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are analyzed. It is shown that drag force is one of the main terms to 
be modeled. A drag correction coefficient is defined and ways to 
determine it from transient CFD simulation data are presented. 
Correlations for both the space-averaged and the time-averaged 
drag forces are applied in riser simulations. 
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nacity in supporting the activities all these years.
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them and to write this thesis. Thank you, Juho and Timo!
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1. Introduction

1.1 Background

Efficient methods for computational fluid dynamic (CFD) modeling of industrial
fluidized beds need to be developed to enhance application of fluidized bed tech-
nology. This is also the main goal of the present work. In the past, development of
CFD methods has been slowed down by the unfavourable combination of a large
process size and small length scales of inhomogeneous suspension structures. In
single phase CFD simulations, computational grids with tens or even hundreds of
millions of elements are feasible. Multiphase flows are computationally an order of
magnitude more demanding and a few millions of cells is usually in practice the
limit for a feasible mesh size today. On the other hand, the dimensions of a circu-
lating fluidized bed (CFB) combustion chamber are typically of the order of 10 m X
20 m x 40 m. A mesh of 5 million cells would divide the combustion chamber in
cells of 0.123 m3. Bubbling fluidized beds (BFB) are typically smaller, but even
there the feasible mesh spacings would be several centimeters.

The mesh spacing required for simulation of a process depends on the length
scales of the structures that need to be resolved by the simulation. Mesh spacings
have to be clearly smaller than the smallest structures to be resolved. Thus it is
vital to know the length scales over which the relevant properties of the flow field
can be approximated as constant in the chosen modelling approach. Moreover,
modelers need to specify what scales the simulation should resolve and what
scales need to be incorporated in the model by means of closure relations.

Figure 1 illustrates the inhomogeneous flow patterns in bubbling and circulating
fluidized beds. Both the images are taken of lab-scale fluidized beds of Geldart B
particles. In the case of Geldart A particles, surface forces become important and
particles form smaller, more spherical clusters. In the present work the analysis is
focused on fluidized beds of B particles. In a BFB, there are fine structures inside
the bubbles and, more importantly, the boundaries of bubbles are quite sharp. In a
CFB, the solids are mainly travelling in form of clusters and strands of varying
length scales. Thus in both cases, solid volume fraction varies significantly over
small length scales
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.a)

b)

Figure 1. Inhomogeneous flow patterns a) in a BFB and b) in a CFB.

The commonly used Eulerian-Eulerian CFD models based on the kinetic theory of
granular flow could be used to produce the fine flow structures of the type seen in
Figure 1, but due to the required fine mesh and time resolutions the computational
capacity needed to accomplish the task would in practice be orders of magnitude
too large in case of industrial applications. Thus alternatives have been sought.
One alternative is to use a coarse computational mesh in a transient simulation
and special closure relations that account for the flow structures that are not re-
solved by the coarse mesh (e.g. Lu et al., 2012; Paper IX). Since the results of the
transient simulations need to be integrated over a long time period to obtain the
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average flow fields, approaches based on steady-state modeling with time-
averaged balance equations have been introduced to reduce the computation time
(Zeng et al., 2006; Paper IV; O’Brien, 2014).

Similar closure models are needed for both transient coarse-mesh simulations
and steady-state simulations. In both cases, it is a common practice to develop
closures through averaging results from transient simulations in a fine mesh
(Zhang & VanderHeyden, 2002; Milioli et al., 2013; Paper VIII).

1.2 Objectives of the work

The goal of the present work was to evaluate the need for closure relations in
transient and steady-state simulations of fluidized beds and to study the applicabil-
ity of different sub-grid and time-averaged closure models, especially for the gas-
solid drag force. Both space-averaged and time-averaged transport equations for
mass and momentum are considered in the work and ways to derive closure rela-
tions for the equations are developed.

