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Abstract

Fluidized bed technology has been commercially applied over several
decades. However there is still a lack of knowledge that can provide a
detailed understanding of the combustion process in fluidized-bed fur-
naces. Understanding of mixing of fuel particles is crucial in order to
achieve efficient combustion, while optimizing the number of fuel feed-
ing ports. Thus, it is important to develop tools for reliable design and
scale up of fluidized-bed boilers, including modeling from first princi-
ples by Computational Fluid Dynamics (CFD).

In fluidized-bed boilers, there is typically a low mass fraction of
large fuel particles in an inert bed of finer solids. The extreme size dis-
parity between the two types of particles makes the modeling of the fuel
mixing so complex that the conventional Eulerian-Eulerian (E-E) and
Eulerian-Lagrangian (E-L) techniques are not able to correctly handle
the particulate mixture. Therefore, the main objective of the present
work is to develop new numerical strategies, within the E-E and E-L
frameworks, so that they would be able to deal with the fuel mixing
process.

As for the E-L, our treatment for the problem of fuel mixing includes
applying a three-grid method, consisting of a fine, a coarse and a mov-
ing grid. The fine grid is employed to resolve the flow of the carrier
phase and to treat the small (inert) particles, whereas the coarse grid
is used to calculate the drag forces acting on the fuel particles. Fur-
thermore, the moving grid is used in order to correctly calculate the
pressure gradient force on the fuel particles.

In an alternative approach, we also propose a tracking technique
that is a combination of the E-E and the E-L. The gas and the inert
phase are treated as interpenetrating continua and resolved within the
E-E framework, whereas the fuel particles are regarded as a discrete
phase. The forces acting on a fuel particle are calculated by using the
velocity and pressure fields of the inert solid and gas phases.

To investigate the performance of the methodology, several numer-
ical cases are simulated. Using a statistical analysis, preferential po-
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sitions and the dispersion coefficient of the fuel particles are obtained
under different operating conditions. The detailed information on the
motion of the fuel particles obtained from simulations is compared with
that from experiments. It is observed that numerical results are in
good agreement with the experimental results.

Besides the numerical work, detailed information on the dynamics
of the inert particles in bed is obtained using the Particle Image Ve-
locimetry (PIV) technique. Furthermore, a digital image analysis tech-
nique is applied to track an illuminated tracer particle in the bed, in
an attempt to reproduce the behavior of the fuel particles. The results
of the experimental work are presented in the form of the average ve-
locity vectors of the inert and tracer particles. The slip velocity, defined
as the velocity difference between the inert and tracer particles, is also
presented. Such measurements have not been reported so far in the
literature.

Keywords: Fluidization, Eulerian-Lagrangian, Eulerian-Eulerian, Fuel
mixing, Numerical Simulation, Particle Image Velocimetry (PIV)
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Nomenclature

Latin symbols

area, m2

peculiar particle velocity, m/s

instantaneous particle velocity, m/s

probability density function of presence of particles, m
diameter, m

local dispersion coefficient, m?s™
global dispersion coefficient, m?s™
restitution coefficient

force, N

drag factor, single velocity distribution function, s/m*
pair velocity distribution function, s/m*

Maxwellian velocity distribution function, s/m*

drag between solid phases, Nm 3

gravitational acceleration, ms—2

radial distribution function

initial bed height, m

moment of inertia, kgm?

unit vector connecting the centers of the two particles
mass, kg

number density, 1/m?

number of inert particle

energy dissipation, Js~tm?

number of times

pressure, Nm 2

collisional stress tensor, Nm?

frictional stress tensor, Nm?

kinetic stress tensor, Nm?

heat flux, Js~1m?

position, m

Reynolds number

torque, Nm

time, s

2

1
1
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At

fluidization velocity, m/s
velocity, m/s

volume of cell, m®

volume of fuel particle, m3
volume of inert particle, m®
volume of particle, m?3
reference displacement, m
time interval, s

Greek symbols

afuel

m DOES & T <X

&

Subscripts
g

[

Y

S

fraction of fuel particle volume
collisional flux
collisional source
viscosity, Pa.s
rotational velocity, s~
perturbation to Maxwellian distribution function
property of particle

density, kg/m?3

fluctuation granular energy, m
volume fraction

volume fraction of gas phase

1

2.2

S

gas

phase i

particle, phase p
solid
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Chapter 1

Introduction

1.1 Motivation

ECENTLY, the increasing level of greenhouse gas emissions com-

bined with the overall rise in fuel prices have raised demands for
renewable energy sources such as biomass. Fluidized beds, which use
a heated bed of sand-like material fluidized within a rising column of
air, have found several industrial applications such as coal and biomass
combustion. The popularity of fluidized bed combustion (FBC) is largely
due to the technology’s fuel flexibility - almost any combustible mate-
rial, from coal to municipal waste, can be burnt. Fluid-like behavior
of particles in a bed allows oxygen to reach the combustible material
much more readily and provides more effective chemical reaction and
heat transfer. Lower combustion temperature and consequently lower
thermal nitric oxide (NOy) is another great advantage of the fluidized
bed combustion over conventional flame combustion (e.g. burning pul-
verized coal, fuel or natural gas burners). Furthermore, there is a pos-
sibility to add limestone in the combustion chamber to reduce sulfur
dioxide (SO,) emissions.

Bubbling fluidized-bed boilers are widely used for combustion of
wood-waste fuels, usually delivered as wood chips. The use of biomass
in FBC boilers does not necessitate significant pre-processing. It is suf-
ficient for the fuel material to be crushed to a manageable size, the
largest particles being a few centimeters in diameter. As shown in Fig-
ure 1.1, the fuel particles are fed into the bed of fine particles via fuel
feeding points. The fuel is then distributed in the bed by the motion of
the bulk phase.

A homogeneous fuel distribution is crucial to ensure excellent mix-
ing of fuel and combustion air while minimizing the excess air ratio
and consequently, operational cost. Another important issue regarding
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the design of fluidized-bed combustors is the type, position and number
of the feeders.

Bubbling fluidized bed boilers use two types of feed systems: over-
bed system and under-bed system. As one can see in Figure 1.1, over-
bed feeders are simple, reliable and economical, but result in relatively
low combustion efficiency. On the other hand, under-bed feeders give
high combustion efficiency. However, the design of the under-bed sys-
tem is complicated and thus, it is expensive and less reliable. Figure
1.2 shows a schematic of a under-bed feeder. A pneumatic system is

usually used to inject coal or other fuel particles into the bed (Basu
(2006)).

