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This thesis presents an approach for formulating and validating a space averaged drag
model for coarse mesh simulations of gas-solid flows in fluidized beds using the two-fluid
model.

Proper modeling for fluid dynamics is central in understanding any industrial multiphase
flow. The gas-solid flows in fluidized beds are heterogeneous and usually simulated with
the Eulerian description of phases. Such a description requires the usage of fine meshes
and small time steps for the proper prediction of its hydrodynamics. Such constraint on
the mesh and time step size results in a large number of control volumes and long com-
putational times which are unaffordable for simulations oflarge scale fluidized beds.

If proper closure models are not included, coarse mesh simulations for fluidized beds do
not give reasonable results. The coarse mesh simulation fails to resolve the mesoscale
structures and results in uniform solids concentration profiles. For a circulating fluidized
bed riser, such predicted profiles result in a higher drag force between the gas and solid
phase and also overestimated solids mass flux at the outlet. Thus, there is a need to formu-
late the closure correlations which can accurately predictthe hydrodynamics using coarse
meshes. This thesis uses the space averaging modeling approach in the formulation of
closure models for coarse mesh simulations of the gas-solidflow in fluidized beds using
Geldart group B particles.

In the analysis of formulating the closure correlation for space averaged drag model, the
main parameters for the modeling were found to be the averaging size, solid volume frac-
tion, and distance from the wall. The closure model for the gas-solid drag force was
formulated and validated for coarse mesh simulations of theriser, which showed the ver-
ification of this modeling approach. Coarse mesh simulationsusing the corrected drag
model resulted in lowered values of solids mass flux. Such an approach is a promising
tool in the formulation of appropriate closure models whichcan be used in coarse mesh
simulations of large scale fluidized beds.

Keywords: bubbling fluidized bed, circulating fluidized bed, multiphase flow, computa-
tional fluid dynamics, two-fluid model, space averaging, drag force
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Nomenclature

Latin alphabets

¯̄I identity tensor
ṽi averaged phase velocity m/s
~g acceleration due to gravity m/s2

~vi phase velocity m/s
C1ǫ constant in the gas turbulence model with value 1.44
C2ǫ constant in the gas turbulence model with value 1.92
C3ǫ constant in the gas turbulence model with value 1.2
CD drag coefficient for a particle
Cµ constant in the gas turbulence model with value 0.09
D strain rate tensor 1/s
di particle diameter m
ei restitution coefficient
g0,i radial distribution function
K∗

i interphase momentum exchange coefficient calculated from
averaged variables kg/m3s

Ki interphase momentum exchange coefficient kg/m3s
kΘs

diffusion coefficient for granular energy kg/ms
p pressure kg/ms2

vt terminal velocity of a particle m/s
x distance from the wall m
xd dimensionless distance from the wall

Greek alphabets

α volume fraction
¯̄τi phase stress-strain tensor kg/ms2

δt time step size s
δx mesh size in horizontal direction m
δy mesh size in vertical direction m
ǫ turbulent dissipation rate m2/s3

γΘs
collisional dissipation of energy kg/ms3

κ turbulent kinetic energy m2/s2

λi bulk viscosity kg/ms
µi shear viscosity kg/ms
ω correction factor for the drag force term
φi energy exchange between gas and solid phase kg/ms3

Π turbulence exchange terms between gas and solid phases
ψ angle between mean particle velocity and mean relative velocity
ρ density kg/m3

σ standard deviation
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σǫ constant in the gas turbulence model with value 1.3
σκ constant in the gas turbulence model with value 1.0
τF,sg particle relaxation time scale
τt,sg Lagrangian integral time scale
θ angle of internal friction
Θi granular temperature m2/s2

Subscripts

i general index
col collisional
fr frictional
g gas
kin kinetic
max maximum
s solid
t turbulent

Abbreviations

1.5D one-and-half-dimensional core-annulus approach
1D one-dimensional
2D two-dimensional
3D three-dimensional
BFB bubbling fluidized bed
CFB circulating fluidized bed
CFD computational fluid dynamics
DEM discrete element method
DNS direct numerical simulation
DPM discrete particle model
EMMS energy-minimization multi-scale
FCC fluid catalytic cracking
KTGF kinetic theory of granular flow
LBM lattice Boltzmann method
MP-PIC multiphase particle-in-cell
PIV particle image velocimetry
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1 Introduction

Fluidized beds are used as a technical process which has the ability to contribute high lev-
els of contact between gas and solids. In a fluidized bed, the solid particles are suspended
through the gas from the bottom and the resulting process is known as fluidization. Such a
process involves a high rate of mixing between the gas and solid phases and an excellent
medium for particle-particle interactions. Applicationsof gas-solid fluidization include
energy conversion, petro-chemical processing, mineral processing, chemical and pharma-
ceutical, and physical processing (Basu, 2006).

The proper understanding of fluidization is very important in the design, scale-up, and
operation of such industrial scale units. As a result of everincreasing unit sizes, the mod-
eling has become a challenging task. Several approaches areused by the researchers for a
better understanding of different phenomena in fluidized beds ranging from particle level
to furnace level.

The use of computational fluid dynamics (CFD) for the better understanding of different
flow systems is rapidly increasing. Nowadays, CFD has found its applications in several
fields of science and engineering. In their excellent review, Kuipers and van Swaaij (1997)
present the application of CFD to chemical reaction engineering. CFD simulations of gas-
solid flows in fluidized beds were performed using several approaches starting from the
particle level to the 3D circulating fluidized bed (CFB) furnace level. The modeling at
the particle level is the most simple one, but is computationally extremely expensive. On
the other end, the modeling of the 3D CFB furnace with the engineering model is very
complex, but is the fastest one in terms of the computationaltime. Thus, in the course
of developing reliable modeling tools and understanding the physics of multiphase flows,
there are always two things moving in parallel; computational resources and accuracy. For
the study of pilot and large scaled CFB risers, the model basedon the Eulerian description
of phases is widely used, as it is more practical in terms of accuracy and simulation time.

For multiphase CFD using Eulerian approach, the efforts weremainly pioneered dur-
ing the works of 1970’s. After few years, Eulerian multiphase CFD approach was also
extended to gas-solids flow systems as in fluidized beds. The first paper on the fluid dy-
namics study of two-dimensional Eulerian simulation of fluidized bed with the height of
about 60 cm was published by Gidaspow and Ettehadieh (1983).Since then, there has
been a significant progress in the computational modeling ofgas-solids flow systems. To-
day, simulation has been performed for gigantic industrialscale CFB unit in which the
height of the furnace exceeds 35 m and the cross-section is over 100m2 (Zhang et al.,
2010).

Even though, simulations of industrial scale CFB furnaces are getting common, many
questions remain related to the understanding and reliablemodeling tools with its state
of the art. At the turn of the century, Sundaresan (2000) described the progress and chal-
lenges in the understanding of hydrodynamics of multiphaseflow reactors. More than a



14 1 Introduction

decade long efforts reveal that some challenges have been well addressed, but still many
questions remain unanswered. One of the major challenges which we had to deal with
was the formulation of appropriate mesh size dependent closures for various terms in the
governing equations using the Eulerian description of phases. To this end, we have only
reached the mesh size dependent closures for the drag and effective stresses in the mo-
mentum equations, but the closure models for energy and species transport equations are
not available yet. Recently, an effort has been made to formulate the constitutive models
for reacting gas-particle flows in periodic domains (Holloway and Sundaresan, 2012), but
still the validation of such sub-models with experimental data and the inclusion of solid
boundaries is a challenge. Thus, we can only study the flow dynamics of gas-solids flow,
but the inclusion of combustion and chemical reactions is still a challenge in formulating
the next generation models.

It is well known that the Eulerian modeling approach (two-fluid model) with the inclusion
of sub-models based on the kinetic theory of granular flow canpredict the correct hydro-
dynamics of gas-solid flows in fluidized beds well, provided that sufficiently fine mesh
scales are used. Fine mesh simulations exhibit small scale structures in the flow field and
predict accurate solids concentration profiles. Such fine meshes in the domain would re-
sult in a large number of computational cells, making thus the simulation computationally
very expensive. On the other hand, coarse mesh simulations are not very time consum-
ing. Coarse mesh simulations result in the loss of small scaleflow structures and predict
uniform solids distribution. Such kind of coarse mesh simulations are not accurate and
give often incorrect results; for example overestimated solids mass flux at the outlet for
the case of CFB risers. For this purpose, in this thesis, an effort has been made to develop
appropriate closure models which can be used in the coarse mesh simulations using the
two-fluid model approach.

The development of appropriate closure models for large scales are mainly based on aver-
aging approaches. In this work, space averaging approach ischosen to formulate closure
models which aim to perform coarse mesh simulations. Duringthe course of the devel-
opment of closure correlations for coarse mesh simulations, the dependence of different
variables was analyzed. Using the space averaging approach, the main terms on which the
closure models depend are the solid volume fraction, averaging size and distance from the
wall. In the literature, the dependence of different variables for the closure models were
studied mainly for the Geldart group A particles (Geldart, 1973). In this work, the analy-
sis was performed for Geldart group B particles.

The introduction is followed by Chapter 2 which presents an overview of the different
kinds of modeling approaches mainly used in numerical simulations of gas-solid flows.
Eulerian-Eulerian approach is mentioned in detail as this was the approach used in the
present work. Chapter 3 focuses on the CFD studies of a laboratory scaled bubbling flu-
idized bed. The effects of mesh and time step sizes in the CFD simulations are shown.
Chapter 4 deals with the CFD studies of a pilot scale circulating fluidized bed which was
located atÅbo Akademi University. The validation of the results with experimental mea-
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surements and the effects of mesh and time step sizes in the numerical simulations are
shown. Chapter 5 presents an overview of the different approaches used in the develop-
ment of closure models for the coarse scale simulations. Space averaging approach was
applied on the two-fluid model equations to formulate the correction factor for the gas-
solid drag force model with some defined notations. Chapter 6 presents the validation
of the correction factor model for the drag force for coarse mesh simulations. The final
chapter includes the future prospects and conclusions of the work.

The main accomplishments of the presented work can be summarized in the following
manner as they appear in the thesis.

- A literature review on different approaches was presentedfor the modeling of the
gas-solid flows in fluidized beds.

- A fast and accurate modeling strategy was the basis for the further development of
CFD modeling for gas-solid flows.

- A small scale 2D geometries of bubbling fluidized bed and circulating fluidized bed
were taken as case studies for the study of mesh and time step sizes in the Eulerian simu-
lations of gas-solid flows. The results varied significantlywhen different mesh sizes were
used in the simulations.

- Space averaging approach was applied to the two-fluid modelequations to formulate
a suitable correction factor of the gas-solid drag model forthe coarse mesh simulations.

- The correction factor for the gas-solid drag model was dependent on the averaging
size, solid volume fraction, and distance from the wall.

- The formulated closure model was validated for the coarse mesh simulations and bet-
ter results were obtained in comparison to the Ergun/Wen-Yudrag model.

This thesis presents an approach which can be used to formulate and validate the closure
models for the coarse mesh simulations of gas-solid flows in fluidized beds using the
Eulerian modeling for Geldart group B particles.
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2 State of the art

Advancement in the computer technology has enabled us to study the complex systems
in engineering. Because of its great potential, computer simulation is used as a tool to
understand the complex nature of the multiphase flow. Duringthe past few decades, there
has been a significant progress in the modeling of multiphaseflows because of the in-
creased availability of computational resources. It givesnot only an estimate of the flow
dynamics but also an insight into the modeling aspects of theactual flow phenomenon.
Such an important tool is used today by numerous engineers and researchers for studying
the dynamics of multiphase flows, and it is the principal requirement for better design and
scaling up of fluidized bed reactors.

Section 2.1 describes different modeling approaches for the simulation of gas-solid flow
systems in fluidized beds ranging from micro-scale to macro-scale. Section 2.2 presents
the Eulerian-Eulerian approach, and section 2.3 presents in detail the governing equations
and the constitutive models used for the Eulerian-Eulerianapproach. Section 2.4 explores
the challenges in calculations with the two-fluid model and discusses the possible solu-
tions for performing coarse mesh simulations.

2.1 Multi-scale modeling of gas-solid flow systems

Multiphase flows in fluidized beds consist of heterogeneous structures which are multi-
scale in nature. The understanding of the mechanism behind the heterogeneous structures
is difficult, making thus the chemical reactors as complex systems (Li and Kwauk, 2001).
The concept of multi-scale has been popularly acknowledgedin various fields of basic
and applied sciences, as nicely reviewed by Li and Kwauk (2003). In a fluidized bed
system, the hydrodynamics, heat and mass transfer, and chemical reactions are occuring
on different space and time scales which are understood to bevarying from micro-scale
(particle level) to macro-scale (furnace level).

For better understanding, design, and operation of an industrial scale fluidized bed, the
modeling is essentially based on the multi-scale approach (van der Hoef et al., 2004;
Tsuji, 2007; Mÿohänen and Hypp̈anen, 2011). For the simulation purpose, the multi-
scale modeling approach spans from the direct numerical simulation, which considers the
fluid dynamics on the Kolmogorov scales, to the engineering model, which considers the
three-dimensional industrial scale furnace. At the particle level, which forms the essence
of the micro-scale approach, the modeling method includes the direct numerical simu-
lation and the Eulerian-Lagrangian approach. At an intermediate level (meso-scale), the
modeling approach is based on the Eulerian formulation of flow equations, widely known
as the two-fluid model. At the furnace level, the complete process is described including
the reactions and heat transfer which are based on empiricaland semi-empirical correla-
tions. Figure 2.1 gives an overview on different multi-scale modeling approaches used
for the simulations of gas-solid flows. In this kind of a multi-scale modeling approach,
the resolution and the modeling efforts are inversely related to each other. For instance,
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the direct numerical simulations, being computationally the most costly ones, requires
the least modeling effort, and to the other end, the macro-scale approach, being the fastest
one, requires the maximum modeling efforts in formulating the constitutive correlations.
In the following, the modeling approaches are described together with their applicability
and limitations.

Figure 2.1: Multi-scale modeling of gas-solid flows.

Direct numerical simulation (DNS) is the most detailed and computationally expensive
approach for studying the flow dynamics of gas-solid flows. Inthis method, the Navier-
Stokes equations are solved for the fluid phase without any turbulence model (Yuu et al.,
1996). This method requires that the whole spatial and temporal scales of the turbulence
must be solved, which makes the simulation extremely expensive and hence restricted to
low Reynolds number flows. Another challenge associated withthis kind of a simulation
is that it is quite difficult to incorporate the particle-fluid boundary conditions into the
Navier-Stokes solver.

In parallel with this traditional approach, another approach was also developed within the
last 25 years, known as the lattice Boltzmann method (LBM), which effectively calculates
the fluid flow field around the particles. LBM is a technique in which the fluid flow field
is divided into a lattice which obeys the discretized Boltzmann equation (McNamara and
Zanetti, 1988; Ladd, 1994; Aidun and Lu, 1995). While LBM is usually regarded as the
method for solving fluid flows, the motion of particles is mainly simulated with the dis-
crete element method (Cook et al., 2004; Han et al., 2007; Fenget al., 2010). In practice,
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these methods are very expensive, and hence they are often limited to very small systems.
The largest scale of such simulations so far reaches up to 1,166,400 particles for a 2D
simulation case and 129,024 particles for a 3D simulation case using the LBM with the
lattice spacing of 7.5 microns (Xiong et al., 2012). Because of the detailed information
about the flow of fluid around the particles, this approach helps to effectively model the
gas-solid drag force which can be further used in higher level methods.

A computationally less expensive method for micro-scale modeling is considered to be
the Eulerian-Lagrangian approach. In this approach, the discrete element method (DEM)
(or discrete particle model (DPM)) is a numerical algorithmbased on the concept of cal-
culating the motion of individual particles, and the continuum gas flow is determined with
the CFD approach on the computational mesh. In this modeling approach, the gas phase
flow is solved based on the locally averaged Navier-Stokes equations, and the individual
solid particle trajectories are calculated using Newton’ssecond law of motion (Tsuji et al.,
1993; Hoomans et al., 1996; Chu and Yu, 2008; He et al., 2009). Thus, this approach is
faster as the numerical mesh for the gas phase discretization is bigger than the particle
diameter. This approach has several advantages, such as thecharacteristic properties of
individual particles like the size and density can be specified, and it has a unique feature
of accounting the interaction of each single particle with the other particles and the con-
tinuous gas phase (Gera et al., 1998). This approach is highly appreciated as it helps to
better understand the physics of granular materials (Yu andXu, 2003).