The focus in the work is on gas-solid drag force, which largely determines the
vertical distribution of solids in a CFB riser and the mass flow rate of solids leaving
the riser. Several models for space- and time-averaged drag force have been
suggested in the literature to account for clustering in time- and length scales that
are smaller than the lateral and temporal scales resolved by the simulation. Alt-
hough it seems to be commonly known that the mesh resolution required to de-
scribe all relevant cluster sizes depends on the particle size, particle diameter is
typically not included as a parameter in the closure relations. Similarly, material
properties have commonly been ignored. The present work has as one aim to
improve our understanding of the effects of material properties on the drag clo-
sures.

Space-averaged transport equations and the related closure laws have so far
been a more popular topic of research than time-averaged models. Time-
averaged equations rely more on the closure laws used to describe transport of
momentum, which has reduced the interest in the development of the approach.
However, simulations based on time-averaged models would have clear benefits
since the computation time is radically reduced when integration over a long simu-
lation time can be omitted. The present study considers both space- and time-
averaged modeling approaches.

The thesis concentrates on CFB conditions. BFB conditions are taken into ac-
count only in the analysis of the terms in time-averaged momentum equations and
in the analysis and modeling of the time-averaged drag force. Solid phase is in the
work assumed to consist of spherical mono-sized particles. Accounting for other
particle size distributions and shapes is left outside the scope of the work.

The thesis includes nine papers. Paper I (discussed in Section 2) presents an
experimental study of cluster length scales in turbulent and circulating fluidized
bed conditions. Paper II (discussed in Section 3) introduces the time-averaging
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procedure and evaluates the order of magnitude of the different terms in the solid
phase momentum equation in CFB conditions. Paper III (discussed in Section 4)
compares the terms in the time-averaged momentum equations in BFB conditions.
In Paper IV (discussed in Section 5), closure relations for the time-averaged
transport equations are suggested, they are implemented in a CFD software, and
tested in the simulation of a small CFB riser. In Paper V (discussed in Section 6),
the parameters affecting the time-averaged drag force are analysed on the basis
of results from transient two-dimensional simulations of circulating fluidized bed
risers. Paper VI (discussed in Section 7) extends the analysis to bubbling fluidized
beds and derives closure relations by means of nonlinear regression modeling. In
Paper VII (discussed in Section 8) the qualitative analysis is extended to three-
dimensional geometries and the significant difference between 2D and 3D results
is demonstrated. Paper VIII (discussed in Section 9) presents an analysis of the
space-averaged drag force in CFB conditions. In Paper IX (discussed in Section
10), a closure relation for the space-averaged drag force is implemented in a CFD
software and used in a transient coarse-mesh simulation of a boiler furnace. Com-
parisons with results obtained using alternative closure laws are also presented in
Paper IX.
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2. Paper I: Analysis of cluster length scales in a
CFB

In Paper I, length scale distributions of clusters of particles are analyzed both
horizontally and vertically from a number of experiments carried out with Geldart B
particles in a lab-scale circulating fluidized bed. The height of the riser is 3 m and
the width 0.4 m. The distance between the walls is 15 mm, rendering the riser
fairly two-dimensional. The experimental unit, located at Åbo Akademi University
(in Turku, Finland), is shown in Fig. 2.

The short distance between the walls made it possible to analyze the local sol-
ids distribution patterns and cluster length scales in the riser from shadowgraphy
images. Videos were recorded from a number of experiments with different bed
masses and fluidization velocities. A three-step procedure to analyze the clusters
was applied: 1) image thresholding, 2) cluster identification and 3) measurement
of length scales. This approach to study cluster sizes differs from the ones pre-
sented in the literature, in which cluster length scales are typically determined by
measurements with optical probes (Werther, 1999; Zhou et al., 1994). Optical
probes are suitable for measurement of the vertical cluster length scales but not of
the lateral ones.



18

Figure 2. Pseudo-2D fluidized bed at Åbo Akademi University.