Figure 1.1: Fluidized bed combustor. The fuel enters the combustor through
a fuel chute from above the bed

A proper design of the fluidized-bed systems requires sufficient num-
ber of fuel feeding points in order to achieve a uniform fuel distribution.
A single feeder is adequate for a small boiler having a cross section less
that 2 m?. However, larger beds would need multiple feeding points
(Basu (2006)). Therefore, understanding the dispersion of fuel particles
is of a great importance to design efficient combustors with optimum
number of fuel feeding ports.

Despite the importance of fuel mixing, literature gives limited work
on this phenomenon, mostly focused on experiments to estimate a dis-
persion coefficient (e.g. Highley & Merrick (1971), Xiang et al. (1987),
Niklasson et al. (2002)). However, only experimental calculation of
the dispersion coefficient in fluidized beds is not sufficient, because it
gives no information on the mechanisms governing the mixing process.
Therefore, several studies have been devoted to investigate the detailed
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EES
T

Under-bed feeder

Figure 1.2: Fluidized bed combustor. The fuel enters the combustor from
under the bed

motion of fuel particles in fluidized beds. In fluidized-bed boilers, there
is typically a low mass fraction of fuel particles (less than 5% ) of aver-
age size of some 10 mm or more, with a density of 600to 1000kg/m3,
in an inert bed of finer solids ( less than 1mm) of higher particle den-
sity (around 2500kg/m?3). The differences in size and density between
the two types of particles lead to distinctive circulation patterns for the
fuel particles in the bed (Agarwal (1987); Lim & Agarwal (1994)).

Nienow et al. (1978) studied the motion of various fuel particles
(flotsam) immersed in a bulk of small particles (jetsam). They calcu-
lated the average rise velocity of the flotsam particles in correlation to
the bubble rise velocity. Rios et al. (1986) performed a comprehensive
study on circulation motion of a single large object in a gas fluidized bed
of fine particles. The authors concluded that the position of the large
object in the bed depended on the gravity, buoyancy and drag forces.
They studied the effect of the density of large spheres and cylinders on
their fluidization behavior. Their observations showed that the circu-
lation pattern and penetration of the cylindrical particle into the bed is
strongly dependent on the density of the floating object.

In the early stages of fuel mixing studies, experiments mostly in-
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cluded various simple visualization techniques. The studies, as indi-
cated above, were typically on the circulatory motion and rising/sinking
velocity of a large fuel-like particle in fluidized beds. In addition, they
were limited to low fluidization velocities. In a recent work, Pallares
and Johnsson, 2006 used a digital image analysis technique to track
a fluorescent fuel-like tracer particle in a bed. The bed material con-
tained glass beads with size and density values similar to those of sand
particles typically used in fluidized-bed boilers. Pallares and Johnsson
ran the experiments for 15minutes and obtained preferential positions,
velocity vectors and dispersion coefficients of the tracer under different
operating conditions.

In recent years, as a result of rapid development of computational
power, the Eulerian-Lagrangian (E-L) or discrete particle methods (DPM)
have been employed to model many multiphase flow applications. In
the E-L solid particles are tracked individually through the flow do-
main by solving the Newton’s second law of motion. Tsuji & T. Kawaguchi
(1993) were probably the first group using the Lagrangian technique
to study fluidization. They simulated a two-dimensional fluidized bed
consisting of solid particles of a single size. However, the true ad-
vantage of using Lagrangian simulations is its ability to treat cases
in which polydispersity exists, such as fuel mixing. The Lagrangian
technique was later applied to the modeling of polydisperse suspen-
sions in fluidized beds (Hoomans et al. (2000) and Feng et al. (2004)),
who numerically analyzed mixing and segregation in binary mixtures
of particles.

The main problem regarding the E-L technique is that it is compu-
tationally demanding and thus still not applicable to large units. As
an alternative modeling and simulation tool, the two-fluid (Eulerian-
Eulerian) model has often been used to simulate fluidized systems. The
Eulerian-Eulerian (E-E) approach treats phases as interpenetrating
continua and solves the averaged equations of motion for the particu-
late phase, together with the governing equations of the gas phase. In
terms of computational time, the E-E technique is considerably more
affordable than the E-L approach. Most Eulerian models have been
limited to solids where particles have the same diameter (Gidaspow
(1994); Elwald & Almstedt (1998)). There have been attempts to take
into account the size distribution in the E-E approach. (Gidaspow et al.
(1996); Huilin et al. (2001); Iddir & Arastoopour (2005); Fan & Fox
(2008)). Nonetheless, because of the narrow size distribution, these
models are not suitable for simulation of fuel mixing.

Nearly all the Eulerian and Lagrangian simulations reported in the
literature so far deal with particles of same size or with a relatively
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small difference in size. However, as mentioned earlier, in the case of
combustion in fluidized beds, there is typically a considerable differ-
ence between the size of the fuel particles and that of the inert par-
ticles. This special feature makes the fuel mixing process so complex
that it cannot be handled by the convectional numerical techniques in-
troduced earlier. Therefore, numerical modeling of such a complex sys-
tem necessitates a special strategy. The main objective of the present
is to find methods to overcome the problems arising in the modeling of
fuel mixing process. For that purpose suitable approaches are taken,
which will be discussed in the next chapter.
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Chapter 2
Methodology

N the majority of fluidized bed simulations reported in the literature,

the particles are in the same size class meaning that they have a sim-
ilar size or that the difference between the sizes is small. In addition,
as for the numerical simulation of polydisperse mixtures, the volume
fraction of each solid phase is comparable to the others. However, the
fuel mixing phenomenon has especial features: 1) the properties (size
and density) of the fuel particles are substantially different from those
of the inert particles, 2) the fuel particles occupy only a few percent of
the volume of the bed material. Thus, the traditional numerical tech-
niques, either the Eulerian-Eulerian (E-E) or the Eulerian-Lagrangian
(E-L), cannot properly deal with such complexities. To overcome these
problems, we introduce suitable modifications within the E-E and E-L
frameworks so that they would be able to handle the fuel mixing pro-
cess. We first look into the issues that prevent the standard E-L and
E-E from being able to deal with the fuel mixing phenomenon. Then,
we explain in detail our recipe for tackling the problems.