In the case of Eulerian-Lagrangian approach, a very fine gridresolution for the gas phase
is needed. If coarse grids are used in simulations, the modeling of the sub-grid scale
corrections are required (Benyahia and Sundaresan, 2012). Another limiting factor with
the use of the discrete element method is the maximum number of particles it can han-
dle during the simulations. Tsuji et al. (2008b) performed DEM-CFD simulation for a
bubbling fluidized bed in the domain of1.2 × 1.2 × 0.8 m3 with about 4.5 million par-
ticles and about 0.5 million grid cells by using 16 CPUs. Tsujiet al. (2008a) performed
the Eulerian-Lagrangian simulation for gas-particle flowsusing more than 16 million par-
ticles. Recently, Pepiot and Desjardins (2012) performed numerical simulations of flu-
idized bed in three-dimensions using over 34 million particles with over 14 million grid
cells. As a result of the advancement in the computational resources, such lab scaled flu-
idized bed studies are now possible. Simulations of pilot orlarge scale fluidized beds are
yet not feasible with this kind of modeling approach, atleast not in the near future. How-
ever, significant research is going on across the world in thedevelopment of this approach.
Thus, the Eulerian-Lagrangian approach is a promising toolfor studying flow dynamics,
but is still limited to the hydrodynamics study of very smallscale fluidized beds.

For speeding up the calculations for the Eulerian-Lagrangian method, a new method
was proposed by Andrews and O’Rourke (1996) which can simulate dense particulate
flows. This method is known as the multiphase particle-in-cell (MP-PIC) method. In this
method, the gas phase is described with the continuum type Eulerian equations, while
for the solid phase, a certain number of particles with the same diameter and velocity are
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represented by a parcel, and the parcels are tracked with theNewton’s Law. Thus, instead
of solving the trajectory of each particle, parcels are tracked which significantly reduces
the computational time. The particle collisions are not calculated separately, but are taken
into account in an averaged manner using the continuum modelfor the solid phase stress.
The collision of the particles is modeled by the solid phase stress which is usually simu-
lated using the model of Harris and Crighton (1994) which was later extended by Snider
et al. (1998). This method is nicely presented in the work of Myöhänen and Hypp̈anen
(2011). In this method, the parameter, the number of particles which are present in a par-
cel, is important. In a recent work by Li et al. (2012) using the MP-PIC method for the
simulation of CFB riser, the effects of the number of particles per parcel were studied. It
reveals that critical values for the number of particles perparcel exist which affects the
accuracy and the simulation time. Thus, the simulations using MP-PIC method are cer-
tainly faster than the DPM calculations, but still more research is needed to develop this
method which can provide faster and accurate results for pilot and large scale fluidized
beds.

Macro-scale approach is the modeling methodology which is usually targeted to simulate
large scale furnaces. Currently, this approach is the only practical method which helps to
simulate the industrial scale fluidized bed furnaces including the chemical reactions and
heat transfer. The closure models based on this modeling approach are based on empirical
or semi-empirical correlations.

In the macro-scale approach, there are different levels of modeling such as 1D, 1.5D, 2D
and 3D as nicely reviewed by Myöhänen and Hypp̈anen (2011). These types of differ-
ent levels of modeling can well predict the core-annulus flowstructure. The dilute core
region in which the solids flow upwards and dense annulus region in which solids flow
downwards. In such kind of macro-scale modeling strategy, also known as engineering
models, the simulations are mainly performed on a coarse mesh, and hence, the informa-
tion about the micro-scale structures of the flow field are lost. Currently, for 3D level,
there are very few studies available in the literature whichobeys such kind of a modeling
approach (Wischnewski et al., 2010; Myöhänen and Hypp̈anen, 2011). The disadvantage
with this approach is that the simulations are validated through real measurements which
are not easy to perform.

As a common understanding, the scale existing between the micro-scale and the macro-
scale is called the meso-scale, which contains useful information about the various pro-
cesses occuring inside the system. Thus, modeling of the meso-scale is very important as
it can help to correlate the micro-scale and macro-scale, orin short, the overall behavior of
the system. Fine resolution in the computer simulation to effectively study the meso-scale
and the limitation of the computational time have posed a great challenge in the simula-
tion of gas-solid flows in fluidized beds (Ge et al., 2008). It is now well accepted that the
micro-scale approaches are very time consuming and thus notpossible for the simulation
of large scale fluidized beds, and the macro-scale modeling lacks information about the
small scale structures of the flow field. Therefore, it is in the prime interest to understand
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the meso-scale which will be used as a basis to perform large scale simulations. In spite
of strenuous efforts, it is a common recognition that very much is known about the micro-
scale and the macro-scale, but the proper understanding about the meso-scale is still far
from maturity (Li et al., 2010).

The most practical approach for understanding and modelingof the meso-scale can be
based on the Eulerian description for phases. This approachassumes that the flow dy-
namics of gas and solids phases are averaged over a control volume and continuity and
the momentum equations are solved for all phases. The model based on the Eulerian de-
scription is known as the multi-fluid model. The simplest multi-fluid model is known as
the two-fluid model which is the most popular model used in theliterature for studying
the hydrodynamics of gas-solid flow. In this approach, the particles are no longer treated
as the separate entities, but the physics of the particles isaveraged over a control volume.
The main challenge associated with this kind of an approach is to properly define the
solids properties such as pressure and stresses. Thus, in the two-fluid model, the constitu-
tive models for the solids phase equations are mainly derived based on the kinetic theory
of granular flow. As it is computationally more economical incomparison to the DNS and
Eulerian-Lagrangian approach, much efforts are made in thedevelopment of this model.
However, it should be noted that this modeling approach is still developing and better
sub-models in the two-fluid model are required.

Thus, in the main stream computational fluid dynamics for gas-solid flows in fluidized
beds, there are mainly two approaches used; the Eulerian-Lagrangian approach and the
Eulerian-Eulerian approach. Both of these approaches are also nicely reviewed by van
Wachem and Almstedt (2003). Tsuji et al. (1998) made a comparison between the DPM
and the two-fluid model results for studying cluster patterns in CFBs, and found that DPM
showed better results for cluster patterns in larger ducts.However, it should be noted that
the mesh size used for the two-fluid model was quite coarse. Goldschmidt et al. (2004)
made a comparison between the DPM and the two-fluid model results for the simulation
of dense gas-solid fluidized beds, and found that the time-averaged solid volume fraction
profiles predicted with the DPM were in better agreement withthe experimental results.
However, it should be noted that the analysis of DPM was made only for 24,750 particles,
while the number of particles in typical fluidized bed units are few orders of magnitude
larger.

In the above discussion on different approaches for gas-solid flow simulations, the most
practical approach can be viewed in the context of considering both phases as a continuum
models. In the summary of the different modeling approaches, the Eulerian description of
phases approach is much faster than the other micro-scale modeling approaches. Know-
ing the fact that the macro-scale modeling approach is the fastest one in comparison to all
the other approaches, there are difficulties associated with the validation using real mea-
surements and the scale-up of different phenomena inside the furnace. However, there are
still some unresolved challenges in the successful simulations of gas-solids flow in flu-
idized beds using the Eulerian description of phases which will be discussed later. Thus,
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in all, continuum models are more practical for simulating the gas-solid flow in fluidized
beds.

2.2 Scale-up of modeling approaches

In general, the scale-up of different phenomena inside the furnace is challenging as it
needs a very systematic procedure in the bridging of different approaches. The heteroge-
neous flow structures that take the form of bubbles in the bubbling fluidization regime and
in the form of clusters and streamers in the fast fluidizationregime are called mesoscale
structures. Hence, in the following, we will refer to these flow structures as the mesoscale
structures. The various fluidization regimes are well explained in the classical book
of fluidization engineering (Kunii and Levenspiel, 1991). The existence and origin of
these mesoscale structures have been extensively studied in gas-solid fluidization litera-
ture (Lim et al., 1995; Agrawal et al., 2001). As observed in the experimental study of
pilot scaled fluidized beds, the largest size of mesoscale structures can be in the order
of centimeters, but still those flow structures are dependent on gas-particle and particle-
particle interactions which occur on the scale of millimeters or less.

The main challenge is to develop the correlation for the gas-solid drag force as it is the
principal term in the DEM and two-fluid model, which essentially needs to be developed
from the DNS or LBM approaches. Such multi-scale scale-up is asubject of research and
very important in successful simulations of gas-solids flowsystems. It is also in the com-
mon interest for researchers in the area of multiphase modeling to formulate sub-models
developed from the computer simulations which are believedto replace the traditional
empirical correlations. The gas-solid drag correlation which is a combination of Ergun
equation and Wen and Yu model, highly used in fluidization literature, is derived from
experiments. However, the other terms such as solids stressequation (in two-fluid model)
are based on theory which is credited by the use of kinetic theory of granular flow.

The drag force correlation over the several ranges of Reynolds number and the solid vol-
ume fraction were formulated from the LBM simulations (Hill et al., 2001a,b) which
were further blended by Benyahia et al. (2006) to obtain proper expressions for the entire
ranges of the Reynolds number and the solid volume fraction. Bokkers et al. (2004) used
DPM to study the bubble size of a single injected bubble at minimum fluidization con-
ditions and obtained better predictions with experimentalmeasurements when using the
drag model derived from lattice Boltzmann simulations in comparison to Ergun/Wen-Yu
model. van der Hoef et al. (2004) obtained the expression forthe gas-solid drag from
the LBM simulation and used this correlation for DPM and two-fluid model simulations.
This verifies that this principal correlation can be formulated from the very detailed sim-
ulations and is used in the Eulerian-Lagrangian and the Eulerian-Eulerian approach. It
should be noted that the correlation here was derived from a case of a limited range of
Reynolds number. Hence, a lot more research is needed to develop reliable sub-models
from the very detailed simulations which are used in the continuum models.
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2.3 Eulerian-Eulerian modeling approach

For the gas-solid flow in large scale fluidized bed systems where the number of parti-
cles is huge, the use of the Eulerian-Lagrangian modeling approach is not feasible, and
thus, the Eulerian-Eulerian modeling approach is preferred. In this approach, the physics
of the particles is averaged over a control volume. The formulation then takes back to
the work of Anderson and Jackson (1967) who proposed partialdifferential equations for
both phases. The selection of the requisite control volume is discussed in Anderson and
Jackson (1967). In the two-fluid model which uses the Eulerian description of phases,
both phases are treated as interpenetrating continua.

In this Eulerian description of phases, continuity and momentum equations are solved for
each phase. Such an approach introduces the volume fractionof phases, which determines
the concentration of each phase in the same control volume atany time. The momentum
equations for both phases are connected by the drag force. The Eulerian-Eulerian model-
ing is the most practical approach for studying the dynamicsof gas-solid flow in fluidized
bed systems (Sundaresan, 2000), and perhaps the most commonly used approach (Pain
et al., 2001).

2.4 Model equations for Eulerian-Eulerian approach

The two-fluid model can be formulated in different ways depending on the averaging pro-
cedure and the constitutive equations. Enwald et al. (1996)gives a systematic description
of the two-phase flow theory with respect to fluidization. In this section, we will not go
into the detail of derivations of those equations but give a brief description of the equa-
tions which are used in the CFD codes for the simulations of thegas-solid flow. The
equations given below are taken from the user’s guide of the commercial CFD package,
Fluent, which was the code used in this thesis for performingthe simulations.

2.4.1 Two-fluid model equations

Starting from the local instantaneous equations for the fluid phase and Newtonian equa-
tions of motion for the particles, the two-fluid model equations can be derived. In the
derivation of two-fluid model equations, different averaging techniques such as space,
time and ensemble averagings are used by several researchers depending on the applica-
tion. In spite of different averaging techniques, the resulting two-fluid model equations
are quite similar to each other. However, the difference arises when the equations are
closed by adding constitutive equations depending on the application. For example, the
final form of the two-fluid model with constitutive equationsfor gas-liquid two-phase
flow is different from that of the gas-solid two-phase flow.

The continuity and momentum equations for gas and solid phases are given below

∂

∂t
(αgρg) +∇ · (αgρg~vg) = 0, (2.1)
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∂

∂t
(αsρs) +∇ · (αsρs~vs) = 0, (2.2)

∂

∂t
(αgρg~vg) +∇ · (αgρg~vg~vg) = −αg∇p+∇ · ¯̄τ g + αgρg~g −Kgs (~vg − ~vs) , (2.3)

∂

∂t
(αsρs~vs) +∇ · (αsρs~vs~vs) = −∇ps − αs∇p+∇ · ¯̄τs + αsρs~g +Kgs (~vg − ~vs) . (2.4)

These are the main governing equations used in the numericalsimulations in this work.
In the above Equations 2.3 and 2.4,p is the pressure which is shared by all phases,ps is
the solids pressure presented in section 2.4.3, andKgs (~vg − ~vs) is the gas-solid drag force
described in section 2.4.4. The phases stress-strain tensor ¯̄τi is given by

¯̄τi = αiµi

(

∇~vi +∇~vTi
)

+ αi

(

λi −
2

3
µi

)

∇ · ~vi ¯̄I. (2.5)

For the solid phase stress-strain tensor, the closure models for the shear viscosityµs and
bulk viscosityλs are based on kinetic theory of granular flow which is described in sec-
tion 2.4.3. Note that in the above equation, the bulk viscosity for the gas phase,λg, is zero.

Advancement in the computational resources during the lastthree decades has led to the
development of several codes which solve the two-fluid modelequations. Researchers
have started to solve these equations numerically and begunto validate CFD results with
experimental data. Such examples of CFD codes include the in-house codes, open-source
codes, and commercial codes. Professor Gidaspow’s group atIllinois Institute of Tech-
nology has started to develop a code which uses the numericaltechniques developed at
Los Alamos National Laboratory (Gidaspow and Ettehadieh, 1983; Ding and Gidaspow,
1990; Huilin and Gidaspow, 2003). An open-source code MFIX (Multiphase Flow with
Interphase eXchanges) developed at the National Energy Technology Laboratory (Syam-
lal et al., 1993; Syamlal, 1998) has been used in numerical simulations (Agrawal et al.,
2001; Gelderbloom et al., 2003; Igci et al., 2008). The commercial codes such as CFX
(van Wachem et al., 1998; Cammarata et al., 2003; Yang et al., 2003a) and Fluent (Boe-
mer et al., 1997; Benyahia et al., 2000), which are now owned byANSYS, are also widely
used in the CFD simulations. Another commercial code Phoenics has also been used for
the CFD simulations (Ferschneider and Mège, 2002). OpenFOAM, an open-source code,
has also been used in the simulations during last few years. Several other in-house codes
have also been developed and used in numerical simulations (Samuelsberg and Hjertager,
1996; De Wilde et al., 2002).

2.4.2 Turbulence modeling

Accurate prediction of the effects of particles in a turbulent flow is of great interest in
engineering if the density difference between the phases islarge. The turbulence in the
gas phase was modeled as the modifiedκ − ǫ turbulence model with extra terms that
include the turbulence exchange terms between gas and solidphases. The mathematical
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model is given below as

∂

∂t
(αgρgκ) +∇ · (αgρg~vgκ) = ∇ ·

(

αg

µt

σκ
∇κ

)

+ αg ¯̄τt : ∇~vg − αgρgǫ+Πκ, (2.6)

∂

∂t
(αgρgǫ)+∇·(αgρg~vgǫ) = ∇·

(

αg

µt

σǫ
∇ǫ

)

+αg

ǫ

κ
(C1ǫ ¯̄τt : ∇~vg − C2ǫρgǫ)+Πǫ, (2.7)

where

¯̄τt = µt

(

∇~vg +∇~vTg
)

− 2

3
(ρgκ+ µt∇ · ~vg) ¯̄I, (2.8)

whereµt = ρgCµ
κ2

ǫ
. The terms,Πκ andΠǫ, represent the turbulence exchange terms

between the gas and solid phases. These terms are given as

Πκ = Ksg(κsg − 2κ); Πǫ = C3ǫ
ǫ

κ
Πκ. (2.9)

The termκsg denotes the covariance of the velocities of the gas and solidphases which is
formulated from the work of Simonin and Viollet (1990) and isgiven by

κsg = 2κ

(

b+ ηsg
1 + ηsg

)

, (2.10)

whereb = 1.5
(

ρs
ρg

+ 0.5
)−1

andηsg = τt,sg
τF,sg

. The terms,τt,sg andτF,sg, are called the

Lagrangian integral and particle relaxation time scales, respectively. The Lagrangian in-
tegral time scale is given as

τt,sg =
3
2
Cµ

κ
ǫ

√

1 + 3
2
(1.8− 1.35cos2ψ) |~vg−~vs|

2

κ

. (2.11)

The particle relaxation time scale is given as

τF,sg =
αsρg
Ksg

(

ρs
ρg

+ 0.5

)

. (2.12)

2.4.3 Kinetic theory of granular flow

The main challenge associated with the two-fluid model for gas-solid flow is the devel-
opment of closure models for the terms in the solid phase momentum equation. The
closure models for solid phase momentum equation are mainlybased on the kinetic the-
ory of granular flow (KTGF) which is derived from the analogy of the kinetic theory of
gases. In the formulation of the kinetic theory of gases, gasmolecules collision is treated
to be elastic, and for isothermal systems, the kinetic energy is conserved. However, for
coarse particles in granular flow, the kinetic energy is not always conserved because of
the friction which leads to the dissipation of kinetic energy. Jenkins and Savage (1983)
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proposed that the energy loss due to collisions of particlesshould be taken into account.
Kinetic theory of granular flow was formulated for dense, inelastic, and rough particles
(Lun et al., 1984; Lun and Savage, 1987; Lun, 1991; Gidaspow,1994). The constitutive
equations based on the KTGF are incorporated in the commercial CFD package, Fluent,
which was used for the numerical simulations in this study.