In Paper (I), the cluster dimensions were found to be affected by solids loading,
superficial gas velocity and the location in the bed. Large length scales were found
to be typical for the bottom region, above which on average more narrow clusters
were observed. The majority of clusters measured in the upper part of the riser
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had a width less than 20 mm. This would indicate that in CFD simulations of circu-
lating fluidized beds the mesh resolution should be finer than 5 mm to accurately
reproduce the clusters. A significant fraction, of the order of 10–15 % of the meas-
ured cluster widths were below 2 mm. Cluster widths were smaller in the central
part of the riser than at the walls. In the center, in some cases even half of the
clusters had widths below 6 mm. In the splash zone above the dense bottom sec-
tion, the most dominant cluster widths were 20–40 mm. Figure 3 shows an exam-
ple of the distribution of cluster widths at different elevations.

Similar to cluster widths, cluster heights were affected by the bed mass, fluidi-
zation velocity and location in the bed. Clusters with heights in the range of 20–40
mm dominated in the entire riser. In the bottom section, the horizontal and vertical
dimensions of the clusters were similar but higher up clusters became long and
narrow. This indicates that a measurement with an optical probe would probably
exaggerate the cluster size.

In the literature, recommendations (Andrews et al., 2005) of CFD mesh spacing
equal to or less than ten times the particle diameter have been given on the basis
of mesh sensitivity studies. In the cases studied in Paper (I), this would corre-
spond to a mesh spacing of 2.5 mm. On the basis of the analysis of (I), an even
finer mesh would seem necessary to resolve the clusters since significant
amounts of clusters with dimensions below 2 mm were encountered. Li et al.
(2014) showed that the required mesh resolution depends on the property that is
analyzed, which would indicate that the finest structures can be unimportant for
some macroscopic properties while for other properties they play a significant role.

Figure 3. Effect of elevation in the CFB riser on the cluster width distributions at a
gas superficial velocity of 2.75 m/s. Vertical axis shows the cumulative percentage
of flow area occupied by clusters smaller than the width given on the horizontal
axis.
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3. Paper II: Analysis of the terms in time-
averaged momentum equations in CFB
conditions

3.1 Model description

Derivation of time-averaged transport equations, presented in (II), (III) and (IV), is
based on integration of the corresponding instantaneous transport equations over
time. Following the notation in (IV), the transient multiphase flow equations can be
concisely written as

+ , = 0                                                                                           (1)
, + , , + , ,

+ + ( 1) ( , ,          (2)

where  is the volume fraction,  density,  velocity, gas pressure,  solid
pressure,  inter-phase momentum transfer coefficient, Kronecker delta,
the laminar stress, and  the local scale turbulent stress.

These equations are integrated over time. For volume fraction and pressure
Reynold’s averaging is directly used. In Reynold’s averaging the instantaneous
flow variables are split into steady and fluctuating parts:

= +                   (3)
where  represents the average value and  is the fluctuating part. The average
value over some time interval T is defined as

=                   (4)
For the velocity the Favre averaging is used. The Favre average is defined as

=                   (5)

By denoting the Favre-averaged velocity as , , , the following averaged
flow equations can be derived:

+ , = 0                                                  (6)
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, + , , = + ,

+ , + ( 1) , ,
, ,            (7)

The terms on the right hand side in Equation (7) are the gravitation, pressure,
pressure fluctuation, laminar and turbulent stress, drag force, solid pressure and
so-called Reynolds stress terms. Gravitation and pressure terms can be calculated
from the time-averaged basic flow properties whereas for the other terms on the
right hand side of Equation (7) closure relations need to be derived.

3.2 Analysis of the terms

As a first step in the derivation of closure relations, an analysis of the different
terms should be carried out to evaluate the importance of each term and the actu-
al need of closure relations. Such analysis of the time-averaged equations was
carried out in (II) for CFB conditions and in (III) for BFB conditions.