2.1 Conventional Lagrangian Technique

In a typically-used Lagrangian method, single grids are used to resolve
the fluid flow and the motion of solid particles. Such an approach yields
relatively accurate results when the particles are of similar size. How-
ever, when simulating the behavior of fuel particles in a bulk of inert
solids, employing a single grid in the simulations will lead to conflicting
requirements related to the size of the computational cells. If the size
of the cell is chosen based on the size of the fuel particles, the cell will
include far too many inert particles (see Figure 2.1) and thereby both
the flow of the carrier phase and the motion of the inert particles will
not be solved accurately. On the other hand, if the grid is based on the
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size of the inert material, the cell size might be smaller than the size
of the fuel particles. Thus, there is a need to develop an approach that
can deal with mixtures of particles in CFD simulations corresponding
to fuel mixing.

inert particle fuel particle
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Figure 2.1: A typical grid applied in the conventional Eulerian-Lagrangian
approach.

2.2 Conventional Eulerian Technique

The Eulerian-Eulerian (E-E) approach treats phases as interpenetrat-
ing continua and solves the averaged equations of motion for the par-
ticulate phase, together with the governing equations of the gas phase.
The continuity and momentum equations for the gas phase are written
as (Syamlal et al. (1993)):

0
E(%P@J) + 0 (ggpgVg) =0, (2.1)
0 _ M
3 (EgPgVy) + O+ (EgPgVgVy) = O+ S+ €gPg0 — _ZlIgi (2.2)
i=

where §J is the gas-phase stress tensor, I is the interaction force
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between the gas and the it? solid phase. The it solids phase mass and
momentum balance are as follows:

0
E(Eipi) +0-(&piVi) =0, 2.3)
4 5, &Pz AR
E(Sipivi) +0-(gpViVi) =0-R+-——Fec+ > Foip (2.4)
m p=Th#
here ¢ is the i*? solids phase volume fraction, p; is the it" solids

phase density, Vi is the local average velocity of the ith solids phase and
P is the total it! solids phase stress tensor. Feq is the external force
such as gravitational and gas-solid interaction forces.

The success of an E-E model depends on the proper description of
the interfacial forces and the solid stresses (van Wachem et al. (2001)).
The interfacial forces are used to describe the momentum transfer be-
tween the phases, which significantly affects the hydrodynamic behav-
ior of the mixture. The gas-solid drag force has been the subject of
many investigations for either mono- or polydisperse suspensions (for
example: Wen & Yu (1966); Beetstra et al. (2007)).

The drag force between the it" and pt* solids phases, Fp; p, is evalu-
ated by the Kinetic theory of Granular Flow (KTGF) which is an anal-
ogy with the Chapman-Enskog kinetic theory of gases (Chapman &
Cowling (1970)).

The solids stress tensor is composed of three terms as follows:

P =R+ Poi + P (2.5)
here R; and P, are the kinetic and collisional components of the
stress tensor respectively. These two terms are calculated using the
KTGF. Py is the frictional component of the stress tensor, which be-
comes activated for highly dense particulate flows. The KTGF can be
applied for rapid-flow regimes that are sufficiently dilute, so that inter-
particle collisions can be assumed instantaneous and binary. However,
in highly dense regimes, such as those may be encountered in bub-
bling fluidized beds, the behavior of the particulate phase is dominated
by enduring frictional contacts of multiple neighboring particles. In
this so-called quasi-static regime, the fundamental assumptions of the
KTGF are violated and the theory may fail to predict the accurate be-
havior of the system. To overcome this problem, several models were
proposed for modeling frictional stresses of dense packed particles (Sri-
vastava & Sundaresan (2003); Jop et al. (2006)).
Lun et al. (1984) developed a kinetic theory for smooth, inelastic,
spherical particles. Their theory accounts for the collision of identical

9
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particles. That approach was later extended to describe binary mix-
tures (Farrell et al. (1986); Jenkins & Mancini (1987)). Iddir & Aras-
toopour (2005) further extended the theory to a multitype (size and/or
density) mixture.

In order to explain the incapability of the KTGF to model the fuel
mixing process, we first describe some basic definitions of the theory.
The following is adapted from the model developed by Iddir & Aras-
toopour (2005).

At any time t the number of particles per unit volume n; and the
average value of a property (;(Ci) of particulate phase i at space T is
calculated as follows:

ni(F 1) = / £(Q,F,1)dS (2.6)

1
_ ﬁi/wi(éi)f(éi,r’,t)déi @.7)

here f(Ci,T,t) is the velocity distribution for particles of species i.
A Boltzmann equation for a multiptype mixture can be expressed
as:

0fi  Fiex N (ofF
a—t'+— Oefi+¢ - Oifi= Y (_;) (2.8)
p=1 col|

where my is the mass of a particle in the phase i. The right hand
side of Equation 2.8 represents the collision between the particles i and
p. And fizp is the pair distribution function fizp = fizp(ﬁi,?i;ﬁp,?p) defined
as the probability of finding two particles i and p such that they are
located on i and I'p at time t. The velocities of these particles should be
within the range ¢j, Cj +dc and Cp, Cp+ dCp.

The Boltzmann equation is multiplied by ¢4 and integrated over the
velocity field. The resulting equation given below expresses the rate of
change of the average value of the property (j because of collision and
external force.

i(niwfi))-l-D (Ni(Yg)) — rrr]1i<|3'e’¢ c;l.é.>
B Z jjj 6|7r|,6p,?p)d o(Cip- k)dﬁdéidép (2.9)

where Cjp = C — Cp and dip = (di +dp)/2 is the average diameter of
the two colliding particles. For illustration, a collision diagram of two

10
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particles is shown in Figure 2.2. k is the unit vector connecting the
centers of the two particles.

Following Jenkins & Savage (1983), fizp can be expressed as a prod-
uct of the radial distribution function (gip(&i, £p)) and the single velocity
distributions, fj and f:

dip- dip- dip- dip-

f2 (a,r’— gk; Cp, T+ gk) = Oip(&i, &p) - fi (a,r’— gk) - fp <6p,r+ gk
(2.10)
Taking ¢x to be my, mc; 1/ 2(rnCi2) yields the continuity, momentum
and fluctuating energy equations, respectively. Here C; is the peculiar

velocity defined as the difference between the instantaneous and aver-
age velocity of the phase i: G =C — V,

particle i

QUL

ip,

particle p

Figure 2.2: Collision of two particles.