In addition to the continuity and momentum equations, the granular energy equation
which describes the energy balance of fluctuating velocity associated with the particles
(Lun et al., 1984; Ding and Gidaspow, 1990) is also solved. The granular energy equation
is given by

3

2

[

∂

∂t
(αsρsΘs) +∇ · (αsρs~vsΘs)

]

=
(

−ps ¯̄I + ¯̄τs

)

: ∇~vs +∇ · (kΘs
∇Θs)− γΘs

+ φgs.

(2.13)
In the above equation, the diffusion coefficient for granular energykΘs

, as proposed by
Syamlal et al. (1993), is given as

kΘs
=

15dsρsαs

√
Θsπ

4 (41− 33η)

[

1 +
12

5
η2 (4η − 3)αsg0,ss +

16

15π
(41− 33η) ηαsg0,ss

]

, (2.14)

where,η = (1 + ess)/2. The collisional dissipation of energyγΘs
, as proposed by Lun

et al. (1984), is given by

γΘs
=

12(1− e2ss)g0,ss
ds
√
π

ρsα
2
sΘ

3/2
s . (2.15)

The energy exchange between the gas and solid phase as proposed by Ding and Gidaspow
(1990) is given asφgs = −3KgsΘs. As mentioned in Syamlal et al. (1993), the complex
looking partial differential equation in Equation 2.13 canbe written in an algebraic form
by assuming that the granular energy is dissipated locally,neglecting the convection and
diffusion terms and retaining only the generation and dissipation terms. The resulting
equation of computing granular temperature using an algebraic form is written as

Θs =









−C1αstr(
¯̄Ds) +

√

C2
1 tr

2( ¯̄Ds)α2
s + 4C4αs

[

C2tr2(
¯̄Ds) + 2C3tr(

¯̄D2
s )
]

2αsC4









2

,

(2.16)
whereC1, C2, C3, C4 are the granular stress constants which are given as follows

C1 = 2(1 + ess)ρsg0,ss,

C2 =
4dsρs(1 + ess)αsg0,ss

3
√
π

− 2

3
C3,
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C3 =
dsρs
2

{
√
π

3(3− ess)
[1 + 0.4(1 + ess)(3ess − 1)αsg0,ss] +

8αsg0,ss(1 + ess)

5
√
π

},

C4 =
12(1− e2ss)ρsg0,ss

ds
√
π

.

As can be seen from the above Equation 2.16, an algebraic formof the granular energy
equation is quite complex, but in numerical sense this is much simpler to solve than the
full-fledged granular energy equation. Depending on the form of the granular energy
equation used (Equation 2.13 or Equation 2.16), the granular temperatureΘs is calcu-
lated, and it is then used to close the terms solid phase stress and solids pressure.

Solid phase stress-strain tensor¯̄τs is given by

¯̄τs = αsµs

(

∇~vs +∇~vTs
)

+ αs

(

λs −
2

3
µs

)

∇ · ~vs ¯̄I. (2.17)

Lun et al. (1984) gave an expression for the granular bulk viscosityλs as

λs =
4

3
αsρsdsg0,ss (1 + ess)

(

Θs

π

)1/2

. (2.18)

The solid shear viscosityµs is written as a sum of collisional, kinetic, and frictional vis-
cosities as

µs = µcol + µkin + µfr. (2.19)

An expression for the collisional viscosityµcol is given as

µcol =
4

5
αsρsdsg0,ss (1 + ess)

(

Θs

π

)1/2

. (2.20)

For kinetic viscosityµkin, there are two models available in Fluent 6.3.26, as proposed
by Gidaspow et al. (1992) and Syamlal et al. (1993). Gidaspowet al. (1992) model and
Syamlal et al. (1993) model are given respectively as follows

µkin =
10ρsds

√
Θsπ

96αs (1 + ess) g0,ss

[

1 +
4

5
g0,ssαs (1 + ess)

]2

, (2.21)

µkin =
αsdsρs

√
Θsπ

6 (3− ess)

[

1 +
2

5
(1 + ess) (3ess − 1)αsg0,ss

]

. (2.22)

For the calculation of kinetic viscosity, the model proposed by Gidaspow et al. (1992)
was used for the bubbling fluidized bed study, while the modelproposed by Syamlal
et al. (1993) was used for the circulating fluidized bed study. Frictional viscosityµfr is
calculated using the model of Schaeffer (1987) which is written as follows

µfr =
ps sin θ

2
√
I2D

, (2.23)
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whereI2D is the second invariant of the deviatoric stress tensor.

Lun et al. (1984) gave an expression for solids pressureps as

ps = αsρsΘs + 2ρs (1 + ess)α
2
sg0,ssΘs, (2.24)

whereess is the restitution coefficient for particle collisions and its chosen value in this
work was 0.9. For better prediction of the hydrodynamics of gas-solid fluidized beds using
KTGF, the value of coefficient of restitution should be correctly chosen (Goldschmidt
et al., 2001; Taghipour et al., 2005).g0,ss is the radial distribution function which is given
as

g0,ss =

[

1−
(

αs

αs,max

)1/3
]−1

, (2.25)

whereαs,max is the volume fraction for the solids at maximum packing and its chosen
value in this work was 0.63.

2.4.4 Gas-solid drag force

The term which connects the momentum equations for both phases is the drag force term.
A lot of attention has been paid in the literature in the proper modeling of this term as
it is an important parameter in characterizing the overall behavior of fluidization. Proper
understanding and modeling of this term is extremely crucial, as it is the main means by
which the solid particles are fluidized against the gravity.The drag force term is a product
of the interphase momentum exchange coefficientKgs(= Ksg) and slip velocity(~vg−~vs).
As noticed in Equations 2.3 and 2.4, the drag force term is with the opposite signs, as it is
exactly based on the principle of Newton’s third law of motion. As pointed out by Yang
et al. (2004), several synonyms for the term interphase momentum exchange coefficient
are available in the literature, such as interphase exchange coefficient, interphase friction
coefficient, and interphase momentum transfer coefficient.

The heterogeneous nature of the gas-solid flows in fluidized beds creates a difficulty for
the accurate prediction of the drag force. The complexity ofsuch flow predictions is
largely influenced by the hydrodynamic interations betweenthe two phases, since other-
wise both phases would move independently (Ge et al., 2011).Based on the theory and
application, several expressions for the interphase momentum exchange coefficient are
available in the literature. Although several correlations exist in the literature for the drag
force, considerable uncertainties still remain for its prediction. For example, there is a rel-
atively accurate correlation about the drag force on the single particle in the unbounded
fluid, but the prediction of drag force in a cluster of particles is not well understood. One
of the highly used models in the literature for the cluster ofparticles is the correlation
proposed by Wen and Yu (1966). This correlation is based on the homogeneous assump-
tion of the solid phase, and it increases as the concentration of the solids phase increases.
Wen and Yu (1966) model is used alone in the numerical simulations for gas-solid flows
or in combination with the model of Ergun equation (Ergun, 1952), as proposed by Gi-
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daspow et al. (1992). Gidaspow et al. (1992) model can give the accurate prediction of
the fluidized bed behavior, but it requires that the simulations are performed with a very
fine mesh. Such fine meshes are not affordable in pilot or largescale studies. The math-
ematical expression of the Gidaspow et al. (1992) model, which is the model used in this
study is given below.
Forαg ≤ 0.8

Kgs = 150
αs (1− αg)µg

αgd2s
+ 1.75

ρgαs |~vs − ~vg|
ds

, (2.26)

and forαg > 0.8

Kgs =
3

4
CD

αsαgρg |~vs − ~vg|
ds

α−2.65
g , (2.27)

whereCD is the standard drag coefficient for a particle given as

CD =
24

αgRe

[

1 + 0.15 (αgRe)
0.687] , (2.28)

whereRe is the relative Reynolds number given by the following expression

Re =
ρgds |~vs − ~vg|

µg

. (2.29)

In spite of a discontinuity at the value of 0.2 solid volume fraction, this model is highly
used by researchers and is recommended for dense gas-solid flow simulations. Kandhai
et al. (2003) performed LBM simulations to check the applicability of the Gidaspow et al.
(1992) model for different values of the solid volume fraction and found that there is an
intermediate region which is not well predicted by the models of Ergun (1952) and the
Wen and Yu (1966).

2.5 Advances in two-fluid model simulations

Due to the significant advances in the high speed computational technology, the under-
standing of the hydrodynamics for gas-solids flow systems has increased. Even the exper-
imental techniques have contributed a lot to the understanding of multiphase flow systems
and its modeling. CFD simulations using the Eulerian model for gas-solids flow in flu-
idized beds is recognized as a very common tool for efficient modeling of such systems.
For the case of gas-solid flows in fluidized beds, the two-fluidmodel is a widely used
model among the scientific community. Even though the CFD simulations of pilot scale
and large scale fluidized bed systems are getting common, many challenging issues still
remain with its modeling. In the following, an effort is madeto systematically present the
current status in CFD simulations of gas-solid flows using thetwo-fluid model.

It is well established and understood that the flow in fluidized beds is not homogeneous.
There exists mesoscale structures whose magnitude varies for wide range of space and
time scales. In the different fluidization regimes, these structures are normally known
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as bubbles, clusters, or streamers of particles. The sizes of these structures are in the
order of few particle diameters to few centimeters. Hence, the fine mesh size of few
particle diameters and small time step size is needed for theproper modeling of such
mesoscale structures using the two-fluid model. Agrawal et al. (2001) performed simu-
lations with different mesh size resolutions and observed that more and more mesoscale
structures were resolved when the mesh size was decreased. Similar conclusion was made
by Benyahia (2012b) who showed more accurate predictions of atwo-fluid model for the
CFB riser as the mesh size was refined. Thus, the two-fluid modelis a promising tool, and
at present, the only alternative which would effectively predict the correct hydrodynamics
of the gas-solid flows in the pilot and large scale reactors.

Guenther and Syamlal (2001) predicted a better shape of an isolated bubble in a gas-solid
fluidized bed with a mesh size of about 10 particle diameters.However, simulations by
Guenther and Syamlal (2001) were done for Geldart group B particles and the situation
is different for Geldart group A particles. Wang et al. (2009a) showed that the two-fluid
model was able to predict accurately the bed expansion of a small-scale BFB with the
fine mesh size of about three particle diameters and small time step size. As pointed
out by Andrews IV et al. (2005), the appropriate mesh size which should be used in the
gas-solid flows for CFB riser simulations using the two-fluid model approach must be
about 10 particle diameters to get the mesh independent solution. However, it should be
noted that both conclusions of Andrews IV et al. (2005) and Wang et al. (2009b) were
different because of their systems operated in different fluidization regimes. Regardless
of the fluidization regime, the usage of such a fine mesh would create a large number of
computational meshes even for small scale units, and thus, such kind of simulations are
very time consuming and unaffordable for large scale fluidized bed studies.

A practical solution for such problems would be to use fast computing facilities which can
predict the flow dynamics using fine meshes. If we consider theconclusion as pointed out
by Andrews IV et al. (2005), the numerical simulations of fluid catalytic cracking parti-
cles with the particle diameter of 100 microns would requirethe mesh size of 1 mm in
the simulations. Even a simple, 2D geometry of dimensions 1m2 with the mesh size of
1 mm2, would create 1 million control volume elements. This kind of calculations when
performed in 3D geometries would increase the number of control volumes significantly.
Such calculations with more than a million cell volumes are currently difficult and needs
the use of high performance computer facility. For example,Syamlal et al. (2009) studied
the simulations of gas-solids reacting flow in the coal gasifier with the use of 10 million
cells which provide detailed information about the hydrodynamics, pressure, temperature,
and species distribution using thousands of cores.

Even though it sounds obvious, such kind of calculations arebeyond the scope of our com-
putational capacities. In spite of the increased availability of computational resources, and
without any modifications to the flow equations, large scale simulations are always per-
formed with coarse meshes. Guodong et al. (2010) performed CFD simulations of 50
MWe CFB combustor in which the total number of cells was about 884138 (considering
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fine mesh in their analysis), which is still quite coarse for afurnace whose height is 31.46
m. Shah et al. (2009a) studied the simulation of industrial scale CFB riser using two solid
phases with the maximum mesh size of about 30 centimeters.

When the gas-solid flow simulations are performed using coarse meshes, the informa-
tion about the mesoscale structures is lost, illustrating the dependence of results on the
discretization scales. Such CFD simulation predicts a quiteuniform solids concentration
distribution and gives an overestimated value of the solidscirculation rate. Thus, there
is an absolute need for the development of closure models in the two-fluid model which
take into account the mesoscale structures when using a coarse mesh. Many efforts have
been made by various research groups for the formulation of appropriate closure models
which can be used in coarse mesh simulations of gas-solid flows using the two-fluid model
(Agrawal et al., 2001; Zhang and VanderHeyden, 2002; Yang etal., 2004; De Wilde, 2005;
Wang and Li, 2007; Igci et al., 2008).

In the last decade, the gas-solid drag term has received the highest attention when for-
mulating the closure models. Several approaches are presented in the literature dealing
with the formulation of the correction factor to the drag force model which can be used
for coarse mesh simulations. One of them is the widely used energy-minimization multi-
scale (EMMS) model. According to that, in a gas-solid flow as in risers, particles together
tend to form clusters giving particle dominating regime, while in the dilute regime the gas
moves the particles giving gas dominating regime. When neither the gas nor the parti-
cles dominate, the regime is characterized as particle-gas-compromising regime. These
regimes are characterized by a minimum energy per unit mass of the particles, and the
mechanisms of gas-particle interactions are analyzed for different scales. This forms the
main principle of the EMMS model (Li et al., 1999; Qi et al., 2007). In the EMMS
model, gas and solids flow is considered to be in a solids-richdense phase or in a gas-rich
dilute phase, and several structure parameters are defined such as their own voidages and
velocities. The interphase momentum exchange coefficient is implicitly related to the cal-
culation of these structure parameters in the non-linear equations.

If this approach is directly applied to each control volume,it can result in enormous com-
putational costs. The EMMS model describes the flow structure of a global fluidized bed
system, and Yang et al. (2003a) extended its principle to thecontrol volume of the two-
fluid model. In the approach by Yang et al. (2003a), the EMMS model based non-linear
equations for structure parameters are once solved for a given set of operating conditions,
an overall voidage and material properties. The EMMS model was further extended by
Wang and Li (2007) to introduce the EMMS/matrix in which the structure-dependent
interphase momentum exchange coefficient is calculated foreach mesh in the domain.
The interphase momentum exchange coefficient based on the EMMS/matrix was used for
different mesh sizes in the CFD simulations and reasonable agreement with experimen-
tally determined mass flux was obtained (Lu et al., 2009, 2011). In the literature, many
researchers have used the drag model based on the EMMS approach in their CFD simu-
lations (Yang et al., 2004; Jiradilok et al., 2006; Wang et al., 2008a,b; Chalermsinsuwan
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et al., 2009; Wang et al., 2009b; Nikolopoulos et al., 2010; Wang et al., 2010b; Wang
and Liu, 2010; Zhang et al., 2010). Industrial scale simulations of CFB units have also
been presented in the literature in which the interphase momentum exchange coefficient
is calculated based on the EMMS approach. For example, Zhanget al. (2008) performed
the full-loop simulation for semi-industrial scale CFB, and Zhang et al. (2010) later per-
formed simulation for industrial scale CFB unit. Recently, anEMMS based structure-
dependent multi-fluid model conservation equations has been developed which can be
considered as a two-fluid model if the homogeneous assumption is considered within
each grid (Hong et al., 2012). An EMMS-based drag model was also used in the MP-PIC
simulations of CFB riser, and better agreement was shown in comparison to the homoge-
neous drag model (Li et al., 2012).

Some other approaches to the correction for the drag model are also available in the liter-
ature. Syamlal and O’Brien (1989) formulated a drag model based on the measurements
of terminal velocities of particles in fluidized beds. Nieuwland et al. (1994) proposed a
cluster correction based on an empirical correlation whichcalculates the ratio of local slip
velocity to the terminal velocity of a particle. Similar approach has been used by Kallio
(2005), in which a drag model following the work of Matsen (1982) and Poikolainen
(1992) was formulated based on the ratio of average slip velocity to the terminal velocity
of a particle. McKeen and Pugsley (2003) proposed a drag model based on the particle
agglomerate diameter as the tuning parameter for the simulation of FCC particles in a
bubbling bed. Hosseini et al. (2009) used the modified drag model of McKeen and Pugs-
ley (2003) in their simulations and obtained a better bed expansion for FCC particles.
Zhang and Reese (2003) formulated a drag model and stated thatin addition to cluster
correction based on solid volume fraction, the effect of therandom motion of the particles
should also be taken into account.

