other two grids. Figures 5.2(a)

and (b) clearly show that the difference in the particle phase velocity and volume

fraction profiles obtained from the 80 × 31 grid with that obtained from 120 × 51

grid is very less and hence, without sacrificing significant amount of accuracy, The

simulations performed in this study are performed using a grid of size 80 × 31.

5.3 Effects of variation of specularity coefficient

In order to study the effect of specularity coefficient (φ) on the flow characteristics

of dispersed laminar gas-particle flows, simulations are carried out in the channel

shown in Fig. 5.1 based on the parameters mentioned in Table 5.1. For an inlet

particle phase volume fraction of 0.1, the value of φ is varied from zero (for free-

slip wall boundary condition) to a value equal to 0.8 (which means that 80% of

particle momentum is lost due to collision with the wall) for a particular value of

e=0.9 (corresponding to 10% loss of particle momentum due to particle-particle

collisions). The variations of gas and particle velocities as well as particle volume

fraction profiles with variation of φ have been studied for that particular value of e.

5.3.1 Effect on particle velocity profiles

The particle velocity profiles at the midplane of the channel (x=0.2 m) for an inlet

particle phase volume fraction of 0.1 are plotted for φ=0, 0.5 and 0.8 at a particular

value of e=0.9; as shown in Fig. 5.3. It is observed that particle velocity near the

wall is maximum for φ=0 as in this case, there is no loss of particle momentum due

to particle-wall collisions. With increase in the value of φ, the particle velocity near

the wall gets decreased. As the steady state particle velocity near the wall at any

section of the channel decreases with increase in the value of φ, so to compensate

this loss in velocity and to make the net steady state mass flow rate remain constant

at a particular section, the value of particle velocity increases near the centerline of

the channel where there is little wall effect. In Fig. 5.3, it can be well understood

that the maximum value of the steady state particle velocity is obtained for φ=0.8

at a particular value of e. It can also be observed from Table 5.2 that the maximum

particle velocity in the domain is obtained when the value of φ is maximum and
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Figure 5.3: Variation of steady state particle velocity profiles with φ at the midplane

of the channel for e=0.9.

the minimum particle velocity in the domain is obtained when the value of φ is

minimum, at a particular value of e.

5.3.2 Effect on gas velocity profiles

The corresponding gas phase velocity profiles at the midplane of the channel (x=0.2

m) for the same value of inlet particle volume fraction of 0.1 are plotted for φ=0,

0.5 and 0.8 at a particular value of e=0.9; as shown in Fig. 5.4. For a particular

value of e, the gas velocity near the wall is maximum when φ=0 and it decreases as

the value of φ is increased. It is due to the reason that particle velocity is maximum

near the wall for φ=0 and since the interphase drag force term contains (us − ug)

term, so the tendency of the particle phase to increase the velocity of the gas phase

near the wall is also maximum when φ=0. Due to this, gas velocity near the wall at

any section of the channel is maximum for φ=0 and it decreases with increase in φ.

As the steady state gas velocity near the wall at any section of the channel decreases

with increase in the value of φ, hence to keep the steady state net mass flow rate at

a particular section of the channel constant, the gas velocity near the centerline of

the channel also increases like particle velocity, with increase in the value of φ. In

Fig. 5.4 and Table 5.2, it can be seen that at a particular value of e, the maximum

gas velocity in the domain can be obtained when the value of φ is maximum.
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Figure 5.4: Variation of steady state gas velocity profiles with φ at the midplane of

the channel for e=0.9.

Table 5.2: Maximum gas and particle velocity inside the channel for different values

of φ at a particular value of e

Case e φ Max gas velocity (m/s) Max particle velocity (m/s)

1 0.9 0.0 1.00754 1.00691

0.5 1.12 1.112

0.8 1.16 1.136

5.3.3 Effect on particle phase volume fraction profiles

The steady state particle phase volume fraction profiles at the midplane of the

channel (x=0.2 m) have been plotted in Fig. 5.5 for three values of φ=0, 0.5 and 0.8

and at a particular value of e=0.9. For φ=0 (free-slip condition), there is no loss of

particle velocity due to collisions with the wall or in other words, the particles can

move freely along the wall. As a result, the particles have a higher value of volume

fraction near the wall for φ=0. But as the value of φ is increased, the resistance to

the free motion of the particles along the wall also increases. So, it can be seen in

Fig. 5.5 that at a particular value of e, the value of particle phase volume fraction
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Figure 5.5: Variation of steady state particle volume fraction profiles with φ at the

midplane of the channel for e=0.9.

near the wall decreases when the value of φ increases. The particles which move

away from the wall tend to accumulate at some distance away from the wall where

wall effect is not influential and hence, it can be seen that for non-zero values of

φ, the particle volume fractions tend to increase as we move away from the wall

and becomes maximum at a certain distance from the wall. The maximum value of

particle volume fraction at the midplane of the channel is found to be obtained for

φ=0.8; at a particular value of e. At the central or core region of the channel which

is far away from the wall, steady state volume fractions for all the three values of φ

are almost same and equal to the inlet value of particle volume fraction.

5.4 Effects of variation of particle-particle resti-

tution coefficient

The value of particle-particle restitution coefficient (e) is a measure of the amount of

momentum lost due to collisions among the particles. A value of unity means that

no momentum is lost whereas, for eg., a value of e=0.8 denotes that 20% of particle

momentum is lost due to collisions. Now, in order to study the effects of variations

of e on the flow physics inside the channel, the same horizontal channel described

in Section 5.1 has been considered. Both the phases are considered to be entering

the channel with same velocity of 1 m/s with inlet particle phase volume fraction of
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0.1. The particle phase density is considered to be equal to 2500 kg/m3 whereas the

gas phase is considered to be air with a density of 1.2 kg/m3. The effects of e on

the flow physics have been studied for three different values (e=0.99, 0.9 and 0.8)

at a particular value of φ=0.5. The particle diameter is taken to be 530 µm.

5.4.1 Effect on particle velocity profiles

The variation in the steady state particle phase velocity profiles at the midplane of

the channel (x=0.2 m) with e are shown in Fig. 5.6 for a value of φ=0.5. As the
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Figure 5.6: Variation of steady state particle velocity profiles with e at the midplane

of the channel for φ=0.5.

value of φ is fixed, so there is negligible variation in the value of particle velocity at

the wall for all the values of e. But, there exists a difference in particle velocities

in the core region of the channel for different values of e. For e=0.99, the loss of

momentum due to particle-particle collisions is minimum. As a result, maximum

value of steady state particle velocity can be obtained at any section of the channel

for e=0.99. For e=0.8, the loss of momentum due to particle-particle collisions is

maximum out of the three values of e and so, steady state particle velocity at any

section of the channel is minimum for e=0.8. Hence, with increase of values of

e, particle velocity inside the domain increases. Table 5.3 shows that the particle

velocity obtained inside the channel is maximum when the value of e is maximum,

at a particular value of φ.
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5.4.2 Effect on gas velocity profiles

The corresponding steady state gas phase velocity profiles at the midplane of the

channel (x=0.2 m) obtained for the three values of e at a particular value of φ=0.5

are shown in Fig. 5.7. Also, the values of maximum gas velocities obtained inside

the domain are shown in Table 5.3. It can be observed that at a particular value
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Figure 5.7: Variation of steady state gas velocity profiles with e at the midplane of

the channel for φ=0.5.

of φ, as there is no variation in the particle velocity at the wall, so the drag force

acting on the gas phase near the wall for all the values of e is same and hence, the

steady state gas velocity near the wall is almost same for all the values of e. As

Table 5.3: Maximum gas and particle velocity inside the channel for different values

of e at a particular value of φ

Case φ e Max gas velocity (m/s) Max particle velocity (m/s)

1 0.5 0.99 1.16 1.148

0.9 1.12 1.112

0.8 1.105 1.09761
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discussed in Section 5.4.1, particle velocity us is maximum for e=0.99 and so the

tendency to increase the gas phase velocity also becomes maximum when e=0.99.