In order to solve the collision integral, the postcollisional properties
of the particles should be calculated based on the precollisional ones.
Following Chapman & Cowling (1970), the balance of momentum of
two colliding particles shows that

MG = MG + MpCp = MT + MyC), (2.11)

where my = m +mp and G is the center of mass velocity. The velocity
change during the collision is

11
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¢ ¢ — —%(He)(R-ap)R (2.12)

where e is the restitution coefficient of the colliding particles. The
translational kinetic energy change during the collision AE is
m
AE = 1mmp
2 mo
In order to evaluate the collision integral, it is also required to as-
sume a particle velocity distribution. For this purpose, Iddir & Aras-
toopour (2005) used the following form:

(€8 —1)(k-Gp)? (2.13)

fi=f2(1+aq) (2.14)
where 0 is the Maxwellian velocity distribution
3/2 2
o_ (.M _mG
fo=n; (2719.) exp{ 28 } (2.15)

where 6, = %m(éi -Ci> is the fluctuating energy (granular tempera-
ture) of the phase i and @ is a perturbation to the Maxwellian velocity
distribution.

Evaluation of the collision integral for the properties mi and mC; re-
sults in the conservation of mass and momentum of the phase i (Equa-
tions 2.3 and 2.4).

where the kinetic stress tensor is

R = pi& (GCi) (2.16)

the collisional stress tensor is

Ps = Xcip(M&) (2.17)
and the collisional momentum source is
Foip = Yeip(MGi) (2.18)
where
XClp - T T a5 J]:f llul éhr)l’ép??p) X k(elp k)de6|d6p (2.19)

é.p
Voip = —d% [{[ (@ = W) f2(C,TisCp, Fp) x (Cp-Kdkdgidc,  (2.20)
Gipk
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To close the equations, the fluctuating energy equation is also solved.

3&pi D6, S (N B
éﬁﬁ+D-q—F>.\7*._p;(N.,O—v.-FD.,C,) (2.21)

where the heat flux is

G = P& (GC) + Xaip(ME) (2.22)

and collisional energy dissipation is

Nip = Yeip(mic?) (2.23)

The constitutive relations for the stress tensors, heat fluxes, colli-
sional momentum and energy dissipation are given in Iddir & Aras-
toopour (2005). In the present work, our interest is not to discuss the
details of the derivation of these terms. We would instead like to look
at the collisional integral for fuel and inert particles.

Figure 2.2 shows a collision of two particles relatively close in size.
However, in fuel mixing, the fuel particles are considerably larger that
inert particles. The size ratio between the two types of particles is
over 20 leading to a substantial mass disparity. As a result, assuming
a binary interaction between a fuel and an inert particle (Figure 2.3),
according to Equations 2.12 and 2.13, properties cannot be transferred
from the small inert to the large fuel particle.

From Figure 2.3 it can be concluded that

g — 2 ;dp ~d (2.24)
Mo = M + My ~ m (2.25)

The above expressions imply that the size and mass of the inert par-
ticles will not appear in the relations for the stress tensors, heat fluxes,
collisional momentum and energy dissipation. In other words, in those
relations, the size and mass of the fuel particles are dominating.

We can also argue that since a fuel particle is surrounded by a num-
ber of inert particles as shown in Figure 2.4, even in a relatively dilute
particulate flow, the probability of multiple collisions of the inert par-
ticles with the fuel particles is high and thus, the inert-fuel particle
binary interaction cannot be safely assumed.

Furthermore, the chaos assumption, expressing the absence of the
velocity correlation between two colliding particles, is questionable for
the mixture shown in Figure 2.4. This is due to the fact that the colli-
sion between a large particle and an inert particle tends to be strongly
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Figure 2.4: A large fuel particles surrounded by small inert particle.

correlated over long times because of a high probability of repeated col-
lisions between the fuel and the inert particle with which it collides
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(Sung & Stell (1982)).

To overcome the problems discussed above, we develop two algo-
rithms: 1) a multigrid Lagrangian Technique, which is a modified ver-
sion of the standard E-L technique, 2) a combined tracking technique,
which is a combination of the E-E and the E-L approaches. The de-
tailed explanation of the techniques developed in the present work is
given hereafter.

2.3 Multigrid Lagrangian Technique

In the present work we propose a multigrid Lagrangian approach to
handle the substantial difference in size between the solid particles
in the mixture. The approach uses three grids for the simulations:
one coarse, one fine and one that is moving. The fine grid is used to
resolve the gas flow field and track the small particles, whereas the
drag force on the large particles is calculated using the coarse grid.
The moving grid is applied to calculate the pressure gradient force on
the fuel particles.

As shown in Figure 2.5, a computational cell of the coarse grid con-
tains a number of cells belonging to the fine grid. The fine grid is used
to resolve the gas flow field and to obtain the interaction force between
the gas phase and the inert particles. To calculate the drag force on the
fuel particles, the volume fraction of the fuel particles is calculated in
the coarse grid. Another value required for the drag force calculation
is the gas velocity in the coarse cells. This is taken as the averaged
velocity of the gas in the small cells included in each large cell. For ex-
ample, for the large cell shown in Figure 2.5, the velocity of the gas in
the center of the large cell is taken as the average value of the velocity
of the gas in the 25 small cells. In this approach, the drag force source
term due to the presence of the fuel particles in a coarse cell is then
equally distributed into the small cells incorporated in the large cell.

Since the fuel particles are substantially larger than the inert par-
ticles, a fuel particle will occupy the volume of a number of small cells
(Figure 2.6). To calculate the solid volume fraction in the fine grid, the
small cells partially or entirely occupied by the fuel particle are first
identified and the volume of the fuel particle is then distributed over
the cells involved. For instance, the volume of the fuel particle shown
in Figure 2.6 is distributed into the cells 1-9. Note that this distribution
is proportional to the fraction of the volume of the fuel particle in each
cell. The total solid volume fraction (&) in each fine cell is calculated
as:
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Figure 2.5: Coarse and fine cells applied in the multigrid technique. The fuel
and inert particles are in a coarse cell including a number of fine cells.