Another approach for modeling the unresolved structures for coarse scales is based on
the macroscopic averaging approach, also known as the filtering approach. This approach
is similar to the large eddy simulation approach applied to the Navier-Stokes equations
as in the case of single phase flows. Different macroscopic averaging approaches such
as ensemble phase averaging (Zhang and VanderHeyden, 2002), time averaging (Hrenya
and Sinclair, 1997; Kallio et al., 2008; Benyahia, 2008), andspace averaging (Igci et al.,
2008; Shah et al., 2012) have been performed over the two-fluid model equations. All
these approaches result in the modeling of the subgrid-scale models.

The methodology of using macroscopic averaging approach isthat the small scale fluc-
tuations are not resolved using fine scales in the simulations. On the contrary, the small
scale fluctuations are filtered (or averaged) over larger scales such as of coarse mesh or
long time steps which are originally calculated from the finescales. Using this method-
ology, the simulations can be performed for the larger scales, and the effects of the small
scale structures are taken into account using the subgrid-scale models. Formulation of
closure models using this kind of approach is not straightforward. When the formulation
of closure models is based on the simulation data, it requires a large amount of data points
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to get statistically valid results. Macroscopic averagingapproach is used in the present
work which will be discussed later in more details in Chapter 5.

The main aim of using macroscopic averaging approach is thatthe constitutive models
can be formulated for different filter sizes. This means thatthe closure models are depen-
dent on the coarse meshes or long time steps which are desiredto be used in the numerical
simulations. For the particular case of space averaging approach, Igci et al. (2008) showed
a systematic dependence of the filter sizes on the constitutive models. In their work, the
closure models were only shown for the solid volume fractionvalues of less than 0.3. In
the continuation of their work, Igci and Sundaresan (2011a)analyzed the data from the
fine mesh simulations and deduced the closure models for the entire solid volume fraction
range. Thus, in the work of Igci and Sundaresan (2011a), closure correlations in the fil-
tered two-fluid model equations were shown to be functions ofthe filter size and the solid
volume fraction.

However, it should be noted that the simulations presented in the work of Igci et al. (2008)
and Igci and Sundaresan (2011a) were performed for periodicdomains. In the case of pe-
riodic domain simulations, each location is statisticallysimilar to the other location, and
hence, the statistical averages can be collected much faster. This type of analyses are not
valid when there is an inclusion of the solid boundaries which is always the case in real
fluidized bed systems.

The effects of solid boundaries or walls on the closure relations for the macroscopic equa-
tions have also been explored. For single phase flows, the wall-layers models for large-
eddy simulations have been widely addressed by researchersand described in detail by
Piomelli (2008). However, for the case of gas-solid two-phase flows, it is quite a recent
topic. Igci and Sundaresan (2011b) were the first to analyze the effects of solid boundaries
and showed the need to include the distance from the walls as an additional parameter on
the filtered two-fluid model equation closures. Similar typeof analysis was also per-
formed by Shah et al. (2012) who showed the dependence of the location of the filtering
region on the variables solid volume fraction and slip velocity when analyzing the space
averaged drag force term.

Thus, in all, the closure models for the macroscopic averaged equations must contain the
dependence on the filter lengths, solid volume fraction, andthe distance from the wall.
In this work, an effort is made to develop and validate the closure correlation for the
space averaged gas-solid drag model which take into accountthe effects of solid volume
fraction, averaging size, and distance from the wall.
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3 Bubbling fluidized bed study

With more than 10,000 boilers in use worldwide, bubbling fluidized beds are perhaps the
largest application of fluidized beds (Basu, 2006). They are widely used in chemical,
drying, and energy industries. High solid mixing and efficient heat transfer are the char-
acteristic features of such fluidized bed systems. Fluid dynamics has a governing effect
on the overall processes occuring in the fluidized bed. Thus,understanding the fluid dy-
namics of gas-solid flow helps to a very large extent in such fluidized bed systems.

This chapter deals with the 2D numerical simulations of a laboratory scaled bubbling
fluidized bed. The geometry, closure models, and modeling parameters for the simulations
are described in this chapter. Several simulations showingthe effect of mesh size and time
step size are presented. The chapter is concluded with some of the modeling challenges
for CFD simulations of gas-solids flow in large scale fluidizedbed units.

3.1 Geometry and simulation parameters

This section deals with the pre-processing of CFD simulation, and the geometry, model
parameters, and closure relations are discussed here. Pre-processing is the most important
part as it defines the relevant features in the simulation, such as the mesh and CFD model.
The geometry consists of a small 2D laboratory scaled bubbling fluidized bed. The height
of the fluidized bed is 1 m and the width is 0.2 m. There are 4 gas inlets at the bottom
of the bed. The width of each inlet is 0.03 m. A schematic of thegeometry is shown in
Figure 3.1.

The structured and orthogonal meshes for the computationaldomain were created using
Gambit 2.2.30. The gas phase was considered as air and the solid phase was considered as
bed material. The gas phase inlet boundary condition was considered as velocity inlet, and
pressure outlet was set as the outlet boundary condition. Atthe walls, no slip boundary
condition was used for both of the phases. The phase coupled SIMPLE algorithm was
used for pressure-velocity coupling. First order implicitfor time and first order upwind
for space were used as the discretization schemes. The solidparticles considered in this
study belong to the Geldart group B particles. The model parameters are shown in Table
3.1.

There are several CFD simulations presented in the literature dealing with bubbling flu-
idized bed study using the two-fluid model (Ding and Gidaspow, 1990; van Wachem et al.,
1999; Hulme et al., 2005; Taghipour et al., 2005; Zimmermannand Taghipour, 2005; Ve-
jahati et al., 2009; Hamzehei et al., 2010; Lijie et al., 2010; Min et al., 2010; Schreiber
et al., 2011; Sun et al., 2011). The selection of appropriateconstitutive models is one
of the challenges in modeling gas-solid flows. There are different models available in
the literature for the closing of the terms such as interphase momentum exchange coeffi-
cient, solids pressure, and solids stress tensor. There arealso three models proposed by
researchers for the calculation of the granular temperature. One should note that even
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Figure 3.1: Schematic of the bubbling fluidized bed.

Table 3.1: Model parameters for the simulations.

Model parameters Values

Gas (Air) density 1.225 kg/m3

Gas (Air) viscosity 1.7894× 10−5 kg/ms

Solid particle density 2500 kg/m3

Solid particle diameter 500× 10−6 m

Gas inlet velocity 1 m/s

Mesh size(cm2) 0.25× 0.25, 0.5× 0.5, 1× 1

Time step size(s) 0.0005, 0.001, 0.005
Restitution coefficient 0.9
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Table 3.2: Closure models for BFB studies and other available models in Fluent (The
different model names are as given in Fluent).

Closure model Model selected Other available models

Kinetic viscosity Gidaspow Syamlal-O’Brien
Frictional viscosity Schaeffer Johnson et al.

Bulk viscosity Lun et al. -
Granular temperature Algebraic Syamlal-O’Brien, Gidaspow

Solids pressure Lun et al. Syamlal-O’Brien, Ma-Ahmadi
Radial distribution function Lun et al. Syamlal-O’Brien, Ma-Ahmadi,

Arastoopour
Interphase momentum
exchange coefficient Gidaspow Syamlal-O’Brien, Wen-Yu

κ− ǫ multiphase turbulence model Dispersed Mixture, Per-phase

though the form of two-fluid model equations is standard, there are variations in the clo-
sure models. It should be noted that the selection of closuremodels which are accurate
enough and achieve faster convergence was based on the recommendations in the liter-
ature. The set of closure models selected in this study together with the other available
models is shown in Table 3.2. The corresponding mathematical equations of the closure
models can be found in Chapter 2. In Fluent, the radial distribution function “Lun et al.”
is actually the radial distribution function used by Ogawa et al. (1980).

3.2 Study of sub-models

Before going to the main aim of this study which is the comparison of the simulation cases
with different mesh and time step sizes, it is nice to comparesome of the sub-models. This
section gives an insight into the selection of closure models which are used in this study.

3.2.1 Granular temperature model

In the case of bubbling fluidized beds, the volume fraction ofthe solid phase remains high
making it a dense flow regime. Boemer et al. (1997) made an extensive study of differ-
ent descriptions for the calculation of granular temperature and proposed that algebraic
formulation can be used for dense beds. van Wachem et al. (2001b) made a comparative
analysis of different sub-models in the two-fluid model equations for dense gas-solid flow
systems. They found that the computational costs can be reduced by using algebraic for-
mulation instead of the full granular energy equation without giving significantly different
results. Similar results have been found by other researchers as well (van Wachem et al.,
1998; Hosseini et al., 2010).
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3.2.2 Turbulence model

In the context of standardκ − ǫ multiphase turbulence model, there are three models
available; mixture, dispersed, and per-phase. As given in Fluent 6.3.26 user’s guide, the
mixture model is chosen when the density ratio of the phases is close to 1. Since this is
not true for the simulation case in this study, this model wasnot chosen. Another category
is the per-phase model in which theκ andǫ transport equations are solved for each phase
and which can thus be computationally quite expensive. Moreover, a more fundamental
problem associated with this model is the consideration of turbulence models for solid
phase as these were originally developed for the fluid phase (Hartge et al., 2009). In the
dispersed model, which was the selected model in this study,the turbulence in the gas
phase was modeled using modifiedκ − ǫ model with extra terms that include the turbu-
lence exchange terms between gas and solid phases.

It is well-known that gas-solids flow in fluidized beds consists of the dense bottom re-
gion, upper dilute region, and in between transition region. In the dense region, clearly
the gas-phase turbulent stresses are not important as the flow is mainly turbulent in this
region because of the dense solid phase concentration. In the transition region, it is dif-
ficult to clearly determine the importance of gas or solid phase turbulent stresses. In the
dilute region, since the solid concentration is dilute, gas-phase turbulent stresses are very
important. In all of the simulations, the modifiedκ− ǫ turbulence model was used for the
gas phase. In the literature, a comparison of simulations with and without a gas phase tur-
bulence model is presented and the comparison shows little effect on the predicted flow
behavior (Benyahia et al., 2007). This type of comparison wasnot done in the present
study, but the effect of gas phase turbulence can be small also in the present case and
hence the gas phase turbulence model could be ignored.

3.3 CFD simulations

After the selection of suitable sub-models, the effect of different mesh and time scales in
the CFD simulations was studied. Numerical simulations for gas-solid flow using the two-
fluid model requires a very fine mesh size of the order of few particle diameters (Wang
et al., 2009a). This leads to the use of small time step size for stable calculations. Short
discussion on the effect of mesh and time scales in 2D CFD simulations for bubbling
fluidized bed can be found in Shah et al. (2009a).

3.3.1 Calculation for achieving stable state solution

The main aim of this work is to study the effects of different mesh and time step sizes in
the CFD simulations of gas-solid flow using the two-fluid model. But to compare that, a
stable operating condition for bubbling fluidized bed has tobe achieved first. Note that the
comparison of different cases cannot be done until a stable condition has been obtained.
Solids with the volume fraction of 0.6 were initially patched in the bottom region0.2×0.2
m2. The bed was fluidized with the inlet gas velocity of 1m/s. The calculation was ini-
tiated to obtain the stable operating condition after setting all the required parameters in
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Figure 3.2: Instantaneous solid volume fraction contours during the initial calculation for
the mesh size0.5× 0.5 cm2 and time step size 0.001 s.

Fluent. Initial 5 s of calculation was obtained for each of the mesh size and time step size
cases studied here. The maximum number of iterations per time step was chosen as 20.
The convergence criteria in these simulations was set to thevalue 1e-03. Usually in BFB
studies, stable operating conditions can be reached in a relatively short time.

When the fluidization process began, a nice upflow of solids wasseen. Figure 3.2 shows
the instantaneous snapshots of the solid volume fraction when the fluidization progresses.
During the first few time steps of the simulation, the solids are moved as a block against
the gravity. The gas inlet behaves like a jet in the fluidizingsolid phase. Also during the
first few time steps, due to the symmetrical boundary conditions at the walls, the profiles
for the solid volume fraction are symmetrical. Mesoscale structure like bubbles can be
eventually seen in the solids concentration profiles. Inhomogeneity is then seen in the
contours due to fluctuations of solid volume fraction, and the contours no longer remain
symmetrical. This non-homogeneous flow prediction is similar to the real fluidization
characteristics in BFBs.

3.3.2 Effects of mesh and time step size

Several simulations were performed with different mesh andtime step sizes. Mesh size
of 0.25 × 0.25 cm2, 0.5 × 0.5 cm2 and1 × 1 cm2 and time step size of 0.0005 s, 0.001
s, and 0.005 s were considered. After 5 s of initial calculation, the calculations were
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continued for another 180 s for each case to get statistically valid averaged results under
stable operating conditions.

Instantaneous contours of solid volume fraction are shown in Figure 3.3. Figure 3.3 gives
a very broad picture about the role of the mesh and time scalesin the calculations. CFD
simulations with fine mesh and short time step take a very longcomputational time, thus
making the simulation of large scale fluidized bed systems unaffordable. With the use of
coarse meshes and/or long time steps in the simulations, information about the mesoscale
structures is lost.

Time averaged values of different variables like volume fraction were calculated over180
s of simulation. Time-averaged contours of solid volume fraction are shown in Figure
3.4. It is observed from the time-averaged contours that as the mesh size increases, more
uniform solids concentration is seen. The effect of the timestep size is small and no
significant change in the contours is observed. For the case of 0.25× 0.25 cm2 mesh size
and 0.005 s time step size, unstable results are obtained dueto higher time step size.

3.4 Challenges ahead

As seen in section3.3, CFD simulations using the Eulerian model are highly dependent on
the mesh and time step size. Fine meshes and short time steps are practically unaffordable
for large scale fluidized bed simulations. Several researchers are addressing the problem
of increasing the spatial and temporal spacing for CFD simulation of large scales, but it is
very unlikely that a commercial scale fluidized bed process can be solved with a full set of
equations for chemical, energy, and particle size distributions in the near future. Inaccu-
rate result issues caused by the use of coarse mesh and long time steps for gas-solid flow
in fluidized bed systems are taken up by several researchers (Sundaresan, 2000; Agrawal
et al., 2001; Zhang and VanderHeyden, 2002; De Wilde, 2005; Kallio, 2005; Ge et al.,
2008).

In addition to mesh and time step size constraints on the simulations of gas-solids flow
using the Eulerian model, there are other challenges in the simulations of fluidized bed
reactors. Fluidized beds are excellent chemical reactors and the main purpose of their
usage is in energy industries. There are different chemicalreactions occuring in fluidized
beds between gas and solids phases. For example, Syamlal andO’Brien (2003) used the
species mass-balance equation of the gas phase and combinedit with the hydrodynam-
ics equations for phases to study the decomposition of ozonein bubbling fluidized beds.
Therdthianwong et al. (2003) performed similar type of studies which simulate the CFB
reactor with catalytic ozone decomposition reaction. For example, chemical reactions in
bubbling fluidized beds for coal gasification require the usage of species transport equa-
tions for the phases which increases the calculation difficulties (Yu et al., 2007).

Other challenges associated with the modeling of fluidized bed furnaces are briefly listed
here. Usually, in large scale furnaces, there is a wide particle size distribution for solids,
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Figure 3.3: Comparison of instantaneous solid volume fraction contours with different
time step sizes0.0005 s, 0.001 s, and0.005 s for mesh sizes (a)0.25 × 0.25 cm2, (b)
0.5× 0.5 cm2, and (c)1× 1 cm2.
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Figure 3.4: Comparison of time-averaged solid volume fraction contours with different
time step sizes0.0005 s, 0.001 s, and0.005 s for mesh sizes (a)0.25 × 0.25 cm2, (b)
0.5× 0.5 cm2, and (c)1× 1 cm2.
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and hence, they should be treated as separate phases representing different particle sizes.
van Wachem et al. (2001a) studied the bed expansion characteristics of the bimodal par-
ticle mixture in a gas-fluidized beds with two particle sizesand densities. Huilin et al.
(2003b) studied the hydrodynamics of gas-solid fluidized beds using two particle sizes
and with the same density. Furthermore, Ibsen et al. (2004) performed simulations of
a small scale full loop circulating fluidized bed and found that the Eulerian model with
three solid phases predicts the results better than the one solid phase model in compari-
son to the experiments. Such simulations mainly concentrate to study the hydrodynamic
characteristics of solids of different particle sizes and/or densities. This kind of research
claims that considering more particle size distributions predicts better bed expansion in
comparison to using single particle sizes. The inclusion ofdifferent particle sizes in the
simulation increases the calculation time quite significantly as they have to be treated as
separate phases. Holloway et al. (2011) showed in their study the need of formulating
the filtered model equations for polydisperse particle systems which have already been
formulated for monodisperse particle systems in the work ofIgci et al. (2008).