As a result, maximum gas velocity inside the channel is obtained for e=0.99 and it

decreases with decrease in the value of e. It can be seen from Table 5.3 that at a

particular value of φ, the gas velocity obtained inside the domain is maximum when

the value of e is maximum and it is minimum when the value of e is minimum.

5.4.3 Effect on particle phase volume fraction profiles

The steady state particle phase volume fraction profiles for different values of e at

the midplane of the channel (x=0.2 m) have been plotted in Fig. 5.8 for φ=0.5. As

discussed in Section 5.3.3, at a particular non-zero value of φ, the particle volume

fraction tends to increase as we move away from the wall to a local maximum value

for all the values of e and forms a peak as seen in Fig. 5.8. But this local maximum
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Figure 5.8: Variation of steady state particle volume fraction profiles with e at the

midplane of the channel for φ=0.5.

value of particle volume fraction is found to increase with increase in the value of

e. The reason behind this increase is that as the value of e is increased, the particle

velocity increases due to less loss of particle momentum due to particle-particle

collisions. In other words, the particles can move more freely and so, more and

more particles which get deflected by the wall tend to accumulate in that section as

the value of e is increased. Hence, the maximum peak value of steady state particle

volume fraction has been obtained for e=0.99. In the central or core region of the
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channel where wall effect is minimum, steady state volume fraction for all the three

values of e are almost same and equal to the inlet value of particle volume fraction.

A point worth noting is that the length of the region where steady state particle

phase volume fraction is constant and equal to the inlet value is minimum when

e=0.99 and it increases as the value of e decreases.

5.5 Comparison of results for different combina-

tions of φ-e pairs

In Sections 5.3 and 5.4, studies have been carried out in order to investigate the

effects of variations φ at a fixed e and e for fixed φ on the overall flow hydrodynamics

of dispersed gas-particle flows through horizontal channels. So, in this section, a

study is taken up in order to find combined effects of φ and e considering four

different combinations listed below.

• φ=0 (minimum), e =0.99 (maximum).

• φ= 0.8 (maximum), e =0.99 (maximum).

• φ=0 (minimum), e =0.8 (minimum).

• φ=0.8 (maximum), e =0.8 (minimum).

5.5.1 Comparison of particle phase velocity profiles

The steady state particle phase velocity profiles are plotted at the midplane of the

channel (x=0.2 m) for the above mentioned four cases and are shown in Figs. 5.9

(a), (b), (c) and (d). Distinct variations in the particle phase velocity profiles can

be observed in all the plots. It can be seen from Figs. 5.9 (a) and (c) that when

value of φ=0; there is no significant variation in the steady state particle velocity

when the value of e is varied from 0.99 to 0.8. Hence, it can be said that for φ=0,

variations in the values of e do not bring any significant variations in the steady

state particle velocity. But, when the value of φ=0.8, it can be seen from Figs. 5.9

(b) and (d) that when value of e is maximum, the particle velocity in that case is

also maximum. Again, for both e=0.99, 0.8; the particle velocity near the wall is
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Figure 5.9: Comparison of plots of steady state particle velocity profiles for (a) φ=0,

e=0.99; (b) φ=0.8, e=0.99; (c) φ=0, e=0.8 and (d) φ=0.8, e=0.8.
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maximum for φ=0 and it is minimum for φ=0.8. But the velocity near the centerline

of the channel is maximum for φ=0.8 for both the values of e. Table 5.4 shows the

maximum values of particle velocity obtained inside the domain and it can be seen

that out of the four combinations, the maximum value of particle velocity can be

obtained for the combination φ=0.8, e=0.99, i.e., when both the values of φ and e

are maximum.

5.5.2 Comparison of gas phase velocity profiles

The corresponding steady state gas phase velocity profiles are plotted at the mid-

plane of the channel (x=0.2 m) for the four sets of φ-e pairs in Figs. 5.10 (a), (b), (c)

and (d). It can be seen from Figs. 5.10 (a) and (c) that like particle velocity, when

the value of φ=0; there is no significant variation in the steady state gas velocity

when the value of e is varied from 0.99 to 0.8. But, when the value of φ=0.8, it can

be seen from Figs. 5.10 (b) and (d) that when value of e is maximum, the gas veloc-

ity in that case is also maximum. This is due to increase of the drag force exerted by

the particles on the gas which is due to the increase in the value of particle velocity

with increase in the value of e. Again, for both e=0.99, 0.8; the gas velocity near

the wall is maximum for φ=0 and it is minimum for φ=0.8. But the velocity near

the central region of the channel is maximum for φ=0.8 for both the values of e.

Table 5.4 shows the maximum values of gas velocity obtained inside the domain and

it can be seen that out of the four combinations, like particle velocity, the maximum

value of gas velocity can be obtained for the combination φ=0.8, e=0.99.

Table 5.4: Maximum gas and particle velocity inside the channel for different ex-

treme combinations of values of φ and e

Case φ-e pairs Max gas velocity (m/s) Max particle velocity (m/s)

1 φ=0, e=0.99 1.00802 1.00688

2 φ=0.8, e=0.99 1.21 1.19

3 φ=0, e=0.8 1.00749 1.00683

4 φ=0.8, e=0.8 1.138 1.129
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Figure 5.10: Comparison of plots of steady state gas velocity profiles for (a) φ=0,

e=0.99; (b) φ=0.8, e=0.99; (c) φ=0, e=0.8 and (d) φ=0.8, e=0.8.
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5.5.3 Comparison of particle phase volume fraction profiles

The steady state particle phase volume fraction profiles for the four sets of φ-e pairs

plotted at the midplane of the channel (x=0.2 m) are shown in Figs. 5.11 (a), (b),

(c) and (d). It can be observed from Figs. 5.11 (a) and (c) that when φ=0; there

is no significant variation of particle phase volume fraction along the midplane of

the channel and its value remains almost equal to the inlet value of particle phase
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Figure 5.11: Comparison of plots of steady state particle volume fraction profiles

for (a) φ=0, e=0.99; (b) φ=0.8, e=0.99; (c) φ=0, e=0.8 and (d) φ=0.8, e=0.8.
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volume fraction; for both maximum and minimum values of e. But when the value of

φ=0.8; there is significant variation of particle volume fractions for both the values

of e, as can be seen in Figs. 5.11 (b) and (d). For φ=0.8; the volume fraction of

the particle phase is minimum near the wall for both the values of e and tends to

increase upto a certain distance away from the wall. The maximum value of particle

volume fraction at the midplane of the channel is obtained for the combination of

φ=0.8 and e=0.99. It can also be observed that the length of the region where

steady state particle phase volume fraction is constant and equal to the inlet value

is smaller for e=0.99 as compared to e=0.8; at a value of φ=0.8.