NinertVinert + Q'fuel Viue
S = Y,
cell

(2.26)

where Ninert, Vinert, Viud, Vedl and dsyg are the number of inert parti-
cles is the fine cell, the volume of a single inert particle, the volume of
a single fuel particle, the volume of the fine cell and the fraction of the
fuel particle volume within the fine cell, respectively. For a cell com-
pletely occupied by a fuel particle (cell No. 5 in Figure 2.6) the carrier
phase conservation equations cannot be solved and instead, a constant
minimum value (£gjoy = 0.05) for the volume fraction of the continu-
ous phase is applied, as proposed by Darmana et al. (2005) for tracking
bubbles in a liquid.

An important force acting on a solid particle is the pressure gradient
or buoyancy force, especially for the light and large fuel particles simu-
lated here. In a Lagrangian framework, the pressure gradient force is
calculated as:
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Fs = (P — Pz)A—p (2.27)

As seen in the Figure 2.5, P;, P, A and V, are the pressure on the
south and north face of the cell, the surface area of the face and the
particle volume, respectively.

The method described above was first applied to calculate the pres-
sure gradient force on the fuel particles by using the coarse grid shown
in Figure 2.5. This approach yielded some un-physical behavior, where
the fuel particles did not circulate in the bed but stayed all the time in
the near-wall regions. We argue that this behavior was caused by the
size of the coarse grid. The coarse grid applied here is so large that it
cannot accurately capture the complex pattern of the flow around the
fuel particles in a cell. This consequently leads to a less accurate cal-
culation of the pressure field. Therefore, in addition to the coarse and
fine grids, we applied an additional moving grid to calculate the pres-
sure gradient force on the fuel particles. The moving cells are created
around the fuel particles and their size is equal to the diameter of the
fuel particles as shown in Figure 2.6). The pressure values on the faces
of the moving cells are obtained from the values on the fine grid using
a bilinear interpolation.

2.3.1 Fluidized Bed Scaling

Numerical results of the Lagrangian simulations are compared with
the experimental data given by Pallares & Johnsson (2006), who stud-
ied mixing mechanisms of fuel particles in narrow two-dimensional
(0.4m x 2.15m x 0.015m) fluidized beds. A schematic view of the setup is
shown in Figure 2.7

Pallares and Johnsson used a digital image analysis technique to
track a phosphorescent tracer particle. Glass beads with an average
size of 330um and density of 2500kg/m? were used as the inert bed
material. The properties of the tracer particles were chosen so that the
size and density ratios between the tracer and inert solids resembled
that of fuel particles in a fluidized-bed combustor. In addition to the
results presented in the above mentioned works, other measurements
have been carried out in order to extract new results needed for the
comparison.

It was not possible in this thesis to exactly model the conditions
applied by Pallares & Johnsson (2006), since this would result in a too
large number of inert particles to carry out Lagrangian simulations.
Thus, the properties of the simulated bed are chosen in such a way to
secure reasonable simulation times while obtaining results relevant for
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Figure 2.6: Schematic description of the fine grid and a moving cell for deter-
mination of the pressure gradient force. Cell 5 is completely blocked by a fuel
particle.

Fine grid

comparison with experiments. The experimental beds are scaled using
the simplified scaling laws for fluidized beds, suggested by Glicksman
et al. (1993). As a result of the scaling, new properties for the inert bed
material and the gas flow are obtained.

2.3.2 Equations of Particle Motion

The multigrid technique has been implemented into the MFIX (Multi-
phase Flow with Interphase eXchange), which is an open source com-
puter code developed at the National Energy Technology Laboratory
(NETL) for describing the hydrodynamics, heat transfer and chemical
reactions in fluid-solids systems (https:/mfix.netl.doe.gov). When us-
ing the Lagrangian approach, all the particles are tracked individually
and the equations of translational and rotational motion of the parti-
cles are solved. The fluid-particle interaction force, the gravitational
force and the particle-particle collisional force are taken into account.
The equations of motion of a particle are

f=—+0 (2.28)

3| Tu
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—

2150 mm

Figure 2.7: Schematic of the fluidized bed setup by Pallares & Johnsson
(2006): 1) Compressor, 2) stop valve, 3) control valve, 4) rotameter 5) plenum,
6) riser. The bed is numerically modeled in the present work

(2.29)

e
I
—| =

where T is the particle position vector, m is the particle mass, § is
the gravitational acceleration, @ is the rotational velocity, I is the mo-
ment of inertia of particles. T is the torque caused by contact forces,
and F is the force acting on the particles consisting of the fluid-particle
interaction force, the pressure gradient force, and the particle-particle
collision force. These forces are discussed in detail in the appended
papers.
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2.3.3 Examples of Results

To investigate the capability of the multigrid technique to model fuel
mixing in fluidized beds, a number of operating conditions relevant for
fluidized-bed boilers are modeled numerically in this thesis. A statis-
tical analysis is conducted to study the movement of the fuel particles
and capture their distribution in the bed. As a result, their preferential
positions are obtained using the probability density function (PDF) of
the presence of the fuel particles. The average velocity vectors of the
fuel particles are also calculated. In addition, the dispersion coefficient
of the fuel particles for the bed in each statistical cell is evaluated.

The computational results are compared with available experimen-
tal data by Pallares & Johnsson (2006) and Pallares et al. (2007). It
is shown that the conventional single-grid Lagrangian method is not
able to capture complexity of the bed pattern. However, the new multi-
grid technique developed in the present work significantly improves
the results. A few examples of the results for a case (Hp = 0.4m and
Uo = 0.4m/s) are given below. Detailed studies can be found in Papers
I and II.
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Figure 2.8: Tracer particle velocity and probability density function of the
presence of tracer particles: a) experiments by Pallares & Johnsson (2006); b)
single-grid simulations; ¢) multigrid simulations

Figures 2.8 and 2.9 give a comparison between the computational
results of a fluidized bed and the corresponding experimental results
for the concentration and average velocity vectors of the fuel particles
(Figure 2.8) and expressed as the local horizontal dispersion coefficient
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(Figure 2.9). The experimental results in Figure 2.8(a) show that a
tracer particle tends to spend a significant fraction of time in the near-
wall regions of the bed, represented by two large dark regions. As can
be seen here, Overall the the average movement of the tracer particle
forms two large vortices.