To capture mesoscale fluctuations during the transient simulation, the time step size should
be very small in the order of 0.001 s or less. For better estimation of the averaged flow
properties, the real simulation time should be sufficientlylarge which is another challenge.
Furthermore, the closure models such as the interphase momentum exchange coefficient
are not validated for coarse meshes and give thus often incorrect results.
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4 Circulating fluidized bed: case study

Owing to their several advantages, circulating fluidized beds have attracted many engi-
neers and researchers for better understanding and workingof such industrial unit. A
CFB furnace works in the fast fluidized bed regime in which the solids are blown out of
the furnace. In such fluidized bed combustion, the solids circulation improves the gas-
solid contact and heat transfer. Fuel flexibility, lowNOx emissions, high combustion
efficiency, and proper limestone utilization for sulphur capture are some of the character-
istic features of CFB combustion (Basu, 2006).

In this chapter, the focus is not aimed to present the detailsabout the combustion phenom-
ena in the CFB riser, but to study the hydrodynamics of the gas-solid two-phase flow in
the riser. The chapter begins with the description of the pilot scaled CFB unit constructed
at Åbo Akademi University. It is then followed by the description of the procedure for
performing the CFD simulations of a CFB riser. The study of the boundary conditions at
walls and solids circulation rate is presented. The chaptercontinues with the validation
of the CFD results with experimental measurements. The chapter is concluded with the
presentation of the effects caused by the usage of coarse mesh and time step sizes in the
numerical simulations.

4.1 Experimental setup

The main aim for the construction of the experimental unit isthat the actual flow phe-
nomena can be visually observed, helping to better understand the CFD modeling. For
this purpose, a pilot scaled CFB unit was constructed atÅbo Akademi University. The
unit consists of a CFB riser, a solids separation unit and a return leg with a loop seal. The
dimensions of the CFB riser are as follows; 3 m height, 0.4 m width, and 0.015 m depth.
The 0.4 m wide riser walls, the sidewalls of the solids separator and the walls of the stand
pipe were made of polycarbonate plates. Plywood was used forthe windbox and for the
narrow side walls. The rest of the walls in the solids separator and in the duct between the
separator and the stand pipe were made of metal plates. The air distributor at the bottom
of the riser consisted of eight equally spaced air nozzles. Kallio et al. (2009) give a sys-
tematic description of the experimental unit. The CFB pilot unit is shown in Figure 4.1.

The bed material used in the experimental device consisted of spherical glass particles
with a density 2480kg/m3. The Sauter mean diameter of the particles was 0.385 mm.
The flow system under consideration belongs to the Geldart group B particles. Under the
ambient conditions of the experiments, the terminal velocity of an average size particle
was 2.9m/s. The total amount of the bed material was 3.5kg. During the experimental
measurement, the fluidization velocity was 3.5m/s and the average solids inventory in
the CFB riser was about 2.5 kg. Figure 4.2 shows the photographs of the experimental
unit during the measurements. In the bottom part of the riser, a dense fluctuating region
with higher solids concentration near the walls is observed. At the height of about 1.1 m,
the concentration of solids decrease in the core region of the riser.
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Figure 4.1: The circulating fluidized bed unit constructed at Åbo Akademi University
(courtesy of Sirpa Kallio).

(a) (b)

Figure 4.2: Photographs of the CFB riser during the experiment which were taken (a) at
the bottom part of the riser and (b) at 1.14 m height (courtesyof Sirpa Kallio).

4.2 CFD simulations

For better understanding of the flow phenomena, it is always practical to perform the CFD
simulations. It is beneficial in exploring the underlying physics of the fluid dynamics of
the two-phase flow. As mentioned earlier, the main aim of thiswork is to study the effects
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of mesh and time step size in the CFD simulations of gas-solid flow using an Eulerian
approach. The computational domain in the CFD study is just considered to be the CFB
riser and a small channel of return leg entering the riser. The small depth of the riser
enables us to perform the CFD simulations in two dimensions. As described in Agrawal
et al. (2001), ideally, 3D simulations are better than 2D. Ingas-solid flow systems, the
qualitative analysis of heterogeneous structures can be studied by 2D simulations. In this
work, a 2D simulations were chosen to perform because it corresponded to the dimensions
of the experimental unit. A schematic of the geometry is shown in Figure 4.3. As can be
seen in Figure 4.3, the uniform gas inlet is defined throughout the bottom of the CFB riser,
as the placing of the nozzles creates difficulties in definingthe mesh near the nozzles. The
structured and orthogonal meshes for the CFB riser were created using Gambit 2.2.30.

Outlet

Width = 0.4 m

Height = 3 m

Solids
return

Gas inlet

x

y

0.2 m
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0.1 m

0.6 m

1 m

Figure 4.3: Schematic drawing of the CFB riser and a small channel of return leg. The
selected areas seen in the lower and upper parts of the riser will be referred to later. The
solid lines along the riser height and in the return leg channel represent the walls.

Two-fluid model was used for simulating the gas-solid flow in the CFB riser with some
changes to the sub-models as used in BFB studies. There are several papers available
in the literature which show the comparison of experimentalmeasurements with CFD
results for the gas-solid flow in CFB risers using the two-fluidmodel (Samuelsberg and
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Table 4.1: Closure models for CFB studies (The different model names are as given in
Fluent).

Closure model Model selected

Kinetic viscosity Syamlal-O’Brien
Frictional viscosity Schaeffer

Bulk viscosity Lun et al.
Diffusion coefficient for granular energy Syamlal-O’Brien

Solids pressure Lun et al.
Radial distribution function Lun et al.

Interphase momentum exchange coefficient Gidaspow
κ− ǫ multiphase turbulence model Dispersed

Hjertager, 1996; Arastoopour, 2001; Wang and Li, 2001; Cabezas-Ǵomez and Milioli,
2003; Huilin and Gidaspow, 2003; Huilin et al., 2003a; Vaishali et al., 2007; Almuttahar
and Taghipour, 2008a; Reuge et al., 2008; Benyahia, 2010; Jin et al., 2010; Nikolopoulos
et al., 2010; Wang et al., 2010a; Cloete et al., 2011; Lu et al.,2011; Igci et al., 2012). In
spite of strenuous efforts by various research groups, universally accepted sub-models for
the simulations of the gas-solid flow using the two-fluid model are not available for any
regime of fluidization. The set of closure models selected inthis study are shown in Table
4.1. The corresponding mathematical equations for the closure models can be found in
Chapter 2.

The turbulence in the gas phase was modeled using modifiedκ−ǫmodel with extra terms
that include the turbulence exchange terms between gas and solid phases. The phase cou-
pled SIMPLE algorithm was used for pressure-velocity coupling. The first order implicit
for time-stepping, the first order upwind for volume fraction, and the second order up-
wind for other convective terms were used as discretizationschemes. The relative error
between two successive iterations for each scaled residualcomponent was below 1e-03,
and this limit is commonly used by researchers. During the transient calculations, it is
possible that for some of the time steps the residuals do not converge to the desired con-
vergence limit. For some cases, the under relaxation factorwas modified to achieve better
convergence. Sufficient numbers of iterations were used pertime step to ensure numerical
convergence and to reduce the uncertainty caused during thecalculations. The value of
restitution coefficient 0.9 was used for all the simulation cases.

During the CFD simulations, the mass flow rate of solids at the solids return boundary
was kept the same as the solids mass flow rate at the outlet, thus keeping the constant
solids mass in the system. More details about the selected boundary conditions for the
CFD simulations is given in section 4.3. After all the relevant model parameters and clo-
sure models were set in Fluent, several 2D simulations were performed for different mesh
and time step size cases. Four cases of mesh sizes0.625 × 0.625 cm2, 1.25 × 1.25 cm2,
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2.5× 2.5 cm2, and5× 5 cm2 and three cases of time step sizes 0.001 s, 0.005 s, and 0.01
s were used, making thus a total of 12 simulation cases.

Before performing any types of comparison between the different cases, stable state cal-
culations were obtained for each case. In the beginning of the calculation, the solids with
volume fraction 5.46% were patched uniformly in the entire computational domain.The
stability was based on monitoring the solids mass flow rate atthe outlet. In the beginning
of the calculation, the solids mass flow rate at the outlet fluctuated very largely. After
some time, the fluctuations diminished and the solids mass flow rate became nearly sta-
ble. In all of the simulation cases, the stable state can easily be reached in 20 s, but just
to make sure, 35 s was chosen as the stable state calculation time. After 35 s, the sim-
ulations were allowed to continue for another 180 s for each case. Time averaging and
post-processing of the CFD results were performed for this 180 s of time. Short discus-
sion on the effect of mesh and time step size in a 2D CFD simulations for CFB riser can
be found in Shah et al. (2009b).

4.3 Study of boundary conditions

For the simulation of gas-solid flows in CFB risers, the selection of proper boundary
conditions is crucial. In this section, the boundary conditions for both the phases at the
walls and solids mass flow rate at the return leg are analyzed.

4.3.1 Wall boundary conditions

Some efforts were made to find the appropriate boundary conditions for both phases in
vertical riser flows. Some researchers have used the free-slip condition for the gas phase in
their CFD simulations (Benyahia, 2010; Igci and Sundaresan, 2011b). The same bound-
ary condition for the gas phase has been used in this study. However, for the gas phase,
numerical simulations suggest that there is no big difference between the results obtained
with no-slip and free-slip conditions (Benyahia et al., 2007).

In the literature, very little is known about the appropriate boundary conditions for the
solid phase at walls. Visual observations of experimental devices shows that particles do
slip near the walls. Andrews IV et al. (2005) pointed out thatthe no-slip boundary con-
dition can be inaccurate for vertical riser flows and the partial-slip boundary condition is
more realistic. For the solid phase and granular temperature, the Johnson and Jackson’s
model (Johnson and Jackson, 1987) of partial-slip condition is highly used in fluidization
literature. The value of specularity coefficient varies in the model between zero and one,
which impose free-slip condition for the value as zero (Benyahia et al., 2005; Almutta-
har and Taghipour, 2008b). A value of 0.001 for the specularity coefficient and a value
of 0.2 for the particle-wall restitution coefficient were used for all the simulation cases.
Benyahia et al. (2005) mentioned in their work that the valuesof specularity coefficient
and particle-wall restitution coefficient has to be calibrated for a given gas-solid flow
simulation as the former cannot be measured and the latter can only be measured with
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difficulty. Interestingly, parametrization of wall restitution coefficient was not crucial in
the prediction of overall gas-solid flow structure (Neri andGidaspow, 2000; Almuttahar
and Taghipour, 2008b).

4.3.2 Solids mass flow rate at return leg

For any CFD simulation of gas-solid flow in CFB risers, the boundary condition at the
solids return boundary is very important. For a specific caseof mesh size0.625 × 0.625
cm2 and time step size of 0.005 s, two different boundary conditions at the solids return
boundary were studied (all the sub-models and model parameters remained the same).
The stable state solution was obtained in 35 s, and then the simulation was allowed to
continue for another 180 s. Solids mass flow rate at the solidsreturn boundary was kept
the same as the outlet solids mass flow rate, and thus, the massin the system remains
constant all the time. This mass flow rate was averaged over the time period of 180 s, and
then, this averaged value of solids mass flow rate was used as aboundary condition at the
solids return boundary for another simulation for 35–215 s.Figure 4.4 compares the mass
of solids in the domain for two different boundary conditions for solids mass flow rate at
the solids return boundary.
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Figure 4.4: Transient values of solids mass for two different boundary conditions at the
solids return boundary. The black line denotes that the solids mass flow rate at the solids
return boundary is the same as the solids mass flow rate at the outlet. The dotted line
denotes that constant solids mass flow rate was used at the solids return boundary.
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As seen from Figure 4.4, when the constant mass flow rate is used at the solids return
boundary, the mass in the riser can fluctuate about -2.27 % to 3.77 % from the experimen-
tal value. Since the magnitude changes about 0.1 kg in the riser, it can have an effect on
the overall fluidized bed behavior in CFD modeling. If the samesolids mass flow rate as
the outlet is used as a boundary condition at the return leg, the solids mass in the system
remains constant all the time. This is certainly a better choice compared to having a con-
stant solids mass flow rate at the return leg. Similar approach of keeping constant solids
mass in the riser during CFD simulation has been used by several researchers (Zhang and
VanderHeyden, 2001; Yang et al., 2003b; Lu et al., 2009; Benyahia, 2012a).

4.4 Validation of CFD results

Validation of the CFD simulation results with the experimental measurements is crucial.
As seen from Figure 4.1, the transparent walls of the CFB pilotunit help the use of im-
age based measurement methods. The data from the experimental measurements was
analysed using the gray-scale volume fraction estimate andusing the particle image ve-
locimetry (PIV) techniques. More detailed information about the techniques used for
experimental measurements can be found in Peltola (2009).

For the finest mesh size0.625× 0.625 cm2 and time step size 0.001 s used in the calcula-
tions, comparison of the time-averaged solid volume fraction profiles with the experimen-
tal measurements can be seen in Figure 4.5. CFD simulation results are in well agreement
with the experimental measurements. Higher solid concentration near the walls and lower
solid concentration in the core region of the CFB riser were observed. Similar type of re-
sults were obtained by Kallio et al. (2009).
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Figure 4.5: Comparison of experimental values and CFD simulated profiles of solid vol-
ume fraction at different heights: (a) y = 0.20 m and (b) y = 1.30 m.
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4.5 Effects of mesh and time step size

It is well known that the accuracy of CFD simulation is very much dependent on the mesh
size being used. In this section, CFD simulation results for different mesh and time step
sizes used in the calculations are presented. Four cases of mesh sizes0.625× 0.625 cm2,
1.25 × 1.25 cm2, 2.5 × 2.5 cm2, and5 × 5 cm2 and three cases of time step sizes 0.001
s, 0.005 s, and 0.01 s were used in the simulations. Thus, a total of 12 different cases of
mesh and time step sizes were performed.0.625 × 0.625 cm2 was considered as a fine
mesh and 0.001 s was considered as a short time step size in thesimulations. Although
the fine mesh and short time step considered here are not very highly resolved, they still
capture the essential features of the simulations. Kallio et al. (2011) studied the fluctua-
tion characteristics of the solid volume fraction with a mesh size0.625 × 0.625 cm2 and
obtained reasonable agreement with the experimental measurements. Thus, the consider-
ation of finer mesh size would not change the results of the analysis.

It is obvious that for transient simulations of gas-solid flow for fluidized bed studies,
the time step should be sufficiently short. Such constraint will increase the total com-
putational time quite significantly, and thus, long time step is also preferred along with
a coarse mesh size. Just a simple Eulerian simulation of gas-solid flow using two-fluid
model with 0.01 s time step size will be 10 times faster than the one with 0.001 s time
step size. In spite of such a big advantage, the literature has paid surprisingly little atten-
tion for formulating closures which take the time scale intoaccount. One of the reasons
could be that the effect of the time step size in CFD simulations is not so significant as
compared to the effect of mesh size. Most of the researchers who illustrate the techniques
for introducing closures for coarse mesh simulations have used small time step sizes in
their analysis.

It is always necessary to perform CFD simulations with the usage of fine mesh and small
time step size. However, as previously mentioned, such fine scales in the CFD simulations
are computationally expensive. Figure 4.6 shows the comparison of solid volume fraction
contours for different mesh sizes used in the CFD simulations. For the comparison of dif-
ferent mesh sizes, the time step size was considered to be 0.001 s. It is clear from Figure
4.6a that when the fine mesh size of0.625 × 0.625 cm2 was used in the simulation, the
solid volume fraction contours exhibited mesoscale flow structures. A high dense fluctu-
ating region was seen in the lower part of the riser with higher solid concentration near
the walls. In the core region, the suspension traveled on average upward in the form of
clusters and streamers. The upper part of the riser was characterized by lower values of
solids concentration.

With the increase in the mesh sizes for the simulations as shown in Figure 4.6a, such
information about the mesoscale flow structures is lost. Because of the usage of coarse
mesh in the calculations, higher values of solid concentration accumulated in the upper
part of the riser. A more uniform suspension can be seen when the mesh size increases
in the simulations. As mentioned earlier, 35 s was chosen as the time for obtaining the
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Figure 4.6: Comparison of (a) instantaneous and (b) time-averaged snapshots of the solid
volume fraction for different mesh sizes using a time step size of 0.001 s. The aspect ratio
δx : δy in these CFD simulations was 1:1. The region with a solid volume fraction of less
than 0.0001 on a logarithmic scale is shown as colorless.
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Figure 4.7: Comparison of (a) instantaneous and (b) time-averaged snapshots of the solid
volume fraction for different time step sizes using a mesh size of δx = 0.625 cm. The
aspect ratioδx : δy in these CFD simulations was 1:1. The region with a solid volume
fraction of less than 0.0001 on a logarithmic scale is shown as colorless.
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stable operating conditions. After that, the simulations were allowed to continue for 180 s
for each of the cases. Figure 4.6b shows the time-averaged solid volume fraction contours
for the different mesh sizes. For the case of the finest mesh size considered here, a clear
dilute region can be observed in the upper part of riser. As the mesh size was increased, a
more uniform suspension could be observed. Higher solids concentration characteristics
began to be observed in the upper part of the riser with the increase in the mesh size.