5.6 Effect of drag models

In many previously published works like Visuri et al. [94], Loha et al. [17], Zinani

et al [76] etc., the effects of changing the drag model on the hydrodynamics of

fluidized beds have been discussed. So, investigations have been carried out in order

to examine whether changing the drag model has any effect on the problem discussed

herein. In this regard, simulations have been carried out for φ=0, 0.8 for a value of

e=0.9 and for e=0.8, 0.99 for a value of φ=0.8 using two well-known drag models

namely Gidaspow drag model [86] and Syamlal-OBrien drag model [90]. For all

these sets of values of φ and e, negligible changes in the phase velocity and volume

fraction profiles have been observed for the two drag models. The steady state

phase velocity and volume fraction profiles at the midplane of the channel (x=0.2

m) obtained by using both the drag models have been shown in Fig. 5.12 for one

set of values of φ=0.8 and e=0.9. It can be clearly observed from Fig. 5.12 that

for this particular flow situation, very little change occur in both steady state phase

velocities and volume fraction profiles due to the change in the drag model. Hence,

it can be concluded that changing the drag model for a particular set of values of φ

and e does not bring any significant changes in the flow physics of dispersed laminar

gas-particle flows through a horizontal channel.
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Figure 5.12: Comparison of plots of steady state (a) gas velocity, (b) particle velocity

and (c) particle phase volume fraction profiles for φ=0.8, e=0.9 for two different drag

models.
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5.7 Study of wall shear stress distribution of in-

dividual phases

5.7.1 Particle phase

The value of wall shear stress of the particle phase is calculated using the following

expression given by Johnson and Jackson [14].

τs,w = −π

6

αs

αs,max

φρsgo
√
3θus,w (5.1)

The steady state values of average wall shear stress for the particle phase have been

shown in Table 5.5 for different values of φ at a particular value of e=0.99. It can

be observed that with increase in the value of φ, the wall shear stress on the particle

phase increases which causes lower particle velocity near the wall for higher values

of φ.

Table 5.5: Value of average shear stress of the particle phase at the wall

Case e φ
τavg(-ve)

(kg/m-s2)

1 0.99 0.0 0

0.5 1.452

0.8 1.62

5.7.2 Gas phase

On the other hand, the gas phase wall shear stress is calculated using the formula

τw,gas = µg

∂ug

∂y

]

wall

= µg

ug,wall − ug,co

∆y
(5.2)

Where ug,wall is the velocity at a particular face on the wall boundary and ug,co

is the velocity of the gas phase at the cell center of the cell containing that face.
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∆y is the perpendicular distance between the cell center and the face center. At

the wall, the gas velocity is always zero due to no-slip boundary condition and the

value of ug,co is influenced by the corresponding particle velocity at the cell center.

As already discussed in Sections 5.3.1 and 5.3.2, the particle velocity near the wall

is maximum for φ=0 and it decreases with increase in the value of φ. Hence, gas

velocity near the wall also becomes maximum for φ=0 as the drag exerted by the

particles is maximum in this case. So, the value of ug,co becomes maximum for φ=0

and as a result, the value of the gradient ∂ug

∂y
at the wall also becomes maximum.

This is the reason why the magnitude of average wall shear stress of the gas phase

is maximum for φ=0; at a particular value of e; as seen in Table 5.6. With increase

in value of φ, due to decrease in particle velocity near the wall, the drag acting on

gas phase decreases and hence, gas velocity also decreases near the wall which tend

to lower the value of ∂ug

∂y
at the wall and as a consequence, it can be seen in Table

5.6 that average wall shear stress for gas phase decreases with increase in the value

of φ.

Table 5.6: Value of average shear stress of the gas phase at the wall

Case e φ
τavg(-ve)

(kg/m-s2)

1 0.99 0.0 0.2956

0.5 0.1726

0.8 0.1618

5.8 Closure

In this chapter, a detailed study on the effects of φ and e on the hydrodynamics of

dispersed gas-particle flows through horizontal channels have been presented. The

analysis indicates that at a particular value of e, both gas and particle velocities at

the centerline of the channel increase with increase in the value of φ, whereas near

the wall, they tend to decrease. At a fixed non-zero value of φ, both gas and particle
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velocities tend to increase with increase in the value of e. For φ=0, which corresponds

to free-slip boundary condition for particle velocity, there is no significant variation

in gas and particle velocities with changes in e. Out of all combinations of values

of φ and e investigated herein, it is found that both gas and particle velocity attain

a maximum value when both the values of φ and e are maximum. The value of

average wall shear stress for the particle phase increases with increase in the value

of φ whereas, for the gas phase, it decreases with increase in the value of φ.
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Chapter 6

Effects of particle-particle and

particle-wall interactions on

recirculating flows through a

sudden expansion

Separation and recirculation flow phenomena are greatly abundant in many natural

as well as engineering applications. From the point of view of fluid mechanics,

whenever there is an expansion in the area of cross-section of the flow, generally

there is a flow separation and a recirculation zone is obtained. The best examples

are flow over a backward facing step or flow through a sudden expansion. Dispersed

gas-particle flows have applications in coal combustors, cyclone separators, air filters

where there exist possibilities of flow separation. In this chapter, a detailed study

is carried out in order to investigate the effects of particle-particle and particle-wall

interactions on recirculating gas-particulate flows through a sudden expansion. The

stretching or shrinking of recirculation zone which depends on the values of particle-

particle restitution coefficient (e) and specularity coefficient (φ) could be vital in the

design of gas-solid separators and air filters where there exists a distinct possibility

of flow separation. So, as a first step towards better understanding the complex flow

dynamics of such flow situations, this study has been taken up in this chapter.
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6.1 Problem definition

The present investigations are targeted at an extensive study of dispersed gas-

particle flows through a sudden expansion in order to determine the effects of

particle-wall and particle-particle interactions on the recirculation lengths. To fulfill

this objective, a two-dimensional planer sudden expansion has been considered as

a representative geometry as shown in Fig. 6.1. The height of the inlet channel is
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Figure 6.1: Schematic of the sudden expansion geometry considered for the simula-

tions.

taken to be h=0.05 m, while the step height is considered as 0.035 m. The height

of the channel at the outlet is taken as 2.4h. The gas phase is air with a density of

1.2 kg/m3 whereas the particle phase has a density of 500 kg/m3 and the diameter

of the solid particles is taken as 530 µm. Both the phases enter the domain with

equal velocity of 1 m/s with the particle volume fraction equal to 2% at the inlet.

The flow Reynolds number is taken to be 200 based on the height of the channel

outlet. The entrance length is taken to be equal to 4h while the length of the main

channel is taken as 30h. It has been observed that for this geometry and flow and

fluid parameters, the resulting flow remains symmetric and in the laminar regime.

Therefore, in order to save computational time, only half of the domain has been

solved in all studies. Simulations have been carried out for five different values of e

(e=0.99, 0.95, 0.9, 0.85 and 0.8), ranging from very close to perfectly elastic colli-

sions (e=0.99) to highly inelastic collisions (e=0.8) and at a fixed value of φ=0.2 in

order to investigate the influence of the change in the value of e on the recirculation

characteristics. Likewise, at a fixed value of e=0.85, simulations are carried out for

five different values of φ (φ=0, 0.2, 0.5, 0.8 and 1), ranging from a free-slip boundary
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condition (φ=0) to a no-slip boundary condition (φ=1) for particle velocity in order

to examine if and by how much changes in the values of φ while keeping all other

parameters invariant can influence the recirculation characteristics. Finally, a study

is performed for different combinations of values of φ and e in order to find the com-

bined effect of these pair of parameters in the overall recirculation characteristics.