Figure 2.8(b) illustrates that the single-grid simulations give an
overall picture relatively similar to the experiments with respect to
where the fuel particles appear. Yet, the clear vortex structure of the
experiments is not captured by the single-grid simulations. Instead,
the multigrid approach, Figure 2.8(c), accurately reveals two large vor-
tices not present in the simulations when using the single-grid method.
The general behavior of the fuel particles obtained from the numerical
simulations with the multigrid approach agrees well with the experi-
mental observations.
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Figure 2.9: The tracer particle velocity and probability density function of the
presence of tracer particles: a) experiments by Pallares & Johnsson (2006); b)
single-grid simulations; ¢) multigrid simulations

The inability of the single-grid simulations to capture the complex
pattern of the fuel particles is also illustrated by the distribution of the
local horizontal dispersion coefficient. According to the experimental
results, Figure 2.9(a), there is a high-dispersion region stretched along
the height of the bed. This region representing the main bubble path is
shown as a long dark area. The high-dispersion region is not well de-
tected by the single-grid modeling (Figure 2.9(b)). However, the multi-
grid modeling captures the preferred bubble path and high-dispersion
region in good agreement with the experimental observations (Figure
2.9(c)).
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2.3.4 Distributor Modeling

A uniform velocity profile has been a common choice as the inlet bound-
ary condition in the majority of the simulations reported in the litera-
ture. Such a boundary condition corresponds to a situation in which
the pressure drop over a distributor is much higher than that over the
bed. In such simulations, the fluidized bed and its air supply system
are assumed independent and the possible influence of the air-plenum
to fluid dynamics of the bed is thus neglected. However, the situation
is different for fluidized beds with a low pressure drop distributor, as
is the case in most industrial applications due to a need to reduce the
cost of fan power. It has been shown before that the pressure drop
over the air distributor, which determines the uniformity of the inflow,
has a great influence on the characteristics of the bed (Svensson et al.
(1996); Peirano et al. (2002); Sasic et al. (2006)). To study the influence
of the distributor boundary condition, an integrated system consisting
of a bed and a plenum is computationally examined and the results are
compared with those when the uniform velocity profile is assumed at
the air distributor.

In the current work, to accurately formulate the inlet boundary con-
dition, the plenum is included in the computational domain and the air
distributor is modeled as a porous zone with a specified resistance (Fig-
ure 2.10). Furthermore, the numerical results using this boundary con-
dition are compared with those using the uniform velocity imposed at
the distributor. In is concluded that inclusion of the air-supply system
in the computational domain is essential for modelling low-pressure-
drop distributors, where the hydrodynamics of the bed is coupled with
the flow field inside the plenum. The results of the comparison are
given in Paper II.

2.4 Combined Tracking Technique

Although the E-L technique is straightforward and it gives detailed
information on the dynamics of the particulate systems, it requires sig-
nificant computational time. Therefore the Eulerian-Eulerian (E-E)
has often been the preferred approach to simulate large scale fluidized
systems. In terms of computational time, the E-E technique is consider-
ably more affordable than the E-L approach and thus, in this thesis we
choose this technique to formulate a methodology for studying the be-
havior of fuel particles in fluidized beds. We propose a combined track-
ing technique that we term the Eulerian-Eulerian-Lagrangian (E-E-L)
technique. The inert phase is composed of a large number of sand-like
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Figure 2.10: Fluidized beds simulated in the present work with the plenum
included in the computational domain

small particles and is treated as a continuous phase. The forces acting
on a fuel particle, e.g. the drag and buoyancy, are calculated by using
the velocity and pressure fields of the inert solid and gas phases. A
limited number of large fuel particles are tracked using a Lagrangian
particle tracking method.

The equation of motion of the fuel particles is written as:

dv
Mfyel % = 3dtua Hg fg(Vg — Vuel ) + 3dps fso (Vs — Vuel ) + Mpd — Prmyix GV uel

(2.30)

where Vg and Vs are the velocity of the gas and the inert solid phases.

Also, Viue, Miua, dfue s Viue are the velocity, mass, diameter and volume
of a fuel particle, respectively.

We calculate the drag force on the fuel particle from the other two

phases in an independent manner. In Equation 2.30, the first and sec-

ond terms on the r.h.s represent the drag forces on the fuel particles
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exerted by the gas and inert solids phases. The third term is the weight
of the fuel particle and the last term is the buoyancy force exerted by
the mixture (gas and inert solids).

The density of the mixture of gas and inert solids is calculated as
follows:

Pmix = €sPs+ EgPg (2.31)

The drag factor on a fuel particle exerted by the gas phase is ex-
pressed by the correlation proposed by Wen & Yu (1966), which takes
into account the effects of the local volume fraction of the gas phase:

fg= €53t (2.32)

The drag factors on an isolated fuel particle exerted by the inert and
gas phases, fg and fqo, are calculated by the well-established correla-
tion (Equations 2.33 and 2.34) proposed by Schiller & Nauman (1933)
for particle Reynolds numbers of up to 1000. This correlation is still
extensively used for calculation of drag force on spheres (Crowe et al.
(1998)).

foo = (1+0.15Re%5%%) (2.33)

fgo = (1+0.15Re3%%) (2.34)

The particle Reynolds numbers:

_ Pgdtuel[Vg— Vil

Re
g Hg

(2.35)

_ psdtue|Vs— V|

Re
° Hs

(2.36)

2.4.1 Frictional Stress Models

As indicated in Equation 2.30, the movement of the fuel particles is
strongly governed by the dynamics of the inert solid and gas phases.
Therefore, an accurate modeling of the inert particulate phase is cru-
cial in order to correctly describe the behavior of the fuel particles. The
choice of different E-E models is expected to have a significant impact
on the hydrodynamics of the bed (van Wachem et al. (2001); Passalac-
qua & Marmo (2009)) and consequently on the movement of the fuel
particles. Hence, a special focus is placed on the selection of an appro-
priate formulation of an E-E model.
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The E-E approach uses KTGF to model the stresses of the solid
phase (Lun et al. (1984)) for adequately dilute regimes, where inter-
particle collisions can be assumed instantaneous and binary. However,
in highly dense regimes, the dynamics of the particulate flow is gov-
erned by sustained frictional contacts of multiple neighboring parti-
cles. In such a regime the KTGF is not reliable and new frictional
models are required. For this purpose, several models, mostly derived
from the critical state theory of soil mechanics, have been proposed for
calculation of frictional stresses (P;; in Equation 2.5) of dense packed
particles (Schaeffer (1987); Srivastava & Sundaresan (2003)). These
models have traditionally been used to model dense particulate sys-
tems related to fluidization.