Same type of results were observed with the increase of the time step size, but the effect
was not as significant as seen with the mesh size. Figures 4.7aand b show the instanta-
neous and time-averaged solid volume fraction contours fordifferent time step sizes used
in the simulations. For the comparison of time step size results, the fine mesh size of
0.625× 0.625 cm2 was considered. With the increase of the time step size in thesimula-
tion, an uniform solids distribution could be observed.

The comparison of the instantaneous and time-averaged solid volume fraction contours
for different mesh sizes and time step sizes was presented. It gives an overall flow predic-
tion and the role of mesh and time step sizes in the CFD simulations of risers. This helps
to study the lateral behavior of the solid volume fraction and in which the wall layers can
be easily characterized.

For a certain position in the cross-section, it is beneficialto study the time averaged pro-
files of the solid volume fraction for different cases in the vertical direction. Comparison
of the time-averaged solid volume fraction profiles versus the height for different mesh
sizes in CFD simulations is shown in Figure 4.8. The gas-soliddrag model in these simu-
lations is the Ergun/Wen-Yu model for all the cases. It can beclearly seen from the figure
that the effects of mesh sizes in the CFD simulations are quitesignificant. There is a more
dilute region seen in the upper part of the riser, when a finer mesh size is used. With
the increase in the mesh sizes, the solids concentration is higher in the upper part of the
riser. This shows the clear dependence of CFD results on the discretization scales, hence
affecting the overall predicted behavior of fluidized bed. Because of the uniform solids
distribution in the riser, the interphase drag force is overestimated, leading consequently
to a higher solids mass flux at the outlet.

A similar type of comparison was made for the time step sizes used in the CFD simula-
tions, as seen in Figure 4.9. The mesh size used for the time step size analysis was the
finest mesh size of0.625× 0.625 cm2. It is clearly seen from the figure that the effects of
time step sizes are not significant compared to the differentmesh sizes in the simulations,
at least in the range investigated. A further increase in thetime step size would result into
calculation difficulties, and thus, the simulations were not performed for longer time steps.

A direct consequence of the results obtained with a coarse mesh and long time steps
is the higher solids mass flow rate at the outlet. While performing the measurements
at the experimental unit, the average solid mass flux was estimated to be less than 5
kg/m2s (Kallio et al., 2009). During the stable operating conditions, the solids mass flux
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Figure 4.8: Vertical profiles of the time-averaged solid volume fraction at the distance x
= 0.20 m from the walls of the CFB riser for different mesh sizesusing a time step size of
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at the outlet was monitored over the transient simulations of 180 s. Figure 4.10 shows
the average value of the solids mass flux at the outlet for various mesh and time step size
cases.
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Figure 4.10: Comparison of the average solids mass flux at the outlet for the different
mesh and time step size simulation cases. The aspect ratioδx : δy in these CFD simula-
tions was 1:1.

Thus, in all, the CFD simulations of the CFB riser show a variation of the results on the
mesh and time scales. When using fine scales, the results are reasonable, exhibiting infor-
mation about the mesoscale structures. When using coarse scales, the information about
the mesoscale structures in the flow field is lost, resulting auniform distribution of solids
concentration. This shows the clear dependence of the CFD results on the discretization
scales which affects the overall predicted behavior of fluidized bed. The uniform solids
distribution in the riser when using coarse scales consequently leads to a higher mass flow
rate at the outlet. Thus, there is a need for formulating the closure models which can be
used in coarse scale simulations of fluidized beds. More details regarding an approach for
formulating suitable expression for the subgrid-scale models can be found in Shah et al.
(2012) and in next chapters.
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5 Space averaging

Previously, in Chapters 3 and 4, it was illustrated that the two-fluid model together with
the sub-models based on kinetic theory of granular flow can successfully predict the hy-
drodynamics of gas-solid flow in fluidized beds. However, there is a limitation that the
mesh size should be fine and the time step size short. Because ofthis constraint, it be-
comes very important to formulate proper expressions for the terms in the two-fluid model
equations which can be used for coarse scale simulations. This is the core chapter of the
thesis which concentrates more on the modeling aspects of the system under considera-
tion.

This chapter describes the three main methods when macroscopic averaging is applied
over the equations. The concept of space averaging is used and applied over the equations.
For the case study of a circulating fluidized bed riser considered in Chapter 4, a systematic
study on the space averaging has been done on the vertical component of the gas-solid
drag force and the convective term using some defined notations. The dependence of the
factors on the subgrid-scale models which results from the space averaging approach is
discussed.

5.1 Macroscopic averaging over the two-fluid model equations

It is not feasible to consider in details all the micro-scalefluctuations that occurs in the
fluid flows. For that reason, the concept of macroscopic averaging, or also known as
filtering, is applied over the equations. The main purpose ofconstructing these macro-
scopic averaged equations is that they are less computationally expensive and could give
reasonable macroscopic properties as fine resolved simulations if they are formulated
properly. In a single phase flow, Reynolds averaging is commonly applied to obtain
the Reynolds averaged Navier-Stokes equations. Reynolds averaging leads to the term
“Reynolds stresses”, which arise from the velocity fluctuations.

Similarly, for gas-solid two-phase flows, the macroscopic averaging approach is applied.
Three main types of macroscopic averaging approaches are usually applied; ensemble
phase averaging, time averaging, and space averaging. All these averaging approaches
result for the need to develop subgrid-scale models. With the term subgrid-scale models,
it mean the residuals (similar to Reynolds stresses in the single phase flow) of different
terms in the two-fluid model equations when macroscopic averaging is applied. In the
following, each of the macroscopic averaging approaches isdiscussed briefly.

Using ensemble phase averaging technique, Zhang and VanderHeyden (2002) performed
the second average over the equations which was originally derived in Zhang and Pros-
peretti (1997). In their analysis, an expression for the correlation of the fluctuations in the
volume fraction and the pressure gradient was formulated.
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In another type of averaging approach, the time consuming transient simulations could
be solved in the form of the steady state calculation by formulating the time averaged
equations. The first article which dealt with the time averaging of the gas-solid flow equa-
tions using the kinetic theory was described by Hrenya and Sinclair (1997) which studied
the effects of particle phase turbulence. Following this, Benyahia (2008) derived a time-
averaged model for a 1D vertical channel using Taylor seriesexpansion for constitutive
relations based on the kinetic theory of granular flow. Kallio et al. (2008) also performed
the time averaging over the equations and studied the magnitude of different terms in the
two-fluid model equations. According to their analysis, themain terms to be modeled are
the gas-solid drag and the Reynolds stresses arising from thevelocity fluctuations.

The concept of space averaging for two-fluid model is not new.It is similar to the ap-
proach of large eddy simulation in the single phase flows (Piomelli, 1999). Space av-
eraging approach for gas-solid two-phase flows has been usedby Igci et al. (2008) who
presented a methodology in which computational results obtained through fine grid sim-
ulations are filtered to formulate models for the residuals correlations appearing in the fil-
tered two-fluid model equations that can be used for coarse mesh simulations. The same
type of work was extended in their next publication in which closure models were formu-
lated considering the entire solid volume fraction range (Igci and Sundaresan, 2011a). In
this work, the same concept of space averaging was used and isdescribed in the next sec-
tion. The main parameters which can affect the modeling of the constitutive correlations
are then discussed in the following sections.

5.2 Space averaging approach

In the above section 5.1, different macroscopic averaging approaches were discussed. All
these approaches result for the need to develop subgrid-scale models. The modeling of
these terms is not straightforward as it requires a large amount of data for having statisti-
cally valid averaged values.

In this work, the methodology of space averaging by Igci et al. (2008) has been followed.
In the work of Igci et al. (2008), an approach to formulate theclosure models from the
fine mesh two-fluid model simulations was presented. The results from the fine mesh sim-
ulations were filtered over different filter sizes (the terminology used in their work) to for-
mulate the constitutive models which can be directly used inthe coarse mesh simulations.
Later on, this type of approach was extended and analysis wasperformed for the entire
range of solid volume fractions using the FCC particles (Igciand Sundaresan, 2011a). In
their work, Igci et al. (2008) studied the contribution of different terms (residuals) when
space averaging was applied over the equations. They showeda systematic dependence
of the constitutive models on the filter sizes. This demonstrates that the closure models
for the filtered two-fluid model equations do not remain the same as the filter size changes.

A brief description of the concept of space averaged two-fluid model equations is pre-
sented below. In this methodology, Favre (mass-weighted) averages were used for the ve-
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locity components and space averaging was used for the volume fractions for both phases.
Using the Favre averages for the velocity components will help to avoid the fluctuation
terms in the continuity equations. Hence, the modeling terms only exist in the momentum
equations.

For the use of space averaging approach for different terms in the two-fluid model equa-
tions, the following case is chosen. The pilot scaled CFB riser described in Chapter 4
was used for the analysis of space averaging. During the CFD analysis of the CFB riser,
fine mesh simulation with the mesh size0.625 × 0.625 cm2 was performed to capture
the transient characteristics of different flow variables.The required variables data were
stored during the transient simulation with an interval of 0.001 s. As seen in Figure 4.3,
two areas were selected in the lower and upper parts of the riser to study the effect of
averaging on the different terms in the two-fluid model equations. For the area selected
in the lower part of the riser, there are 4 regions in total with the averaging size5 × 5
cm2 each. In this analysis, the center horizontal line passing through these areas is kept
constant at the heights of 0.175 m and 2.475 m. For the averaging size of2.5× 2.5 cm2,
there would be exactly 8 regions, and for the averaging size of 1.25 × 1.25 cm2, there
would be 16 regions. With the mesh size of0.625×0.625 cm2, exactly 4, 16, and 64 cells
will fit for any of the selected regions with averaging size,1.25 × 1.25 cm2, 2.5 × 2.5
cm2, and5 × 5 cm2, respectively. For the post-processing, the data for variables such as
volume fractions and velocities were stored for all cells with mesh size of0.625 × 0.625
cm2 in the two selected areas with an interval of 0.001 s.

Before trying to analyze the different terms based on the space averaging scale, there is
a need to define some type of notations which then make the study easy to interpret. For
example, the gas y-velocity which is transiently calculated for one cell of a mesh size of
δx = 0.625 cm and a time step size ofδt = 0.001 s is expressed asδxδt vg,y. When this
term is averaged over a larger scale, for example an averaging size of∆x = 5 cm, it is
denoted by the expression∆x〈δxδt vg,y〉. In the present study, we will concentrate only on
space scale. This means that when averaging is carried out ona space scale, the time scale
is kept constant.

For a constant time scaleδt (chosen as 0.001 s for this analysis), Figure 5.1 shows the
concept of space averaging in which the vertical drag force calculated with a fine meshδx
is averaged over a coarse mesh∆x as given by the expression∆x〈δxδt (Kgs(vg,y − vs,y))〉.
This means that the results from the fine mesh simulation are averaged over different
regions which are essentially the coarse meshes desired to be used in the simulations.

The definitions which are used for the averaging purpose are presented below. As men-
tioned earlier, Favre averaged quantities were used for thevariable velocity. Favre aver-
aged velocities for both phases are given as

ṽg =
∆x〈δxδt (αg~vg)〉

∆x〈δxδtαg〉
and ṽs =

∆x〈δxδt (αs~vs)〉
∆x〈δxδtαs〉

. (5.1)



62 5 Space averaging

δx
δt

Δx

(Kgs(vg,y - vs,y))

Figure 5.1: Schematic of the concept of space averaging.

The volume fraction for the phases is defined as the averaged volume fraction in the
averaging region. For both phases, the corresponding volume fractions can be given as

ᾱg =
∆x 〈δxδtαg〉 and ᾱs =

∆x 〈δxδtαs〉. (5.2)

Similar to the Reynolds averaging as in the single phase flow, the instantaneous flow
variables for the two-phase flows can also be written as a sum of the averaged quantity
and the fluctuation part. The instantaneous flow variables for the volume fractions and
velocity components are given as

αi = ᾱi + α′
i, (5.3)

vi = ṽi + v′i. (5.4)

Using these definitions, the space averaged continuity and momentum equations for both
phases are given as

∂

∂t
(ρgᾱg) +∇ · (ρgᾱgṽg) = 0, (5.5)

∂

∂t
(ρsᾱs) +∇ · (ρsᾱsṽs) = 0, (5.6)

∂

∂t
(ᾱgρgṽg) +∇ · (ᾱgρgṽgṽg) = −〈αg∇p〉+∇ ·

(

〈¯̄τg〉 − ρg〈αgv
′
gv

′
g〉
)

+ᾱgρg~g − ωK∗
gs (ṽg − ṽs) ,

(5.7)

∂

∂t
(ᾱsρsṽs) +∇ · (ᾱsρsṽsṽs) = −〈αs∇p〉 − 〈∇ps〉+∇ · (〈¯̄τs〉 − ρs〈αsv

′
sv

′
s〉)

+ᾱsρs~g + ωK∗
gs (ṽg − ṽs) .

(5.8)

where,<> denotes the space averaging operator. As seen from the aboveequations, the
form of the space averaged equations is similar to the two-fluid model equations. For
example, the continuity equations are the same as in the two-fluid model equations. For
the momentum equations, the space averaging leads to extra terms which needs closure
modeling. This kind of approach has been previously used in the work of Igci et al.
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(2008). Thus, starting from the fine mesh simulation of gas-solid flows in a riser using the
two-fluid model, an effort is made to space average the two-fluid model equations, hence
formulating the closure models which can be used in the desired coarse mesh simulations.

On the left hand side of the momentum equations, there are basically two terms; the tran-
sient term and the convective term. In the definition of the Favre averaged velocity, there
is no extra term requiring modeling for the transient term. The next term is the convec-
tive term which leads to Reynolds stress like term which needsclosure modeling. This
term is denoted as−ρi〈αiv

′
iv

′
i〉, which is given on the right hand side of the momentum

equations. In such gas-solid flow systems, there is a large density difference between two
phases,ρsαs >> ρgαg. Thus, in this study, the modeling of the gas phase Reynolds stress
term is ignored. For the solid phase momentum equation, the stress-strain tensor based on
the kinetic theory of granular flow and the Reynolds stress like terms were compared for
time averaged equations (Agrawal et al., 2001) and also space averaged equations (Igci
et al., 2008). Results from both of the averaging procedures reveal that the contribution
from the Reynolds stresses arising from the velocity fluctuations in the solid phase is
much larger than from the ones coming from stress-strain tensor. Thus, the modeling of
the fluctuation terms in the space averaged stress-strain tensor〈¯̄τs〉 is not considered in
this study.

The first term on the right hand side of the space averaged momentum equations is the
combination of the volume fraction and the pressure gradient. The space averaging of this
term is given as

−〈αi∇p〉 = −ᾱi∇p̄− 〈α′
i∇p′〉. (5.9)

In the studies by De Wilde (2005), a closure model for the above equation was formulated.
The closure correlation for the above term was later reformulated with the inclusion of
the gas-solid drag force (discussed next) term in the equation by De Wilde (2007). In
the studies by Igci et al. (2008), they combined the contribution of the drag term with
the contribution of the fluctuations in the volume fractionsand the pressure gradient. Igci
et al. (2008) showed that the contribution of the drag force term is much larger than the
contribution from the fluctuations in the volume fraction and the pressure gradient. Thus,
for this reason, the modeling of fluctuation term in the aboveequation has been ignored
too. The second term on the right hand side of the solid momentum equation denotes the
contribution from the solids pressure term. In this study, the modeling of the fluctuation
in the solids pressure term has been ignored as its effect is not significant in the vertical
direction (see reference Kallio et al. (2008) for time averaged studies).

The most important term in the averaged equation is the gas-solid drag term. In the space
averaged equations above,ω is called the correction factor for the drag force. Since it
is occuring in both phases, only one model is sufficient for the modeling of this term.
In the following, the space averaged drag force and convective term are discussed. The
main factors which are dominant in finding the suitable form of subgrid-scale models are
focused.
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5.3 Space averaging on the drag model

For this purpose, a fine mesh simulation of the gas-solid flow in a CFB riser using the two-
fluid model was performed. The mesh cell size used in the simulation was0.625× 0.625
cm2 (the aspect ratioδx : δy in this simulation was 1:1). Space averaging was applied on
the drag model for three different averaging sizes,1.25 × 1.25 cm2, 2.5 × 2.5 cm2, and
5× 5 cm2. For a constant time scale, the space averaging on the vertical drag force model
can be mathematically given as

∆x〈δxδt (Kgs(vg,y − vs,y))〉 = ωK∗
gs(ṽg,y − ṽs,y), (5.10)

whereω is the correction factor for the drag force term to be found andK∗
gs is the inter-

phase momentum exchange coefficient calculated from averaged variables as defined in
Equations 5.1 and 5.2. The vertical component is consideredhere as it is in the main flow
direction of the gas-solid flow.