The analysis in (II) was done for a simulation of a CFB cold model with a cross-
section of 1 m X 0.25 m and a height 7.3 m. Because of the large size of the unit
and the limited computer capacity, the transient simulation used as the basis of
the term analysis was carried out in a fairly coarse mesh with mesh spacings of 25
mm and 15 mm in width and depth directions and 46 mm in the vertical direction.
To get a realistic solids distribution in the riser, the drag force was adjusted by
means of a correction function. The simulation results were compared with meas-
urements and it was concluded that the fluctuations in velocities and volume frac-
tions were well captured in the transient simulation data. Thus the data could be
used for qualitative assessment of the orders of magnitude of the different terms in
Equation (7). Especially for qualitative analysis of the Reynolds stress components
and the gas-solid drag force, this approach is sufficiently accurate. However, for
the other terms it is good to verify the results in a simulation with a finer mesh.

According to the analysis in (II), the main terms in Equation (7) to be modeled
are in the case of a CFB the average gas-particle drag force and the Reynolds
stresses arising from velocity fluctuations. The results show that the correction for
the time-averaged gas-particle interaction force should be anisotropic. The normal
Reynolds stresses dominate momentum transfer in the horizontal direction and in
the bottom bed also in the vertical direction. The shear Reynolds stresses are
significant. On basis of the analysis, modeling of the complicated behavior of the
Reynolds stresses by means of constant viscosities seems unfeasible and hence
alternative approaches such as transfer equations for the Reynolds stress compo-
nents need to be developed.

In the lateral momentum equation, solid pressure can be important close to the
wall. In (II), the coarse mesh probably reduced its effect. In the analysis, the pres-
sure fluctuation term in Eq. (7) was not found important. The analysis has been
later repeated in connection to Paper (IV) for smaller geometries, where a finer
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mesh could be used. Both solids pressure and the pressure fluctuation term in Eq.
(7) were found important and closure relations for these terms were suggested in
(IV).
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4. Paper III: Analysis of the terms in time-
averaged momentum equations in BFB
condition

In (III) a similar analysis was carried out for the terms in Eq. (7) in bubbling fluid-
ized bed conditions. The analysis showed that the most important terms in the
momentum equations are the gas-solid drag term and the pressure fluctuation
term. The solid pressure and the Reynolds stress terms were also found im-
portant. Locally also the laminar stress terms that are of minor importance in CFB
simulations can become significant in BFBs due to the larger frictional forces.
These results are illustrated by Figure 4.
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Figure 4. Comparison of terms in the vertical solids momentum equation in BFB
conditions.
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5. Paper IV: Modeling of flow in a CFB riser
using time-averaged transport equations

In Paper (IV), the time-averaged simulation approach for gas-solid flow in a CFB
riser and a corresponding CFD model were introduced. Closure models for the
drag force, the pressure fluctuation term and solid pressure were derived on the
basis of results from 2D simulations carried out with the kinetic theory models in
the Fluent 6.3. software. The drag force was modeled as follows:

, ,  = #
, , (8)

Correlations were developed for #  on the basis of data from transient CFD simu-
lations using the time-averaged velocities and volume fractions as parameters.
Tests showed that the vertical drag force was well predicted by the developed
closure relation in the main part of the flow domain, and elsewhere the fit was
sufficient. Also the fit for the lateral drag force was satisfactory.

The pressure fluctuation term calculated from the transient simulations showed
a typical trend as a function of solid volume fraction. The trend somewhat resem-
bled the one for the drag term. A linear relationship was found between the pres-
sure fluctuation term and the variance of solid volume fraction. Thus, this term
could easily be added to the drag force and the terms could be modeled together
using the observed linear relationship.

The solid pressure term is most significant in the dense wall layer close to the
riser bottom. In the lateral momentum balance equation, this term is also important
higher up in the vicinity of walls. The solid pressure was modeled by means of a
power law function with solid volume fraction as a parameter.