In the present work we have found that the mechanical behavior
of dense particulate assemblies is of such complexity that the soil me-
chanics alone cannot deal with it and that modeling of such a system
requires a more comprehensive theory. Therefore, another frictional
stress model recently proposed by Jop et al. (2006) is implemented into
the MFIX code. This model was proposed by identifying similarities
between the behavior of granular materials and that of visco-plastic
fluids. We conclude that the use of the model suggested by Jop et al.
(2006) leads to a more correct prediction of the bed hydrodynamics.

2.4.2 Examples of Results

To examine the performance of the frictional stresses, we analyze the
motion of a single fuel particle in the bed by looking at the experimental
and numerical results for its position and velocity. The results for a
case (Hop = 0.4m and Uy = 0.4m/s) are presented below.

Figure 2.11 shows the vertical position of the fuel particle for a pe-
riod of 100 seconds of operation. The experimental result shown in
Figure 2.11(a) illustrates that the fuel particle moves in a cyclic pat-
tern. It moves downwards at the regions near the walls. Then, close
to the distributor, it starts moving upwards with the upcoming bub-
bles and returns to the surface. As seen here, the fuel particle spends
most of the time in the sinking (descending) phase, whereas the rising
(ascending) one takes a much shorter time.

Figure 2.11(b) shows the motion of the fuel particle simulated us-
ing the frictional model proposed by Schaeffer (1987). This model cap-
tures the circulation of the fuel particle, but it clearly predicts much
shorter cycles. The result of the model of Srivastava & Sundaresan
(2003) shown in Figure 2.11(c) does not give significant change com-
pared to the results of the model of Schaeffer (1987).
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Figure 2.11: The vertical position of the fuel (tracer) particle: a comparison
between experimental observations and numerical results obtained using dif-
ferent frictional stress models.

Employment of the model developed by Jop et al. (2006) (Figure
2.11(d)), however, results in a circulation pattern for the fuel particle
that is more similar to the experimental results. Here, the fuel particle
sinks rather slowly. These slow-moving periods represent situations in
which the fuel particle is surrounded by the inert particles and there-
fore, it totally follows the motion of the inert phase. The better pre-
diction obtained by the model of Jop et al. (2006) can be explained by
the fact that this model gives higher solids viscosity, and consequently,
lower solids velocity in the dense particulate flow. In dense regimes,
the frictional stresses play a major role. It is concluded that the model
proposed by Jop et al. (2006) can better take into account the friction
between the particles, and thus the stresses in the particulate phase,
compared to the other two models. The detailed description of the mod-
els and the more computational results are found in Paper III and IV.
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Experiments

ISTRIBUTION of the fuel particles in a bed is strongly governed

by the dynamics of the inert solid phase. Therefore, having infor-
mation on the motion of the inert particles would be of great use to
achieve a better understanding of the fuel particles movement pattern.
For this purpose, we have performed measurements using the Particle
Image Velocimetry (PIV) technique to obtain detailed information on
the dynamics of the inert particles in fluidized beds.

PIV is a non-intrusive experimental method to obtain instantaneous
flow patterns of a system. It was originally developed to study flows in
liquid or liquid-gas systems (Adrian (2005)). In traditional PIV mea-
surements, tracer particles are released inside the flow and they have
to be illuminated in a plane of the flow at least twice within a short
time interval. As a result, the displacement of the particle images is
determined through evaluation of the PIV recordings.

Recently, the PIV technique was adapted for use in gas-solids flows
such as fluidized beds (Miilller et al. (2007)). Here, there is no need
for tracer particles, because the particles themselves can be tracked.
Note that since fluidized beds are opaque, due to presence of solid
particles, PIV measurements of such systems are limited to thin (two-
dimensional) units.

In Paper III, the results of numerical simulations are compared
with experimental observations of Pallares & Johnsson (2006). Pal-
lares & Johnsson (2006) presented their results for the trajectory of a
single fuel-like tracer particles and they gave no information on the in-
ert particulate phase. We numerically track a tracer particle using the
combined tracking technique and compare the motion of the tracer with
that obtained from the experiments. By looking at the tracer movement
pattern, we investigated the performance of frictional stress models for
the inert particles (It was briefly discussed in the previous chapter in
sections 2.4.1 and 2.4.2). We argue that the motion of the fuel par-
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ticles would principally be governed by what happens with the inert
particles, especially in the dense regions of the bed. However, even
though this was a fairly reasonable assumption, to gain confidence in
the numerical methodology, more direct experimental information on
the inert particulate phase in a bed is needed. Therefore, we use the
PIV technique in order to obtain more information on the flow field of
the inert particles. In this way, we will provide sufficient and suitable
experimental data to validate the results of our numerical simulations.
To perform the experimental work, the fluidized-bed unit previously
manufactured and tested by Pallares & Johnsson (2006) (Figure 2.7)
with minor modifications is used.

In addition to the PIV measurements, a digital image analysis tech-
nique is applied to track an illuminated tracer particle in the bed, in
an attempt to reproduce the behavior of the fuel particles.
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Figure 3.1: The bubble fraction, the circulation pattern of inert solids and the
slip velocity in the bed obtained by the experiments.

The results of the experimental work in the form of the average
velocity vectors of the inert and tracer particles are obtained. The slip
velocity, defined as the velocity difference between the inert and tracer
particles, is also calculated. The slip velocity could be an indication of
the interaction between the tracer/inert particles and bubbles in a bed.

Figure 3.1(a) shows the bubble fraction and the averaged velocity
vectors of the inert solids for an experimental case (Hp = 0.4m and
Uo=0.9m/s). As seen in the figure, the movement of the inert parti-
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cles exhibits two vortices. Figure 3.1(a) shows that bubbles are created
near the walls and then detach and rise. The bubbles coalesce at the
center of the bed and form a larger bubble. The upcoming bubbles carry
the inert particles to the bed surface. The inert particles then slowly
descend near the walls.

Figure 3.1(b) shows the slip velocity in the bed. As observed here,
the slip velocity is directed downwards in the main bubble path. It
means that the velocity of the inert particles is lower than that of the
fuel particles in this region. This is due to the fact that the rising bub-
bles carry the tracer upwards, while the inert particles drift down in
the wake of the bubbles. Even though there are always some inert par-
ticles that ascend with the bubbles, the velocity of the inert particles
is, in average, much lower than that of the tracer. On the other hand,
in the dense regions (near the walls) the slip velocity is small, imply-
ing that the tracer particle sinks together with the emulsion phase.
This is can be explained by the fact that the tracer is most of the time
submerged in the inert phase particles.