In this study, the mesh spacing in the transient simulation,δx, is 0.625 cm and the time
step,δt, is 0.001 s. The region over which the averaging is carried out is given as∆x.
On the left-hand side of Equation 5.10, the transient valuesof the vertical drag force were
calculated for the cells with size0.625×0.625 cm2 for the selected areas in the lower and
upper parts of the riser (see Figure 4.3). These transient values of the vertical drag force
are averaged over the cells which fit to the different averaging sizes (for example, 4 cells
with the averaging size1.25 × 1.25 cm2, 16 cells with the averaging size2.5 × 2.5 cm2,
and 64 cells with the averaging size5 × 5 cm2). Thus, a transient series of the averaged
vertical drag force is obtained as the left-hand side of Equation 5.10. On the right-hand
side of Equation 5.10, the same logic has been applied for thedrag force model which is
calculated based on the averaged variables defined according to Equations 5.1 and 5.2.

The correction factorω can be written as the ratio of the averaged drag force and the drag
force calculated from averaged variables. Time instant values of correction factors can be
obtained for the different regions of the averaging sizes1.25 × 1.25 cm2, 2.5 × 2.5 cm2,
and5 × 5 cm2. The statistical averages of correction factor values based on the approxi-
mate bin size of 0.008 of averaged solid volume fraction werecalculated.

Figure 5.2 shows the behavior of correction factors for different averaging sizes for the
lower and upper parts of the riser. The lower part contains the dense region of the riser,
and for that reason, the entire solid volume fraction range is possible to analyze. However,
in the upper part of the riser, there is a dilute concentration of solids, and thus only lower
range of solid volume fraction values can be analyzed. For each of the different averaging
sizes, the number of cells remains the same above and below the horizontal line passing
from the center of the each selected area. For the averaging size 5 × 5 cm2, we give the
numbering of each region as 1 to 4 starting from the left wall to the center of the riser.
The same type of numbering order can also be given to the remaining averaging sizes and
the cross-sections in the upper part of the riser.
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Figure 5.2: Correction factor with respect to solid volume fraction for different regions
with averaging size of1.25 × 1.25 cm2 in the (a) lower and (b) upper areas of the riser,
with averaging size of2.5× 2.5 cm2 in the (c) lower and (d) upper areas of the riser, and
with averaging size of5 × 5 cm2 in the (e) lower and (f) upper areas of the riser. The
markers for different regions are same in (a) and (b) for1.25 × 1.25 cm2, in (c) and (d)
for 2.5× 2.5 cm2, and in (e) and (f) for5× 5 cm2.
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5.3.1 Averaged profiles in horizontal direction
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Figure 5.3: Profiles of time-averaged values of solid volumefraction and vertical solid
velocity for different averaging sizes. (a) and (c) denote the profiles at the height y =
0.175 m and (b) and (d) denote the profiles at the height y = 2.475 m.

To interpret the results on the correction factor, it is useful to first study the horizontal
profiles of the solid volume fraction and the vertical solid velocity. This is done in this
section at two different heights for different averaging sizes. Figures 5.3a and b show the
averaged (in time) profiles of the solid volume fraction for different averaging sizes. The
profiles show similar behavior for different averaging sizes with higher concentration near
the walls and lower concentration towards the center of the riser. Figures 5.3c and d show
the averaged (in time) profiles of the vertical solid velocity for different averaging sizes
calculated according to Equation 5.1. From the velocity profiles, the downflow region of
solids at the wall for different averaging sizes can be observed. For the averaging size
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of 1.25 × 1.25 cm2, the profile shows that solids flow downward within the distance of
0.0375 m in the lower part and 0.025 m in the upper part from thewall of the riser. As
the averaging size increases, the detailed information on the velocity and volume fraction
trends in the wall region is lost. Similar loss of information on the averaged profiles is not
observed in the riser center.

5.3.2 Fluctuation characteristics using standard deviation

In the works of Igci and Sundaresan (2011b) and Shah et al. (2012), the drag correction
factor reduced monotonously towards the walls. Igci and Sundaresan (2011b) explained
this trend that clustering increases towards to the walls. To study the validity of this ex-
planation, the variation in the solid volume fraction and other flow properties is studied
in the following. The variation in the solid volume fractionis an indicator of the level of
clustering, i.e., how strongly the volume fraction is divided into dense and dilute values.
In the literature, the characteristics of solid volume fraction fluctuation have been studied
in experimental and computational analyses of gas-solid flows in CFB risers. Issangya
et al. (2000) studied the standard deviation of the voidage for different solids flux and
superficial air velocity conditions in a high-density CFB riser. Wang (2008) performed
high-resolution Eulerian simulation and studied the solidvolume fraction fluctuation us-
ing the root mean square approach. Kallio et al. (2011) presented the fluctuation charac-
teristics of the solid volume fraction in a CFB and observed similar trends in the results
obtained from experimental measurements and CFD simulations. The fluctuations are, by
definition, zero at zero volume fraction and at the packing limit. Fluctuations in the solid
volume fraction are presented by a roughly parabolic curve as a function of the average
solid volume fraction, with the peak at half of the volume fraction of a packed bed, i.e.,
around solid volume fraction of about 0.3.
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Figure 5.4: Standard deviation of solid volume fraction fordifferent averaging sizes at
two different heights: (a) y = 0.175 m and (b) y = 2.475 m.
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Figure 5.5: Standard deviation of slip velocity for different averaging sizes at two different
heights: (a) y = 0.175 m and (b) y = 2.475 m.

Figure 5.4 shows the variation in the standard deviation of solid volume fraction for dif-
ferent averaging sizes. The analysis was done at the heightsof y = 0.175 m and y = 2.475
m in the lower and upper selected areas, respectively, as shown in Figure 4.3. Figures
5.4a and b clearly show the dependence of standard deviationvalues on the averaging
sizes. The standard deviation values start to decrease as the averaging size is increased.
In Figure 5.4a, the peak in the standard deviation profile indicates that there is the largest
solid volume fraction fluctuation a couple of centimeters from the wall, where the average
solid volume fraction is close to 0.3, which is in accordancewith the observations in the
literature. In the upper part of the riser, as shown in Figure5.4b, the standard deviation
profiles are uniform in the horizontal direction with, as expected, the highest value near
the wall regions with the highest solids content.

Figure 5.5 shows the variation in the standard deviation of slip velocity for different av-
eraging sizes at two different heights in the riser. Figures5.5a and b clearly show the
dependence of standard deviation values on the averaging sizes. The behavior of the stan-
dard deviation of slip velocity is quite similar to the standard deviation of solid volume
fraction as seen in Figure 5.5a. In the upper part of the riser, as shown in Figure 5.5b, the
standard deviation profiles are uniform in the horizontal direction with little higher values
near the wall region.

It can be seen from Figure 5.4 and Figure 5.5 that the fluctuations of solid volume fraction
and slip velocity alone do not give any explanation for the lower values of the correction
factor near the walls. For this reason, the standard deviation profiles of different combi-
nation of variables were analyzed. According to this analysis, the term in the drag model
which gives higher fluctuations near the walls, and consequently lower values of correc-
tion factor, wasCD. The mathematical model ofCD itself contains the correlation of
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Figure 5.6: Standard deviation of single particle drag coefficient for different averaging
sizes at two different heights: (a) y = 0.175 m and (b) y = 2.475m.

voidage and slip velocity, which might be interpreted as thereason for higher fluctua-
tions near the wall. Figure 5.6 shows the variation in the standard deviation in the drag
coefficient for a particle for different averaging sizes at two different heights in the riser.
Figures 5.6a and b clearly shows that the fluctuations are higher near the walls.

5.3.3 Effect of solid volume fraction

In this section, the variation of the correction factor for different values of solid volume
fractions in the averaging region as a function of the distance from the wall is studied.
The corresponding behavior of the correction factor for different values of solid volume
fraction is shown in Figure 5.7 for three different averaging sizes. In their analysis, Igci
and Sundaresan (2011b) noted that the minimum number of samples over which their
statistical averages were carried out was 1000. In our analysis, for lower and moderate
values of solid volume fractions, the number of samples was well above 1000. However,
for higher values of solid volume fractions, the number of samples was below 1000. It
should be noted that the somewhat stochastic results shown in the Figure 5.7 for higher
values of solid volume fractions may be related to not havinga big enough number of
samples during averaging. The general trends are still clear. At most solid volume frac-
tions, the smallest values for the correction factor are observed in the wall layer, with a
minimum at the location closest to the wall. Figure 5.7a-c clearly shows the dependence
of correction factor values with respect to solid volume fractions. The correction factor
starts to decrease as the averaging size is increased, and this observation is similar to the
findings of previous works (De Wilde, 2005; Igci et al., 2008). For all the three averaging
size cases, the minimum values of the correction factor liesin between the solid volume
fraction values of 0.25 to 0.35 indicating that in this solids concentration range, a big cor-
rection to the drag force is necessary. This is understandable since this range of average
solid volume fraction allows the largest local variation inthe volume fractions produced
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Figure 5.7: Correction factor with respect to distance from the wall with different solid
volume fractions inside the averaging region for averagingsizes (a)1.25× 1.25 cm2, (b)
2.5× 2.5 cm2, and (c)5× 5 cm2. The analysis was carried out at the height y = 0.175 m.
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by the original fine mesh simulation. The low and high averagesolids concentrations in-
dicate a more uniform suspension density. In the next section, the more detailed behavior
of the correction factor for different solid volume fraction values will be studied.

5.3.4 Effect of averaging sizes
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Figure 5.8: Correction factor with respect to distance from the wall with different averag-
ing sizes for solid volume fractions inside the averaging region as (a)0.01, (b) 0.125, (c)
0.2, (d) 0.25, (e)0.3, (f) 0.375, (g) 0.45, (h) 0.525, and (i)0.6. The analysis was carried
out at the height y = 0.175 m.

This is the main section of the analysis in the modeling of thecorrection factor. It is
well known that the simulations are mesh dependent and the closure models in the space
averaged equations do not necessarily have the same function form. For this reason, in
this section, the behavior of the correction factor for the three averaging sizes is shown in
Figure 5.8 for different values of solid volume fractions. The analysis was done for the
selected area in the lower part of the riser, so that the wholesolid volume fraction range
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Figure 5.9: Correction factor with respect to distance from the wall with different averag-
ing sizes for the value of solid volume fraction asαs=0.005. The analysis was carried out
at the height y = 2.475 m.

can be considered. Figure 5.8a-e shows that in this moderatesolid volume fraction range,
there is a clear dependence of the correction factor on the averaging sizes. The correc-
tion factor decreases as the averaging size is increased. However, this type of behavior
is not clearly seen for the higher solid volume fraction range and the curves represent
more stochastic behavior as in Figure 5.8f-h. This type of behavior can be linked to the
remark in the previous section for not having large enough number of samples during the
averaging operation. Near the packing limit, Figure 5.8i shows that the correction factor
starts to tend towards unity for all the averaging sizes.

The behavior of the correction factor for three averaging sizes is shown in Figure 5.9 for
the selected area in the upper part of the riser. Since the suspension is dilute in the upper
part of the riser, only one value of solid volume fraction,αs = 0.005, was considered. In
the upper part of the riser also the correction factor profiles are dependent on the averaging
size.

5.4 Space averaging on the convective term

Another important term which is being analyzed in the study is the convective term. The
convective term of the solid phase momentum equation is space averaged to obtain the
contribution of the Reynolds stresses caused by the fluctuations in the solid phase veloci-
ties. In the mathematical notations, the vertical component can be written as,

∆x〈δxδt (αsρsvs,yvs,y)〉 = ᾱsρsṽs,yṽs,y + Reynolds stress. (5.11)

Similar to the averaging of the gas-solid drag force, the averaging procedure for the con-
vective term has been performed. The left hand side of Equation 5.11 is calculated based
on the averaged values of the function which depend on the values of local variables.
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Thus, firstly, the vertical convective component is calculated on a fine mesh scale, and it
is then averaged over different averaging sizes. On the right hand side of the equation, the
same term is calculated based on the averaged variables overdifferent averaging sizes.
The difference in the equations is denoted by the Reynolds stress which needs closure
modeling.

5.4.1 Effect of solid volume fraction

In this section, the variation of the vertical normal Reynolds stress component for differ-
ent values of solid volume fractions in the averaging regionas a function of the distance
from the wall is studied. The approximate bin size of the averaged solid volume fraction
values was about 0.008 which was the same for the analysis of the drag force term.

The corresponding behavior of the vertical normal Reynolds stress component for differ-
ent values of solid volume fraction is shown in Figure 5.10 for three different averaging
sizes. At most solid volume fractions, the maximum values ofthe Reynolds stresses are
observed in the wall layer, with a maximum at the location closest to the wall. Figure
5.10a-c clearly shows the dependence of the Reynolds stress values with respect to solid
volume fractions. The values of the Reynolds stress components increase with the in-
crease in the values for the solid volume fractions for all the averaging sizes. This can
be related to the fact that with more concentrations, the convective term becomes signif-
icant. Up to the solid volume fraction of roughly 0.35, thereis a constant increase in
the Reynolds stress values. However, for more higher solid volume fraction values, such
systematic behavior is not observed. This can again be related to the number of samples
during the averaging which makes the behavior stochastic. In the next section, the more
detailed behavior of the Reynolds stresses for different solid volume fraction values is
studied.

5.4.2 Effect of averaging sizes

The behavior of the vertical normal Reynolds stress component for different averaging
sizes is shown in Figure 5.11. It is clearly seen from Figure 5.11a-i that the behavior of
the vertical normal Reynolds stress component is very much dependent on the averaging
size and the magnitude increases as the averaging size is increased. Similar to the correc-
tion factor for the drag force, the normal Reynolds stress component shows higher values
near the walls.

Similar type of analysis was also done for the upper part of the riser. Figure 5.12 shows
the vertical normal Reynolds stress component in the upper part of the riser. Since the
solid volume fraction concentration is dilute in the upper part of the riser, only one value
of solid volume fraction,αs = 0.005, is chosen. The analysis confirms that the magnitude
of the Reynolds stress increases with the averaging size and the effect becomes much
pronouncing near the walls.
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Figure 5.10: Vertical normal Reynolds stress component withdifferent solid volume frac-
tions inside the averaging region for averaging sizes (a)1.25 × 1.25 cm2, (b) 2.5 × 2.5
cm2, and (c)5× 5 cm2. The analysis was carried out at the height y = 0.175 m.
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Figure 5.11: Vertical normal Reynolds stress component withrespect to distance from the
wall with different averaging sizes for solid volume fractions inside the averaging region
as (a) 0.01, (b) 0.125, (c) 0.2, (d) 0.25, (e) 0.3, (f) 0.375, (g) 0.45, (h) 0.525, and (i) 0.6.
The analysis was carried out at the height y = 0.175 m.

Thus, the wall effects must be considered in the modeling of the Reynolds stresses in such
filtered model equations.
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Figure 5.12: Vertical normal Reynolds stress component withdifferent averaging sizes
for the value of solid volume fractionαs = 0.005. The analysis was carried out at the
height y = 2.475 m.
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6 Validation of closure models

In the previous chapter, different terms of the space averaged two-fluid model equations
were analyzed. The main two terms which were analyzed were the gas-solid drag force
term and the convective term. Validation of the closure model is very important as it is
the main means by which the predictive capability of the formulated model can be judged.

In this chapter, only the closure modeling of the drag force term has been considered. In
the previous studies using the EMMS model, the only term for which the correction factor
was formulated was the drag force term. Those studies show that while considering only
the drag force term in the two-fluid model equations, a reasonable solids mass flux can be
obtained at the outlet for gas-solid flows in circulating fluidized bed risers.

6.1 Correction factor model for drag force

Proper modeling for the drag force term is crucial as it is theprincipal means by which the
interphase momentum transfer can be considered. In the previous chapters, it was clearly
demonstrated that the CFD results are highly dependent on thechosen mesh size. The re-
sults with fine meshes are accurate but very time consuming tosimulate in practice. Thus,
there is a need for formulating suitable closure models which can be used in coarse mesh
simulations. The gas-solid drag force term is perhaps the main term to which attention is
paid and for which closure models have been formulated in theliterature.

It is well known that the same governing equations are not valid for different mesh sizes
in the simulations. In the previous chapter, a detailed analysis about the modeling of the
correction factor for the drag model was studied. It was shown that the correction factor
was dependent on different variables. The main variables onwhich the closure modeling
of the drag force term is dependent are the averaging size, solid volume fraction, and dis-
tance from the wall.

For this purpose, a fine mesh simulation of gas-solid flow in circulating fluidized bed riser
is performed. The results of the fine mesh simulation are averaged to formulate closure
models for different averaging sizes which essentially arethe desired coarse meshes to be
used in the simulation. Three averaging sizes are considered in this study. Thus, three
closure models for different averaging sizes are formulated which are dependent on the
solid volume fraction and distance from the wall.