Transport equations for the Reynolds stresses were derived by starting from the
instantaneous momentum equations (2) and the time-averaged momentum equa-
tions (7). The resulting balance equations can be written as follows

ijqqsijqijg

ijqijqijqijqijq
k

qjqiqqkqmqjqiqqm

SFG

MDP
x

uuU
t
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where Pq,ij is the production term, q,ij is the pressure-strain covariance (or redis-
tribution) term, Dq,ij represents turbulent, pressure and molecular diffusion, ,  is
the dissipation term, Fq,ij is the turbulent mass flux, Mq,ij arises from the local-scale
turbulence, Gq,ij is the phase interaction, and Ss,ij is the two-phase term.

Only the production terms ijqP ,  can be calculated from the basic flow variables

during a time-averaged simulation. For all the other terms closure models need to
be derived. In (IV), a simpler model for the Reynolds stresses was developed. As
the Reynolds stress terms in the gas phase momentum equations are relatively
unimportant, only the solid phase stress terms were modeled. Furthermore,
transport equations were only solved for the normal components.

The balance equation (9) can be simplified. In (IV), the phase interaction term
Gs,ii was assumed to be a function of the slip velocity and the fluctuations in solid
volume fraction. The diffusion term Ds,ii was modeled as follows
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where ,  is the time scale of the solid velocity fluctuations. The dissipation term
was given by
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where ls,i  is the length scale of the solid velocity fluctuations.
A successful steady-state simulation for a 2D test case was presented in (IV).

Although the algebraic closure relations used for the other terms than Reynolds
stresses were rather simple, the results obtained with the time-averaged Eulerian-
Eulerian simulation approach were close to the averages of the results obtained in
the transient simulation, see Fig. 5. This proves that although the terms in the solid
phase momentum equation, which need to be described by rigorous closure rela-
tions, have a dominating role in momentum transport in time-averaged CFD mod-
eling, the approach is feasible and produces realistic results. Later the approach
has been successfully extended to 3D simulation of CFB boilers (Taivassalo et al.,
2012b; Peltola et al., 2013). These studies also included a description of combus-
tion chemistry and heat transfer.
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Figure 5. A comparison of the solid volume fraction field obtained from a 2D
steady-state simulation of a pseudo-2D CFB (left) and the time-averaged solid
volume fraction field from the corresponding transient simulation (right).
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6. Paper V: 2D analysis of the time-averaged
drag force in CFB condition

The drag correction function applied in Paper (IV) took into account only the solid
volume fraction as a parameter. The models presented in the literature for coarse-
grained simulation of fluidized beds take into account also the slip velocity and the
distance to the wall (Milioli et al., 2013). Even other factors can affect the magni-
tude of fluctuations in flow properties. To improve our understanding of the re-
quirements for a comprehensive filtered drag law, the effects of material properties
on the time-averaged drag force were analysed in (V). The analysis was based on
time-averaging the results from transient 2D Eulerian-Eulerian simulations of circu-
lating fluidized beds of Geldart B particles. A large number of 2D simulations were
carried out with the kinetic theory of granular flow models (for details of the mod-
els, see (VI)) and a selection of the simulations with varying gas viscosities, gas
densities, solids densities, particle sizes, riser sizes and mesh spacings were
chosen for the analysis. The geometry was a simple riser with straight walls. Alt-
hough gas density and viscosity in most industrial applications are strongly cou-
pled, their values were changed independently to separate their individual effects.
Thus some of the simulations didn’t necessarily represent typical CFB conditions
as used today.

A mesh with a 12.5 mm resolution was found to be sufficiently fine for the study.
This does not mean that all the finest flow structures were resolved by the simula-
tion, but that the scales that have significant influence on the time-averaged drag
force were captured and that the statistical properties of the fluctuations in the flow
variables were fairly mesh-independent at this mesh resolution.