The simulation parameters have been listed in the Table 6.1.

Table 6.1: Parameters used for simulation for dispersed gas-particle flow through

the sudden expansion

Simulation parameters Values

Inlet gas velocity (ug) 1.0 m/s

Inlet particle velocity (us) 1.0 m/s

Inlet Particle volume fraction (αs) 2%

Gas density (ρg) 1.2 kg/m3

Particle density (ρs) 500 kg/m3

Particle diameter (ds) 530 µm

Flow Reynolds number (Re) (Based on outlet height) 200

Specularity coefficient (φ) 0, 0.2, 0.5, 0.8, 1

Particle restitution coefficent (e) 0.99, 0.95, 0.9, 0.85, 0.8

6.2 Grid independence study

In flows involving separation and recirculation, the main challenge lies in predict-

ing the length of the recirculation zone accurately using a computational grid of

optimum resolution. In the present study, a grid independence study has been con-

ducted using four grids of different resolutions with the coarsest grid having 7,600

cells and the finest having 19,000 cells. The details of the four meshes are given in

Table 6.2. Considering the flow and physical parameters mentioned in Section 6.1,

simulations are carried out in each of the four meshes assuming φ=1 and e=0.8. The

TH-1810_126103008



112
Effects of particle-particle and particle-wall interactions on recirculating flows through a

sudden expansion

recirculation lengths obtained on these four grids have been summarized in Table

6.2. It can be seen in Table 6.2 that the deviation in recirculation lengths obtained

from the meshes G3 and G4 is acceptably small. Therefore, it can be argued that the

mesh G3 can provide a grid independent solution and all subsequent investigations

are carried out on this mesh with 15,200 cells.

Table 6.2: Recirculation lengths obtained for computational grids of different sizes

Grid Number of cells δx and δy (m) Recirculation length (m)

G1 7, 600 δx=0.005, δy= 0.5 × δx 1.28

G2 11, 400 δx=0.005, δy= 0.33 × δx 1.325

G3 15, 200 δx=0.005, δy= 0.25 × δx 1.34

G4 19, 000 δx=0.005, δy= 0.2 × δx 1.3406

6.3 Effect of variation of particle-particle resti-

tution coefficient on recirculation character-

istics

In order to investigate the effects of the variations in the values of particle-particle

restitution coefficient (e), five different values of e viz. 0.99, 0.95, 0.9, 0.85 and

0.8 have been used. The changes in the recirculation lengths for flow in the sudden

expansion for different values of e have been studied at a fixed value of φ=0.2 (shown

in Fig. 6.2). It must be emphasized here that a lower value of e signifies more loss

of particle momentum due to particle-particle collisions and this loss decreases as

the value of e approaches unity. The analyses carried out in this work clearly show

that the simulation results are sensitive to the changes in the values of e since in

the two-fluid model adopted in this study, solid phase properties (which appear in

particle momentum equation) like solid pressure and solid phase shear viscosity are

empirically calculated as functions of e. It can be seen from Fig. 6.2 that there
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(a)

(b)

(c)

Figure 6.2: Recirculation zones obtained at the vicinity of the step for (a) e=0.99,

(b) e=0.95 and (c) e=0.8; for φ=0.2
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is a significant change in the recirculation lengths as the value of e is varied at a

particular value of φ. The length of the recirculation zone downstream of the step

is found to increase with decrease in the value of e i.e., the minimum length of

the recirculation zone has been obtained for e=0.99 where almost perfectly elastic

collisions occur among the particles (seen in Fig. 6.2(a)) and it increases as the value

of e decreases (seen in Figs. 6.2(b) and 6.2(c)). The reason for such an observation

can be attributed to the fact that a lower value of e signifies more kinetic energy

dissipation due to particle-particle collisions and as the particles are dispersed in

the gas, a part of this dissipated kinetic energy is transmitted to the gas. Since

the dissipation of kinetic energy is more for lower values of e, so the kinetic energy

transmitted from the particles to the continuous gas phase also becomes more for

lower values of e which in turn has a stretching effect on the recirculation zone.

Figure 6.3 (a) shows the variations of recirculation length (xc) with the variations

in the values of e at φ=0.2.

Restitution coefficient (e)

R
ec

irc
ul

at
io

n 
le

ng
th

 (x c)
 (

m
)

0.8 0.85 0.9 0.95 1
0.4

0.6

0.8

1

1.2

1.4
 φ=0.2

x (m)

y 
(m

)

0.24 0.26 0.28 0.3 0.32 0.34
-0.02

-0.019

-0.018

-0.017

-0.016

-0.015

-0.014

-0.013

-0.012

e=0.99
e=0.95
e=0.9
e=0.85
e=0.8

 φ=0.2

(a) (b)

Figure 6.3: (a) Variation of recirculation lengths with e at φ=0.2, (b) variation of

co-ordinates of the vortex eye with e at φ=0.2

It can be clearly observed from Fig. 6.3 (a) that there is a continuous decrease in

the values of recirculation length past the step as the value of e is increased from 0.8

to 0.99. Between these two extreme values of e, the value of the recirculation length

is found to decrease from 1.26 m to 0.5 m with the sharpest decrease has been found

as the value of e is changed from 0.95 to 0.99. Figure 6.3(b) shows the co-ordinates
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of the vortex eye for all the five values of e and it can be observed that when the

value of e is decreased from 0.99 to 0.8, the vortex eye tend to shift upwards and to

the right. Overall, it can be concluded from the above analysis that for the chosen

value of φ and all other parameters being invariant, the length of the recirculation

zone is the lowest when the value of e is maximum and highest when the value of e

is minimum.

6.4 Effect of variation of specularity coefficient on

recirculation characteristics

The value of specularity coefficient (φ) physically determines the amount of particle

momentum lost due to collisions with the wall. In the two fluid model, the value of

φ is used to derive the boundary conditions of particle velocity at the solid walls and

different values of φ indicate different amounts of momentum lost due to particle-

wall collisions. In order to study the effects of variations in the values of φ on the

recirculation characteristics, five different values of φ (φ=0, 0.2, 0.5, 0.8 and 1) have

been considered. φ=0 represents no loss of particle momentum due to particle-wall

collisions (free-slip boundary condition) and φ=1 signifies 100% momentum loss due

particle-wall collisions (no-slip boundary condition). The changes in the recircula-

tion lengths for these values of φ have been studied at e=0.85, keeping all other

physical and flow parameters invariant.

The recirculation zones for three values of φ (φ=0, 0.2 and 1) have been shown

in Fig. 6.4. It can be observed that keeping all other parameters invariant, when

the value of φ is varied from 0 to 1, there is a small but gradual increase in the

recirculation length. The reason behind this marginal increase in the recirculation

length may be understood from the variation of particle velocity near the wall with

change in the value of φ. For φ=0, the particle velocity near the wall is highest

as no particle momentum is lost due to collisions with the wall while the particle

velocity decreases near the wall as the value of φ is increased becoming minimum for

φ=1. Hence, the drag exerted by the particles near the wall inside the recirculation

zone on the gas phase is minimum for φ=1 while the drag increases as the value of

φ tends to zero. As a result, when all other flow and physical parameters are kept
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(a)

(b)

(c)

Figure 6.4: Recirculation zones obtained at the vicinity of the step for (a) φ=0, (b)

φ=0.2 and (c) φ=1; for e=0.85
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invariant, the length of the recirculation zone past the step shows a small gradual

increase with increase in the value of φ, at a particular value of e. However, this

increase in the length of the recirculation zone is not as significant as it has been seen

in case of variation of e (in Section 6.3) due to the reason that unlike e, the value

of φ have effects on the flow only at the wall and not anywhere else inside the domain.