The variable distance from the wall is made a dimensionless quantity using the same
means which were used by Igci and Sundaresan (2011b). In the work by Igci and Sun-
daresan (2011b), the distance from the wall was made dimensionless by using the gravity
and terminal settling velocity of a particle. In the mathematical notations, the dimension-
less distance from the wall can be written as

xd =
gx

v2t
. (6.1)
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To formulate a suitable mathematical expression for the correction factor, first the data
in the upper and lower parts of the riser were combined. Thus,the mathematical model
reflects the data from both the dense and dilute regions of theriser. For all the three av-
eraging sizes, the combined data for the correction factor can be seen in the following
figures. Figure 6.1 shows data for the averaging size1.25 × 1.25 cm2, Figure 6.2 shows
data for the averaging size2.5×2.5 cm2, and Figure 6.3 shows data for the averaging size
5× 5 cm2. The region 1 corresponds to the averaging region located near the left wall of
the riser, and then the numbering follows towards the regions at the center of the riser.
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Figure 6.1: Correction factor with respect to solid volume fraction for different regions
with averaging size of1.25 × 1.25 cm2. The data in the figure are the combined results
from the upper and lower part of the riser.

It can be seen that the correction factor values for all the averaging sizes are different. This
clearly supports the result that the modeling of the correction factor function varies for
different averaging sizes. Thus, the two main variables which should be included in the
modeling are the solid volume fraction and distance from thewall. Keeping this in mind,
a simple function forms including two variables were formulated for the correction factor
for different averaging sizes. Two forms of the correction factor model were considered
in this study; continuous and discontinuous. The model formulation for both the function
forms are presented below.

6.1.1 Continuous function form of correction factor

The correction factor model which is applicable to all values of solid volume fraction was
formulated. The mathematical expression of the correctionfactor for different averaging
sizes can be written as
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Figure 6.2: Correction factor with respect to solid volume fraction for different regions
with averaging size of2.5× 2.5 cm2. The data in the figure are the combined results from
the upper and lower part of the riser.
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Figure 6.3: Correction factor with respect to solid volume fraction for different regions
with averaging size of5× 5 cm2. The data in the figure are the combined results from the
upper and lower part of the riser.
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For1.25× 1.25 cm2 averaging size,

ω = −3.972ᾱ1.128
s exp(0.327xd) + 0.879exp(2.056ᾱs)exp(0.772xd). (6.2)

For2.5× 2.5 cm2 averaging size,

ω = −5.088ᾱ1.156
s exp(1.258xd) + 0.741exp(2.591ᾱs)exp(1.614xd). (6.3)

For5× 5 cm2 averaging size,

ω = −5.184ᾱ1.175
s exp(2.368xd) + 0.565exp(3.015ᾱs)exp(2.8xd). (6.4)

In the above equations, a correction factor model was formulated for all the three aver-
aging sizes. It is observed that the correction factor is a continuous function model with
two variables; solid volume fraction and dimensionless distance from the wall. It is also
observed that the chosen function form for all the three averaging sizes is similar.
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Figure 6.4: Continuous function form of the correction factor with respect to solid volume
fraction and dimensionless distance from the wall for averaging size of1.25× 1.25 cm2.

It is interesting to visualize these functions as a 3D figure.Figures 6.4, 6.5, and 6.6, plot
the continuous function form of the correction factor for all the three averaging sizes,
1.25 × 1.25 cm2, 2.5 × 2.5 cm2, and5 × 5 cm2. The upper limit of the correction factor
in the model is limited to the value one, so that the total interphase momentum exchange
coefficient never exceeds the Ergun/Wen-Yu drag model. Fromthe figures, it is clear that
the magnitude of the correction factor decreases as the averaging size is increased, thus,
more correction to the drag force is necessary as the mesh scales are increased.
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Figure 6.5: Continuous function form of the correction factor with respect to solid volume
fraction and dimensionless distance from the wall for averaging size of2.5× 2.5 cm2.
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Figure 6.6: Continuous function form of the correction factor with respect to solid volume
fraction and dimensionless distance from the wall for averaging size of5× 5 cm2.

6.1.2 Discontinuous function form of correction factor

The correction factor model in a discontinuous function form which is applicable to all
values of solid volume fraction was formulated . The Ergun/Wen-Yu drag model used in
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the literature has a discontinuity at the value of solid volume fraction, 0.2. In this case,
different function forms of the model were formulated for the Ergun equation and the
Wen-Yu model. The mathematical expression of the correction factor model for different
averaging sizes is written as below.

For1.25× 1.25 cm2 averaging size,

ω =

{

1.235exp(0.461ᾱs)x
0.221
d + 0.391exp(−8.019ᾱs)exp(−4.832xd), ᾱs < 0.2

1.607ᾱs
2x0.036d + 0.456ᾱs

−0.513x0.146d − 4.944exp(−1590.6ᾱs)x
−3.631
d , ᾱs ≥ 0.2

(6.5)
For2.5× 2.5 cm2 averaging size,

ω =

{

1.479exp(−0.658ᾱs)x
0.296
d + 0.281exp(−12.928ᾱs)exp(−4.953xd), ᾱs < 0.2

5.330ᾱs
2x−0.337

d − 3.667ᾱs
1.893x−0.394

d + 1.69exp(−3.138ᾱs)x
0.195
d , ᾱs ≥ 0.2

(6.6)

For5× 5 cm2 averaging size,

ω =

{

1.853exp(−1.867ᾱs)x
0.429
d + 0.18exp(−14.535ᾱs)exp(−4.791xd), ᾱs < 0.2

2.327ᾱs
2x−0.141

d − 0.24ᾱs
−0.887x−0.344

d + 3.219exp(−4.169ᾱs)x
−0.245
d , ᾱs ≥ 0.2

(6.7)
It is observed that the correction factor is a discontinuousfunction model with two vari-
ables; solid volume fraction and dimensionless distance from the wall. It is also observed
that the chosen function form for all the three averaging sizes is similar. A correction
factor model was formulated for Ergun equation and Wen-Yu model separately for all the
three averaging sizes.

Figures 6.7, 6.8, and 6.9, plot the discontinuous function form of the correction factor for
all the three averaging sizes,1.25× 1.25 cm2, 2.5× 2.5 cm2, and5× 5 cm2. In this case
also, the upper limit of the correction factor in the model islimited to the value one, so
that the total interphase momentum exchange coefficient never exceeds the Ergun/Wen-
Yu drag model.

6.2 Comparison of closure models

In the above section 6.1, formulation of the closure models for the correction factor was
presented. The closure models were formulated as a functionof solid volume fraction and
distance from the wall for different averaging sizes.

Before performing any type of validation studies using the formulated models, it is use-
ful to compare the closure models formed in this study with those in the literature. It
should be noted that the closure models developed in this study were belonging to the
case of Geldart group B particles. The group of Professor Sundaresan has worked on the
development of filtered models using the filter size and also considering distance from the
walls. In their analysis, the formulation of the closure correlations was performed for the
case of Geldart group A particles.
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Figure 6.7: Discontinuous function form of the correction factor with respect to solid
volume fraction and dimensionless distance from the wall for averaging size of1.25×1.25
cm2.
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Figure 6.8: Discontinuous function form of the correction factor with respect to solid
volume fraction and dimensionless distance from the wall for averaging size of2.5× 2.5
cm2.
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Figure 6.9: Discontinuous function form of the correction factor with respect to solid
volume fraction and dimensionless distance from the wall for averaging size of5×5 cm2.

Figure 6.10 shows the comparison of the closure models for the correction factor with re-
spect to distance from the wall which are developed in this study (discontinuous function
form) and those formulated in the literature (Igci and Sundaresan, 2011a,b). The com-
parison was done using two different values of solid volume fraction as shown in Figure
6.10a and b. This type of comparison can increase our understanding regarding the role
of particle sizes in averaged equations.

6.3 Validation for coarse mesh simulations

This is the main section of this chapter as the validation forthe formulated models is
performed here. The same case of circulating fluidized bed riser located at̊Abo Akademi
university is used for the validation for coarse meshes. A user-defined function is prepared
which can be loaded in the Fluent software to enhance it’s features. The mathematical
form of the correction factorω is written in the user-defined function script file and then
compiled by the Fluent. Three coarse mesh calculations withmesh sizes1.25×1.25 cm2,
2.5 × 2.5 cm2, and5 × 5 cm2 were performed for both correction factor models to the
Ergun/Wen-Yu drag model. For the validation simulations using the formulated models,
the mesh size and the averaging size was the same. With such kind of validation simula-
tions, the accuracy of the formulated model can be checked. The time step size used in
the simulation was 0.001 s.

It should be noted that these new sets of simulations with themodified drag force model
were performed in the CFD code, Ansys Fluent 14. All the model parameters and the
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Figure 6.10: Comparison of the correction factor models withdistance from the wall for
two values of the solid volume fractions: (a)αs = 0.05 and (b)αs = 0.4. The black color
curves represent the correction factor model obtained in this study, and the blue color
curves represent the correlations developed by Sundaresan’s group (Igci and Sundaresan,
2011a,b). The dash-dotted lines represent the averaging size1.25× 1.25 cm2, the dashed
lines represent the averaging size2.5×2.5 cm2, and the solid lines represent the averaging
size5× 5 cm2.

calculation procedure remained the same as described in Chapter 4. For all the cases of
coarse mesh sizes, the simulations were performed to continue for 35 s, and then the sim-
ulations were allowed to continue for another 180 s. Averaging and post-processing were
performed over the last 180 s of the simulation.

Time averaged contours of the solid volume fraction for the simulations with the cor-
rected Ergun/Wen-Yu drag model are shown in Figure 6.11. With the use of the corrected
Ergun/Wen-Yu drag model in the simulations, as seen from Figure 6.11a and b, the solids
concentration profiles start to behave like fine mesh simulation, for the1.25 × 1.25 cm2

mesh size. However, with the increase in the mesh sizes, the profiles did not exactly match
the fine mesh simulations. However, it should be noted that only the drag force term was
modified in the simulations. The different forms of the correction factor functions such
as continuous and discontinuous did not varied the results significantly.

Time-averaged profiles of the solid volume fraction are shown in Figure 6.12 which were
calculated based on the Ergun/Wen-Yu drag model. It should be noted that the profiles
are averaged in the horizontal direction. The profiles show more solids concentration in
the upper part of the riser with the use of Ergun/Wen-Yu model.

Time-averaged profiles of the solid volume fraction are shown in Figure 6.13 which
were calculated based on the continuous function form of thecorrection factor for the
Ergun/Wen-Yu drag model. The profiles here are averaged in the horizontal direction.
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Figure 6.11: Comparison of time-averaged solid volume fraction contours using (a) con-
tinuous function form and (b) discontinuous function form of the correction factor for
different mesh sizes. The mesh sizeδx = 0.625 cm result is shown for comparison which
was calculated without any correction.
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Figure 6.12: Vertical profiles of the time-averaged solid volume fraction for different
mesh sizes using the Ergun/Wen-Yu drag model. The profiles are averaged in the hori-
zontal direction. The aspect ratioδx : δy in these CFD simulations was 1:1.
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Figure 6.13: Vertical profiles of the time-averaged solid volume fraction for different
mesh sizes using the continuous function form of the correction factor. The profile for
the mesh sizeδx = 0.625 cm is shown for comparison. The profiles are averaged in the
horizontal direction. The aspect ratioδx : δy in these CFD simulations was 1:1.
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The profiles show improvement in the solids concentration profiles with the corrected
Ergun/Wen-Yu drag model.

The same type of time-averaged profiles of the solid volume fraction are shown in Figure
6.14 which were calculated based on the discontinuous function form of the correction
factor for the Ergun/Wen-Yu drag model. Also here, the profiles are averaged in the hor-
izontal direction. The profiles with discontinuous function form show similar type of
behavior as the continuous function form of the correction factor.
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Figure 6.14: Vertical profiles of the time-averaged solid volume fraction for different
mesh sizes using the discontinuous function form of the correction factor. The profile for
the mesh sizeδx = 0.625 cm is shown for comparison. The profiles are averaged in the
horizontal direction. The aspect ratioδx : δy in these CFD simulations was 1:1.

Comparison of the averaged solids mass flux at the outlet for different simulation cases is
shown in Figure 6.15. The predicted solids mass flux at the outlet with the Ergun/Wen-Yu
drag model increases significantly with the mesh sizes, which is unrealistic. The exper-
imental value of solids mass flux at the outlet was measured tobe less than 5kg/m2s.
With the use of the corrected Ergun/Wen-Yu drag model in the simulations, the averaged
values of mass flux at the outlet reduces significantly. It is the main result of this analysis
that with the use of the corrected drag model, the average solids mass flux can be lowered.
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Figure 6.15: Comparison of the average solids mass flux at the outlet for different mesh
sizes using Ergun/Wen-Yu drag model and corrected Ergun/Wen-Yu drag model using
continuous and discontinuous function forms. The aspect ratio δx : δy in these CFD
simulations was 1:1.
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7 Conclusions

This work presents an approach for the computationally lessexpensive simulations of the
gas-solid flow in fluidized beds. The current trend in the computational fluid dynamics
of gas-solid flow much relies on two factors: computational time and accuracy. Accurate
simulations are computationally very expensive, and thus,not affordable in practice. On
the other hand, a failure to include the effect of small scaleflow structures on the fluid
dynamics results in inaccuracy in the predicted flow phenomena. Thus, there is a need to
find better modeling capabilities which can produce fast simulation results with reason-
able accuracy.

To achieve the target, two regimes of fluidization were analyzed; bubbling and circulat-
ing. Laboratory scaled bubbling fluidized bed and pilot scaled circulating fluidized bed
were considered as the geometrical domains. CFD simulationsfor gas-solid flows using
the two-fluid model approach were performed for both of the fluidization regimes. The
closure models for the solid phase momentum equation were based on the kinetic theory
of granular flow.

The main aim of this work was to analyze the role of mesh and time step sizes in the CFD
simulations of fluidized beds using the two-fluid model. CFD simulations of laboratory
scaled bubbling fluidized bed were performed to get an insight into the modeling aspects
using the two-fluid model. CFD model and parameters were chosen in agreement with
the recommendations in the literature. Different mesh and time step sizes were used to
study the hydrodynamics of the gas-solid flow in the bubblingfluidization regime. Fine
mesh and small time step sizes predict accurate results which reveal information about
the mesoscale structures. Coarsening of the mesh and time step sizes result in the loss of
information about the mesoscale structures.

A pilot scaled unit was chosen as the case study for the modeling of the gas-solid flow
in the CFB riser. The model parameters were selected according to the cold model mea-
surements conducted at the experimental unit. The aim of this study was also to study the
flow prediction of the two-fluid model approach for differentmesh and time step sizes in
the numerical simulations. Several two-dimensional CFD simulations were performed for
the gas-solid flow in the CFB riser. The results produced usinga fine scale show reason-
able accuracy but are very time consuming to obtain in practice. CFD simulations with a
coarse mesh and long time step affect the mesoscale structures of the flow field, leading to
uniform solids distribution in the CFB riser. This kind of effect results in an overestimated
drag force between the gas and solid phases, and consequently higher solids mass flux at
the outlet of the riser.

Fine mesh CFD simulations of the gas-solid two-phase flow in a CFB riser with a two-
fluid model are very time consuming and hence require a coarsemesh and consequently
filtered model equations. The main challenge with the filtered two-fluid model equations
is the closure of the terms resulting from the macroscopic averaging over the equations.
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Space averaging approach was applied over the equations forformulating the closure
model for the different terms such as gas-solid drag force and Reynolds stresses in the
filtered equations. The goal was to study the behavior of the closure models for different
locations in the riser and a wide range of solid volume fractions.

Fine mesh simulation was performed to formulate the closurecorrelations over different
averaging regions which are essentially the desired coarsemesh to be used in the calcu-
lations. During the course of the development of the closuremodels for space averaged
two-fluid model equations, different variables were analyzed to study their effect on the
modeling. The main variables which the closure model depends on were the averaging
size, solid volume fraction, and distance from the wall.

A correction factor model for the Ergun/Wen-Yu drag model was formulated as a function
of solid volume fraction and distance from the wall for threecases of averaging sizes. A
continuous and discontinuous type of function forms were formulated for the correction
factor. The formulated model was then simulated for the coarse mesh simulations. The
reported results showed better accuracy in comparison to the simulations performed with-
out the drag correction. The main accomplishment of the formulated closure model was
that it reduced the averaged solids mass flux at the outlet of the CFB riser.

Eventually, the objective of the work was achieved in formulating the closure models
which can be used in coarse mesh simulations. The formulatedmodel showed better
accuracy on the flow prediction and reasonable accuracy in comparison to the existing
model. However, it should be noted that this study was limited to 2D simulations of
fluidized beds and further research needs to be conducted for3D simulations. This kind
of modeling strategy can possibly enhance the capability for the simulations of large scale
fluidized beds.
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