The closure for the time-averaged drag force was written in the form

, , = , ,                                                   (12)

where  is the inter-phase momentum transfer coefficient calculated on the
basis of the time-averaged velocities and volume fractions using a similar combi-
nation of Wen and Yu (1966) and Ergun (1952) drag laws as in the transient simu-
lations. However, instead of using Gidaspow’s (1994) drag law implemented in
Fluent, a smoother transition between the drag laws, suggested in (III), was used
to calculate . In this model a linear transformation between the Ergun and Wen-
Yu models occurs in a solid volume fraction range of 0.4–0.5, which is within the
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region recommended by Leboreiro et al. (2008). The coefficient   in Equation
(12) is a drag correction coefficient, for which a correlation should be developed.

Initial tests of effects of process conditions were first carried out. Tests showed
that bed mass, fluidization velocity and riser size have only minor effects on the
drag correction coefficient in CFB conditions and they can be omitted from the list
of relevant parameters. Since largest range of solid concentrations is obtained at
small fluidization velocities simulations at several gas velocities are useful to ob-
tain data from the full range of flow conditions.

Since in models for coarse meshes the lateral distance to the walls has been
shown to be an important parameter, it can be assumed to have an effect also on
the time-averaged drag force. The distance to the wall was found to have a signifi-
cant but complicated effect, which was shown to be a result of combined effects
with other parameters. To evaluate the combined effect of wall distance and slip
velocity, data at a narrow range of wall distances were separated close to the wall
and in the central region. Figure 6 shows the values of the drag correction coeffi-
cient at these two locations at three studied solid volume fractions as a function of
the slip velocity. Clear effects of both slip velocity and wall distance are seen in the
figure.

Figure 6. Drag correction coefficient as a function of the slip velocity at three dif-
ferent solid volume fractions in the wall layer (left) and in the central region (right).

The analysis also showed that the effects of material properties cannot easily be
lumped together into a single parameter such as the Reynolds number, but they
have to be included separately. This is illustrated by Figure 7 in which the drag
correction coefficient is plotted with Reynolds number as a parameter.
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Figure 7. Effect of Reynolds number on the drag correction coefficient, plotted as a
function of solid volume fraction.

In Paper (V), a systematic study of the effects of phase properties on the drag
correction coefficient  was presented. In the literature, no other similar analy-
sis is available. Gas density was shown to have no clear effect on  in the
range studied in (V), whereas solids density had a positive effect. The effect of gas
viscosity was reducing indicating that in hot conditions, the drag force deviates
stronger than in cold conditions from what it would be if the suspension would be
homogeneous. Also particle size had a significant effect. Clustering tendency
seems to be highest in the case of smallest particles. In large fluidized beds there
is typically a big difference in the average particle sizes in the bottom bed and in
the top region of the riser. Thus even in a single simulation, a correction function
that takes the particle size into account would be needed. The effects of solid
density, gas viscosity and particle diameter are shown in Fig. 8.



31

Figure 8. Effects of solid density (top, left), gas viscosity (top, right) and particle
diameter (below) on the drag correction coefficient .

According to the results of the study based on 2D CFB data, the main parameters
that should be accounted for in a correlation for the time-averaged gas-solid drag
force are the solid volume fraction, distance to the wall, slip velocity, solid phase
density, particle size and gas phase laminar viscosity. Thus a closure law should
be of the form

= ( , , , , )                                                (13)
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7. Paper VI: Development of closure relations
for the time-averaged drag force in BFB and
CFB conditions

No model was developed in Paper (V) since a larger set of data was necessary for
model development to cover possible combined effects of different variables. In
Paper (VI), the data set was extended to a wider range of conditions, including
also bubbling and turbulent fluidized beds, and more cases were added to the
data set also from CFB conditions. Data from 69 transient simulations were in-
cluded in the analysis. All the simulations were carried out with the commercial
code ANSYS Fluent v.14 with the Eulerian-Eulerian multiphase approach based
on the kinetic theory of granular flow (KTGF).

In (V), only results from CFB conditions were analyzed and it was concluded
that fluidization velocity has only a minor effect on . However, when the fluidi-
zation velocity significantly reduces from the typical CFB range, the flow pattern
drastically changes and instead of being characterized by clusters and strands
surrounded by dilute suspension, the voids and bubbles occur inside a dense
suspension. This change was in (VI) shown to have a large effect on the average
drag force and on .