Figure 6.5 (a) shows the variations in the recirculation lengths for all the five

values of φ for e=0.85. It can be observed that the recirculation length shows a

gradual increase with a value of 1.1 m for φ=0 upto a value of 1.3 m for φ=1. The

co-ordinates of the vortex eye for all values of φ have been shown in Fig. 6.5 (b)

where a marginal shift upwards and to the right has been observed. Overall, it may

be concluded from the above analysis that at a particular value of e and for all

other parameters being invariant, the length of the recirculation zone past the step

increases gradually with increase in the value of φ, but at a much lesser rate than

that observed in case of variation of e, discussed in Section 6.3.
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Figure 6.5: Variation of recirculation lengths with φ at e=0.85, (b) variation of

co-ordinates of the vortex eye with φ at e=0.85
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6.5 Comparison of recirculation lengths for dif-

ferent combinations of φ-e pairs

In Sections 6.3 and 6.4, studies have been carried out to investigate the effects

of e for fixed φ and φ for fixed e respectively on the recirculation characteristics

of dispersed gas-particle flows through a sudden expansion. It is therefore more

illustrative to study the combined effects of φ-e and in this section, the variations

in the recirculation lengths have been studied for four different combinations listed

below.

• φ=0, e =0.8 (minimum,minimum).

• φ=0, e =0.99 (minimum,maximum).

• φ=1, e =0.8 (maximum,minimum).

• φ=1, e =0.99 (maximum,maximum).

Figure 6.6 shows the recirculation zones obtained at the vicinity of the step for these

four combinations of values of φ and e. Out of the above four combinations, it can be

seen that maximum recirculation length has been obtained in the case shown in Fig.

6.6(c) (for φ=1, e=0.8) and the minimum recirculation length has been obtained in

the case shown in Fig. 6.6(b) (for φ=0, e=0.99).

Figure 6.7 shows variations in recirculation lengths with φ and e. It is clear from

Fig. 6.7 that at a particular value of φ, there is a continuous decrease of recirculation

length with increase in the value of e where the sharpest decrease has been found

when the the value of e is changed from 0.95 to 0.99. Likewise, at a particular value

of e, the recirculation length is found to increase with increase in the value of φ and

the maximum variation in recirculation length with φ has been found for e=0.8. A

closer look at the Figs. 6.6 and 6.7 shows that the recirculation length is maximum

when the value of φ is maximum and e is minimum whereas; recirculation length

is minimum when the value of φ is minimum and the value of e is maximum. This

indicates that the length of the recirculation zone considering particle-particle and

particle-wall interactions discussed herein shows a direct dependence on φ and an

inverse dependence on e, with the former dependence weaker than the later.
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(a)

(b)

(c)

(d)

Figure 6.6: Recirculation zones obtained at the vicinity of the step for (a) φ=0,

e=0.8, (b) φ=0, e=0.99 and (c) φ=1, e=0.8 for and (d) φ=1, e=0.99
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Figure 6.7: Variations of recirculation length for different values of e and φ

6.6 Closure

In this chapter, a detailed study has been presented on the effects of φ and e on

the recirculation characteristics of dispersed gas-particle flows through a sudden

expansion. Investigations have also been carried out to find the φ-e pair for which

the recirculation lengths are an extremum. It has been found that for a particular

value of φ, the recirculation lengths tend to decrease with increase in the value of

e, when other parameters kept invariant. On the contrary for a fixed value of e,

the recirculation lengths tend to increase gradually with increase in the value of φ

although the changes are not as significant as those obtained in the case of variation

of e. Among all possible combinations of values of φ and e investigated herein, the

maximum value of the recirculation length past the expansion is obtained when the

value of φ is maximum and that of e minimum.
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Chapter 7

Simulation of bubbling gas-solid

fluidized beds

Fluidization is a physical process of transforming solid particles into a fluid-like state

by suspending them in a gas medium (discussed in details in Section 1.5). Gas-solid

fluidized bed is an industrial application which utilizes this concept of fluidization

of solid particles. The solid particles which are placed on the bed are subjected to a

gas flow from below at a certain velocity so that the the gas drag on the particles is

large enough to overcome gravity. In the fluidized state, the moving particles work

effectively as a mixture, which in turn results in a uniform temperature and a high

mass transfer rate [15]. The smallest value of inlet gas velocity at which fluidization

occurs is referred to as minimum fluidization velocity.

Among the different categories of fluidized beds, one common type is the bubbling

gas-solid fluidized beds wherein the inlet velocity of the fluidizing gas is relatively low

(generally of the order or few times higher than the minimum fluidization velocity)

and so, the fluidization zone is relatively stationary with very few particles being

entrained from the bed. Due to the low values of gas inlet velocities, interphase forces

other than the drag force (like lift force and virtual mass force) become insignificant

in case of these beds and the resulting flow inside the bed can be considered as

laminar [17]. In this chapter, extensive validations of the developed flow solver for

bubbling gas-solid fluidized beds are carried out along with a parametric study in

order to understand the influence of the changes in the values of particle diameter on
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the fluidization characteristics. It must however be mentioned here that the present

study is limited to two-dimensional flow problems in laminar conditions and should

be considered as a first attempt to apply the gas-particulate flow solver developed

in this work to a practical problem of interest.

7.1 Validation study of bubbling gas-solid fluidized

beds

In this section, a detailed validation of the flow solver with full three-way coupling is

carried out in order to assess its ability to handle high density particles in bubbling

gas-solid fluidized beds where volume fraction of the particles is close to the packing

limit (αs,max). Two validation studies are carried out and in both the studies, the

particles are initially placed on the bed of the chamber (at t=0 s) and the fluidizing

agent gas (generally air) enters from the bottom with a certain value of velocity

higher than the minimum fluidization velocity which is capable of fluidizing the

solid particles resting on the bed. Comparison of the results obtained for these two

cases with both numerical and experimental data is presented for both orthogonal

and non-orthogonal grids.