According to our knowledge, such experimental studies on both in-
ert and fuel particles have not been reported in the literature. Details
of the experimental setup and more results are presented in Paper IV.
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Chapter 4

Concluding Remarks

UEL MIXING in fluidized beds is investigated by studying the move-

ment of a limited number of large fuel particles suspended in a bulk
of small inert particles. Due to a large difference in size between the
two types of particles, the conventional Eulerian-Eulerian (E-E) and
Eulerian-Lagrangian (E-L) numerical techniques are not able to cor-
rectly simulate that process. Hence, in order to deal with the specific
features related to fuel mixing, we propose modifications within both
the E-E and E-L.

When it comes to the E-L simulations, we propose a multigrid La-
grangian particle tracking technique, which treats the fuel and inert
particles in different grids. A fine grid is employed to resolve the flow
of the carrier phase and to treat the small (inert) particles, whereas a
coarse grid is used to calculate the drag forces acting on the fuel parti-
cles. Furthermore, a moving grid is used in order to correctly calculate
the pressure gradient force on the fuel particles

At present, the computational cost of the E-L simulations is still
prohibitive to employ the the technique for simulating large-scale units.
For this reason, we develop in this work a tracking technique that is a
combination of the E-E and the E-L simulation frameworks. The tech-
nique treats the bulk phase of inert particles as a continuum and solves
the averaged equations of motion for the inert particles, together with
equations resolving the flow of the gas phase. The combined technique
then tracks the fuel particles as a discrete phase.

This is a summary of the main results:

Multigrid Lagrangian Technique: Preferential positions, velocity
vectors and the dispersion coefficient of the fuel particles are obtained
and compared with experiments. The results are obtained using both
the conventional single-grid and the proposed multigrid techniques. It
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is demonstrated that the multigrid methodology considerably improves
the results.

Combined Tracking Technique: In addition to the results of pref-
erential positions, velocity vectors and the dispersion coefficient, de-
tailed information on the trajectory and velocity of fuel particles is ob-
tained. The results show that the circulatory motion of the fuel par-
ticles is well captured by the numerical simulations and the compu-
tational results are in good overall agreement with experiments. The
setup of the E-E technique and, in particular, the representation of a
frictional stress tensor, has a major influence on the performance of the
technique. It is shown that the use of the model recently suggested by
Jop et al. (2006) leads to a more correct prediction of the movement of
the fuel particles in the bed, in comparison to the commonly-used fric-
tional models of Schaeffer (1987) or Srivastava & Sundaresan (2003).

Measurements: We use Particle Image Velocimetry (PIV), together
with a digital image analysis, to get more insight into the motion of
the inert and fuel particles in a bed. We obtain detailed information on
the dynamics of the two types of particles and the interaction between
them. Moreover, the experiments illustrate how the movement of the
particles are influenced by the bubble movement pattern in the bed.
In the regions rich in bubbles, the fuel particles is less affected by the
inert particles. On the other hand, in the dense particulate regions, the
fuel particles almost completely follow the emulsion phase.

4.1 Future work

The present thesis is a step forward in understanding the process of
fuel mixing in fluidized-bed combustors. The numerical models de-
veloped in both the Eulerian-Lagrangian and Eulerian-Eulerian ap-
proaches can well mimic the dynamics of fuel particles. In addition,
PIV measurements present new information on fuel mixing and inter-
action between the fuel and inert particles in fluidized beds. However,
there is still a lot to learn on the process of fuel mixing in fluidized
beds. For further research within this subject, both the numerical and
experimental techniques can be improved. The following suggestions
are made for future research on fuel mixing in fluidized beds:

Eulerian-Lagrangian Technique: Lagrangian particle tracking tech-
nique is straightforward to implement and it gives detailed information
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on the motion of individual particles in a bed. Thus, it should be a pre-
ferred choice for modeling particulate flows, such as fluidization. The
main problem regarding the E-L technique is that it is computation-
ally demanding and thus still not applicable to large units. Therefore,
in the present work, we use the scaling laws to reduce the number of
inert particles, which could be handled by the currently available com-
putational power. However, by constantly increasing the latter and, to-
gether with new parallelization algorithms, there will be possibilities
to simulate large-scale fluidized beds with less simplification. In ad-
dition, in fluidized bed combustors, due to chemical reactions, the size
and density of the fuel particles change. In the present work, a cold flu-
idized bed is modeled and the fuel particles are assumed non-reactive
and thus, their properties do not change. Fuel particles with varying
properties might have different dynamics from those in the cold bed.
Hence, to accurately model the behavior of fuel particles under oper-
ating conditions, the change of their properties should be taken into
account.

Eulerian-Eulerian Technique: In the present work, we combine
the E-E and the E-L to track fuel particles by solving the Newton’s
second law of motion. The drag, gravitational and buoyancy forces are
taken into account. Other forces such as the added mass could also
be included. The changes in the size and density of the fuel particles
could also be added to the tracking technique. We observe in the thesis
that the effect of the frictional stress models on the hydrodynamics
of the bed and consequently, on the movement of the fuel particles is
significant. Even though the visco-plastic model of Jop et al. (2006)
can better estimate the frictional stresses in dense particulate flows
compared with the other conventional models, there is still room for
further improvements of the available models. For example, particle
properties, such as frictional and restitution coefficients, play no role
in the formulation of the proposed frictional stress models. We believe
there is a correlation between the particle properties and the frictional
stresses that could be a subject of future studies.

Measurements: In this thesis, we had to restrict to using two low-
frequency cameras, taking two subsequent images with a short inter-
frame time. The drawback of this process is that the adjustment of the
two cameras (in order for them to take exactly the same images) is a
very cumbersome task. There is always some error, especially for cases
with low fluidization velocity. Therefore, in order to perform more ac-
curate experiments, a high speed camera will be required for future
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experimental studies. In addition, modifications should be made on
the experimental apparatus and the illumination setup in order to ob-
tain the local concentration of the particulate phase (using the current
setup such measurements are not possible). By means of such mea-
surements in combination with simulations, new correlations for cal-
culation of the forces (i.e. the drag) on a fuel particle could be achieved.
The solids volume fraction plays a major role on the forces acting on
the fuel particles.
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