7.1.1 Validation problem 1

The first problem simulated using the developed solver has been taken from Pas-

salacqua and Fox [103]. In this problem, the fluidized bed configuration is of 0.138

m width and 1 m height as shown in Fig. 7.1. The particle phase is of material

density ρs=2000 kg/m3 with particle diameter of 350 µm. Initially, the bed is filled

with particles upto a height of 0.2 m with a volume fraction αs=0.58. The details of

the simulation parameters are shown in Table 7.1. The grid used in the simulation

of the above problem in Passalacqua and Fox [103] is of 1400 quadrilateral cells

which corresponds to a grid size of 0.01 m. It has been reported that this grid has

provided a grid independent solution for the problem stated above. This problem

is simulated with the inhouse flow solver using two grids, one is made of uniform

quadrilateral cells, while the other is made of triangular cells, both having a grid

size of 0.01 m. The simulations for this particular case is run upto a physical time

equal to 30 s. Time-averaging of the variables is carried out for the last 25 s of the
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Figure 7.1: Schematic of the domain of the fluid bed configuration

Table 7.1: Parameters used for the validation of bubbling gas-solid fluidized bed

Simulation parameters Values

Initial Particle volume fraction (αs) 0.58

Initial bed height 0.2 m

Inlet gas velocity (vg) 0.54 m/s

Gas density (ρg) 1.4 kg/m3

Particle density (ρs) 2000 kg/m3

Particle diameter (ds) 350 µm

Specularity coefficient (φ) 0.5

Particle restitution coefficent (e) 0.8

Maximum packing limit (αs,max) 0.63

Minimum volume fraction (αs,min) 0.5
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simulations (i.e., between 5 to 30 s). The instantaneous contours of volume fraction

obtained with the triangular grid at different instances of time have been shown in

Fig. 7.2. Figures 7.3 (a) and (b) show the comparisons of the results obtained from

(a) (b) (c) (d) (e) (f)

Figure 7.2: Contours of particle phase volume fractions obtained at (a) t=0 s, (b)

t=1 s, (c) t=5 s, (d) t=10 s, (e) t=20 s and (f) t=30 s; from the grid having triangular

cells.

the developed solver with those given in [103] for two different time-averaged quan-
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Figure 7.3: (a) Comparison of radial variation of time-averaged particle volume

fraction profile, (b) comparison of axial variation of pressure
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tities. The comparison of the variation of time-averaged particle volume fraction in

the radial direction at H=0.2 m (measured from the bottom) has been shown in

Fig. 7.3 (a) while the variation of time-averaged pressure in the axial direction is

compared in Fig. 7.3 (b). A good agreement has been observed in the comparisons

of both the time-averaged quantities for both the grids with the results given in

[103].

7.1.2 Validation problem 2

The second test case simulated using the flow solver for validation purpose is taken

from the work of Taghipour et al. [70] which is also solved numerically by Liu et

al. [88]. In this problem, the fluidized bed configuration is of 0.28 m width and 1

m height. The particle phase is of material density ρs=2500 kg/m3 with particle

diameter of 280 µm. Initially, the bed is filled with particles upto a height of 0.4 m

with a volume fraction αs=0.6. The details of the simulation parameters are shown

in Table 7.2.

Table 7.2: Parameters used for the validation of the bubbling gas-solid fluidized bed

Simulation parameters Values

Initial Particle volume fraction (αs) 0.6

Initial bed height 0.4 m

Inlet gas velocity (vg) 0.46 m/s

Gas density (ρg) 1.2 kg/m3

Particle density (ρs) 2500 kg/m3

Particle diameter (ds) 280 µm

Specularity coefficient (φ) 0.5

Particle restitution coefficent (e) 0.8

Maximum packing limit (αs,max) 0.63

Minimum volume fraction (αs,min) 0.5
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126 Simulation of bubbling gas-solid fluidized beds

The instantaneous volume fraction contours at different time instances during

the course of the simulation are shown in Fig. 7.4. The simulations are carried out

with a time step (∆t) equal to 10−4 and upto a physical time of 60 s. Fig. 7.5 shows

the variation of the time-averaged particle volume fraction (done between 5 to 30 s

of simulation time) along the radial direction at a height h=0.2 m from the bottom

(a) (b) (c) (d) (e) (f)

Figure 7.4: Contours of particle phase volume fractions obtained at (a) t=0 s, (b)

t=5 s, (c) t=10 s, (d) t=15 s, (e) t=25 s and (f) t=30 s.
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of the domain obtained from the developed solver. It has been compared with both

the numerical results of Liu et al. [88] and experimental results of Taghipour et
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al. [70] in Fig. 7.5. It can be observed that the present results are in very good

agreement with the numerical results of Liu et al. [88], while a reasonable agreement

can be observed with the experimental results of Taghipour et al. [70].

These studies collectively demonstrate the applicability of the flow solver in

simulating gas-particulate flows in bubbling gas-solid fluidized beds.

7.2 Study of effects of particle diameter on flu-

idization characteristics

In this section, the flow solver is applied in order to study the effects of particle

diameter on fluidization characteristics of bubbling gas-solid fluidized beds. It has

been observed in literature that very few studies have reported the effects of varia-

tion of particle diameter (Stokes number) on the overall fluidization characteristics

of bubbling gas-solid fluidized beds for all other parameters remaining constant.

In particular, the changes in the time-averaged phase velocity and volume fraction

profiles due to the change in particle diameter have not been discussed in details.

Hence, in this section, a numerical study is carried out using the flow solver to find

out the effects of change of particle diameter on the fluidization characteristics of

bubbling gas-solid fluidized beds.

Problem definition

The effects of change of particle diameter are studied inside fluidized bed reactor

of height, H=0.9 m and width, W=0.12 m shown schematically in Fig. 7.6. The

fluidizing agent is considered to be air with density 1.2 kg/m3 whereas the particle

phase is considered to have a density of 2000 kg/m3. Initially, the bottom half of

the bed (upto a height H=0.4 m) is filled up with particles with a volume fraction

αs=0.58. The air is introduced from the bottom of the bed with a uniform velocity

of 0.54 m/s which is higher than the minimum fluidization velocity and large enough

to fluidize the particles on the bed. In order to study the effects of particle diameter

on the hydrodynamics, simulations are carried out for five values of particle diameter

(ds= 300 µm, 350 µm, 400 µm, 450 µm and 500 µm) keeping all other parameters

invariant. Table 7.3 provides the details of the simulation parameters used in this
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W

H
Air inlet

g

Figure 7.6: Schematic of the channel used for study of effects of particle diameter

on fluidization

Table 7.3: Parameters used for study of effects of particle diameter

Simulation parameters Values

Initial Particle volume fraction (αs) 0.58

Initial bed height 0.4 m

Inlet gas velocity (vg) 0.54 m/s

Gas density (ρg) 1.2 kg/m3

Particle density (ρs) 2000 kg/m3

Particle diameter (ds) 300,350,400,450,500 µm

Specularity coefficient (φ) 0.5

Particle restitution coefficent (e) 0.8

Maximum packing limit (αs,max) 0.63

Minimum volume fraction (αs,min) 0.5
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study.

Regarding the optimum value of grid size in bubbling gas-solid fluidized beds,

Gelderbloom et al. [104] concluded that the when the grid size is of the order of ten

times the particle diameter, the bubble size computed with that grid showed closer

agreement with experimental results which has been followed in the subsequent

studies of Jung et al. [106] and Loha et al. [17, 73, 74]. In the present study,

simulations are carried out for five different values of particle diameter and so a

grid of 6750 uniform quadrilateral cells with a grid size of 0.004 m, which is of the

order of ten times of the average of the simulated particle diameters, is used for the

simulations.

7.3 Effects on the fluidization behavior

The effects of particle diameter on the fluidization behavior of bubbling gas-solid

fluidized beds are studied for the parameters mentioned in Table 7.3. The problem

being inherently unsteady, simulations are carried out for a time period of 30s and

time-averaging has been done between 5 to 30 s of physical time to get time-averaged

values of different flow and physical quantities. Figure 7.7 (a), (b), (c), (d) and (e)

show the time-averaged particle phase volume fraction contours for particle diame-

ters 300 µm, 350 µm, 400 µm, 450 µm and 500 µm respectively. It can be observed

from Fig. 7.7 that there is a significant change in the time-averaged volume fraction

contours with change in the particle diameter for all other parameters remaining

invariant. With increase in the particle diameter, the particles tend to settle more

towards the bottom part of the reactor and so, the volume fraction near the bottom

increases with particle diameter. Hence, it is seen that the value of time-averaged

particle phase volume fraction at the bottom of the reactor increases gradually from

Fig. 7.7 (a) to Fig.7.7 (e) as the particle diameter increases from 300 µm to 500 µm.

It is due to the reason that the higher diameter (higher Stokes number) particles

are influenced more by their inertia and gravitational fields than the lower diameter

particles and so with time, the higher diameter particles have more tendency to set-

tle at the bottom parts of the domain. Due to this tendency of the higher diameter

particles, a gradual but prominent decrease in the length of the fluidization zone

can be observed with increase in particle diameter in Fig. 7.7.
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(a) (b) (c) (d) (e)

Figure 7.7: Time-averaged particle volume fraction contours for particle diameter

of (a) 300 µm, (b) 350 µm, (c) 400 µm, (d) 450 µm and (e) 500 µm.

7.4 Effects on time-averaged particle velocity pro-

files

In order to investigate the effects of particle diameter on the time-averaged particle

velocity profiles, the profiles of time-averaged particle velocity obtained for four

values of particle diameter have been plotted at three different sections h=0.2 m,

h=0.3 m and h=0.4 m (measured from the bottom) of the reactor in Fig. 7.8 (a),

(b) and (c) respectively. It can be observed that at all the three sections inside the

channel, there is distinguishable variations in the time-averaged particle velocity

profiles obtained for particles with different diameters. At any particular section, it

is seen that maximum value of time-averaged particle velocity has been obtained for

particles with lowest diameter and vice-versa. The reason for this can be attributed

to the fact that the lower diameter particles are more readily influenced by the

interphase momentum exchanges and changes in the gas phase velocity fields than

the higher diameter particles. Hence, it is observed from Figs. 7.8 (a), (b) and

(c) that at all the three sections, maximum velocity is obtained for particles with

the lowest diameter and minimum velocity is obtained for the particles with the

highest diameter. Table 7.4 shows the maximum values of time-averaged particle

velocity obtained inside the channel where a continuous decrease in the maximum
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Figure 7.8: Plots of time-averaged particle velocity profiles for four values of particle

diameter at (a) h=0.2 m, (b) h=0.3 m and (c) h=0.4 m.

values of the time-averaged particle velocity can be observed with increase in particle

diameter.

It can also be observed from Figs. 7.8 (a), (b) and (c) that for any particular

value of particle diameter, the magnitude of maximum time-averaged particle ve-

locity increases gradually from the section h=0.2 m to the section h=0.4 m, i.e.,

the magnitude of maximum value of time-averaged particle velocity obtained at a
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Table 7.4: Maximum value of time-averaged particle velocity inside the domain for

different values of particle diameter

Particle diameter (µm) Max. time avg. particle velocity (m/s)

300 0.56

350 0.387

400 0.232

450 0.1533

500 0.1269

particular section increases with increase in height. However, this variation in the

time-averaged particle velocity with height inside the channel becomes less promi-

nent with increase in particle diameter, as observed in Fig. 7.8. Moreover, it is

worth noting that the time-averaged particle velocity profiles at any section inside

the channel become more symmetric as the value of particle diameter increases.

7.5 Effects on time-averaged particle phase vol-

ume fraction profiles

The corresponding particle phase volume fraction profiles for different particle diam-

eters at the same three sections of the channel have been plotted in Figs. 7.9 (a), (b)

and (c). It can be observed that like time-averaged particle velocity profiles, there

is noticeable variations in the time-averaged volume fraction profiles at any section

inside the channel with change in particle diameter. At a particular section inside

the fluidization zone, the maximum value of time-averaged volume fraction has been

observed for the highest diameter particles and vice-versa. It is due to the reason

that as observed in Section 7.4, the time-averaged particle velocity is minimum for

the particles with maximum value of diameter at any section inside the fluidization

zone. Due to this lower velocity, the accumulation of the higher diameter particles at

any section is more than the lower diameter particles which results in higher values
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of time-averaged volume fractions for higher diameter particles at any section inside

the channel.
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Figure 7.9: Plots of time-averaged particle volume fraction profiles for three values

of particle diameter at (a) h=0.2 m, (b) h=0.3 m and (c) h=0.4 m.

Also, it can be observed from Fig. 7.9 that for a particular diameter, the volume

fraction near the vertical centerline (x=0.06 m) is maximum at lower sections (close

to inlet) of the channel and it decreases continuously at the sections which are at

a greater height inside the fluidization zone. In other words, as seen in Fig. 7.9,
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the magnitude of time-averaged particle phase volume fraction is maximum at the

section h=0.2 m and minimum at the section h=0.4 m. However, this variation of

time-averaged volume fractions with height is more pronounced for higher diameter

particles (specially for 500 µm). The reason for this variation is due to the fact that

higher diameter particles tend to settle more at the lower sections as seen in Fig. 7.7

and so, volume fraction for higher diameter particles increases at the lower sections

inside the fluidization zone.

7.6 Closure

In this chapter, the applicability of the flow solver in the simulations of gas-particulate

flows in bubbling gas-solid fluidized beds is tested. Two validation studies, includ-

ing comparisons from available numerical and experimental results, are presented.

Investigations have been carried out on the effects of particle diameter on the time-

averaged particle velocity and volume fraction profiles at different sections inside the

fluidized bed reactor. The time-averaged particle velocity at any section inside the

fluidization zone has been found to decrease while the time-averaged particle phase

volume fraction at any section has been found to increase with increase in particle

diameter.
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Chapter 8

Conclusions and scope of future

work

8.1 Conclusions

This thesis presents the details of the development of a finite volume method based

numerical flow solver to simulate gas-particulate flows using Eulerian-Eulerian two-

fluid model on collocated grid arrangement. The solver which is capable of handling

both orthogonal and non-orthogonal meshes is developed in such a manner that

it can handle all conditions ranging from dilute to dense gas-particulate flows. A

detailed discussion on the discretization procedure and solution methodology has

been carried out with an emphasis on the implementation aspects specific to gas-

particulate flows along with the description of drag models and coupling approaches.

Validations have been performed for one-way and two-way coupling for dilute flow

conditions in the initial phase of the work. Subsequently, the solver is modified to

handle non-dilute flows as well as to account for particle-particle and particle wall

interactions using the KTGF model. Two major concerns in numerical implemen-

tation of such flows pertain to the derivation of pressure equation and keeping the

particle phase volume fraction within the packing limit. The pressure equation has

been derived from the global continuity equation obtained by adding the continu-

ity equations of both the phases, following the the idea of Moukalled et al. [32].

Frictional stress model has been added to the solver in combination with KTGF in

order to keep the particle phase volume fractions within the packing limit even in
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closely packed flow situations. A detailed validation at all stages of development

(including comparisons from Ansys Fluent) for different problems available in the

literature are performed and the results show a reasonably good agreement with the

published data.

The flow solver is subsequently applied for parametric studies in three different

flow scenarios and finally applied to the preliminary studies on the flow hydrody-

namics inside bubbling gas-solid fluidized beds.

A parametric study of dispersed laminar gas-particle flows through vertical and

horizontal channels has been carried out considering a two-way coupling between

the phases. The effects of particle diameter (Stokes number), inlet particle phase

volume fraction and ‘inlet slip’ between the phases on the hydrodynamics have been

elaborately discussed. The salient conclusions which can be drawn from this study

are summarized below.

• With increase in particle diameter, the maximum velocity attained by the par-

ticles inside the channel decreases. This is due to the fact that larger diameter

particles experience a higher inertia and gravitational force in comparison to

the interphase drag than the smaller diameter particles with same material

density.

• The corresponding maximum steady state gas velocities are found to increase

marginally with increase in particle diameter when all other parameters are

kept invariant. The reason behind this increase is the decrease of particle

velocity with particle diameter which in turn reduces the retarding drag force

exerted by the particles on the gas phase.

• The steady state gas velocity at a particular section decreases with increase in

the inlet particle phase volume fraction. It is due to the increase of retarding

interphase drag force acting on the gas phase exerted by the particles with

increase in particle volume fractions, which tend to lower the gas velocity at

any section of the channel.

• ‘Inlet slip’ (or difference of inlet phase velocities) also have a significant effect

on steady state phase velocity and volume fraction profiles. When ug > us

(ug=1 m/s and us=0.5 m/s) at inlet, steady state gas velocity at any section
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inside the channel is less than its corresponding value when both the phases

enter with the same inlet velocity (ug=1 m/s and us=1 m/s). So, in this case,

the gas volume fraction at a particular section increases such that at steady

state, the net mass flow rate remains constant at all the sections and equal

to the value at inlet. On the other hand, when us > ug at inlet, steady state

particle velocity at any section inside the channel is less than its corresponding

value when both the phases enter with the same inlet velocity. As a result,

the particle volume fraction at a particular section increases in this case such

that at steady state, the net particle mass flow rate remains constant at all

the sections and equal to the value at inlet.

Investigations have also been carried out to find out the effects of three-way

coupling which involves the effects of particle-particle and particle-wall interactions

on dispersed gas-particle flows through horizontal channels. The effects on steady

state phase velocities and volume fraction profiles due to the variation in the value of

φ at a particular value of e have been studied and vice-versa. The main conclusions

of this study are summarized as follows.

• At a particular value of e, both the particle phase and gas phase velocity near

the wall is maximum for φ=0. The magnitude of both the velocities near the

wall decreases with increase in the value of φ. On the other hand, near the

centerline of the channel, the maximum value of velocity attained by both

the phases increases with increase in the value of φ at a particular value of

e. For φ=0, the volume fraction is maximum near the wall and it decreases

with increase in the value of φ. For non-zero values of φ, significant variations

in the particle phase volume fraction profiles can be observed, at a particular

value of e.

• At a particular non-zero value of φ, the maximum steady state velocity at-

tained by both the phases increases with increase in the value of e. But for

φ=0; there is no significant variation in phase velocities as well as particle

phase volume fraction profiles with change in the value of e. Like gas and

particle velocity, for a non-zero value of φ, significant variations in particle

phase volume fraction profiles can be observed with change in e.

• The value of average wall shear stress for the particle phase increases with

increase in the value of φ whereas, for the gas phase, it decreases with increase
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in the value of φ.

• The study carried out for various combinations of values of φ and e indicate

that the magnitude of the maximum phase velocity of each individual phase

obtained inside the channel shows a direct dependence on both φ and e and

tend to be maximum when both the values of φ and e are maximum.

Similarly, the effects of particle-particle and particle-wall interactions on the re-

circulation characteristics of dispersed gas-particle flows through a sudden expansion

have been studied. The changes in the recirculation lengths occurring due to the

changes in the values of φ and e have been investigated. The main findings of this

study are listed below.

• At a particular value of φ, for all other parameters being invariant, the length of

the recirculation zone tends to increase with decrease in the value of e. In other

words, for the values of e investigated herein, the length of the recirculation

zone is found to be the lowest when the value of e is 0.99 (close to unity,

corresponding to perfectly elastic collisions) and highest when the value of e

is equal to 0.8. The co-ordinates of the vortex eye also show a significant shift

upwards and towards the right with variation of e, at a particular value of φ.

• For a particular value of e, as the value of φ is varied from zero (free-slip

boundary condition for particle velocity) to unity (no-slip condition for particle

velocity), one can observe that there is a gradual increase in the recirculation

length with increase in the value of φ although this change is not as significant

as the one observed with change in e, for a given value of φ.

• Of the various combinations of values of φ and e studied, the length of the

recirculation zone is found to be maximum when the value of φ is maximum

and the value of e is minimum while the length of the recirculation zone is

minimum when the value of φ is minimum and that of e is maximum.

Preliminary studies have been conducted in order to investigate the effects of

variation of particle diameter (Stokes number) on the overall fluidization character-

istics of a bubbling gas-solid fluidized bed reactor. The effects of change of particle

diameter on the time-averaged particle velocity and volume fraction profiles have

been studied at different sections of the bed keeping all other parameters invariant.

The following conclusions can be drawn from this study.
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• Particle diameter (Stokes number) has a significant effect on the fluidization

characteristics of gas-solid bubbling fluidized beds even when all other param-

eters remain invariant.

• The time-averaged particle velocity at any section inside the fluidization zone

tend to increase with decrease in the particle diameter. The reason for this can

be attributed to the fact that the lower diameter particles are more readily

influenced by the interphase momentum exchanges and changes in the gas

phase velocity fields than the higher diameter particles.

• For a certain value of particle diameter, the magnitude of maximum time-

averaged particle velocity has been found to increase gradually from the sec-

tions at lower heights (close to inlet) to the sections at higher heights inside the

channel. However, this variation in the time-averaged particle velocity with

height inside the channel becomes less prominent with increase in particle

diameter.

• The time-averaged particle phase volume fraction at any section inside the

fluidization zone tend to increase with increase in the particle diameter. This

is due to the lower value of time-averaged particle velocity of higher diameter

particles which results in the higher rate of accumulation of particles at any

section inside the channel.
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8.2 Scope of future work

Although the present work provides details of the development of a numerical flow

solver for gas-particulate flows and its application to different flow scenarios, there

exist many directions which can be explored in near future. A few of the research

possibilities have been summarized below.

• The present solver can handle only isothermal flow situations. So, in order to

simulate non-isothermal two phase flows, additional equations for conservation

of energy for both the phases need to be implemented in addition to the present

governing equations considered in this work.

• The present solver can be used to simulate gas-droplet flows if in addition to

the energy equations of both the phases, mass transfer effects are also taken

into account. The evaporation of the droplets under different flow conditions

can then be studied using the flow solver.

• The studies on fluidized beds have been carried out primarily in case of two-

dimensional bubbling gas-solid fludized beds. More realistic simulations in

three-dimensions including turbulent flow conditions will necessitate the inclu-

sion of turbulence models and their validation. Such an implementation will

make the solver more useful in simulating problems of practical importance

and may later also be extended to handle other types of fluidized beds such as

circulating fluidized beds where the flows inside the reactor are predominantly

turbulent.

• The development of the present gas-particulate flow solver has been done in

a serial manner. Handling complex three-dimensional industrial flow prob-

lems will necessitate the use of much larger meshes and an inherently parallel

framework. Parallelizing the gas-particulate flow solver is therefore may be

the research effort of immediate importance and may be undertaken in the

near future.
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