The  values calculated in all the mesh points (excluding the return chan-
nel) in a number of cases are displayed as a function of the local average solid
volume fraction in Figure 9. A gradual change in the pattern can be observed when
the fluidization state changes from BFB conditions (U0 =  0.5  m/s)  to  typical  CFB
riser flow (U0 =2 m/s). In Paper (V), effects of material properties were evaluated
in CFB conditions. In BFB conditions the fluidization state can change when mate-
rials change and thus the interpretation of the effects is more difficult than in CFB
conditions. Some examples of this kind of analysis are still given in Paper (VI).
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Figure 9. Drag correction coefficient  as a function of the solid volume frac-
tion in linear (top) and logarithmic (bottom) scales at fluidization velocities 0.5, 1,
1.3, and 2 m/s.

In (VI), the data from the 69 transient simulations were used as the basis of deri-
vation of closure relations for the gas-solid drag force. Before the data could be
used, the data set had to be cleaned. At low fluidization velocities, large scatter is
visible in Figure 9 at low solid volume fractions. This scatter originates from the
freeboard region, where only occasional clusters or single particles enter. This
data was omitted as unreliable. At low slip velocities, the calculated   can
become excessively large or even negative due to the limited averaging period,
which leads to problems when the average drag force is divided by a small inaccu-
rate average slip velocity. Thus all  values below zero and above 5 were
rejected. The solids return region and the riser exit zone were omitted as non-
typical regions. The complexity of the behavior of  as a function of solid vol-
ume fraction is evident in Fig. 9. An analysis of the reasons behind the large scat-
ter in some regions was carried out in (VI) and the behavior of  adjacent to
the walls was observed to be completely different from that of the rest of the flow
domain. Thus a need for a separate correlation for the wall region was indicated.
To simplify the modeling task the region up to 2–5 cm from the wall (depending on
the case) was omitted from further analysis. Similarly, in the bottom region, scatter
in the data increases as we move towards the air distributor and thus the region
from the bottom up to 0.1 m was excluded.
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In order to reduce the amount of data to a more manageable quantity without
losing relevant information, data used for modeling were randomly picked from
each of the simulations. The simulation domain was divided into bottom, side and
central regions, from which data were successively picked.

To allow the developed correlation to freely adjust to the input data, a model
structure based on a combination of a number of logistic sigmoid functions was
used for nonlinear regression. This model structure is commonly used in neural
network modeling (Hornik et al., 1989). The model can be written as

, . = + ( )                                                                  (14)

= +  (15)

where   and  denote model parameters and xi the Nin input variables. The lo-
gistic sigmoid function that produces values between 0 and 1 is given by

( ) = (16)
The input variables considered in this work were the material properties, the solid
volume fraction, gas and solid velocities, the slip velocity, the distance from the
wall and the elevation, which are readily available in a simulation. Instead of solid
volume fraction, the logarithm of solid volume fraction was used as an input pa-
rameter which makes it easier to express the steep gradients at low solid concen-
trations with sigmoid functions.

The model parameters ( , ) were determined by minimizing the prediction er-
ror E

= , .                    (17)

Parameter search was done with the Levenberg-Marquardt (Marquardt, 1963)
method. The data used as the basis for modeling was quite limited and not of
optimal quality, since only very few combinations of material properties were in-
cluded. Thus special attention was paid to the robustness of the correlation. The
correlation should not produce excessively large or small values in the points that
were excluded from the data set used for parameter estimation. Thus some inter-
polation capabilities were desired. Some of the parameters ( , ) were fixed to
zero to reduce the complexity of the correlation and to improve its robustness.
With a larger number of sigmoids and model parameters, prediction accuracy
could improve for the actual data set but the correlation’s ability to produce rea-
sonable values would deteriorate in conditions that were not included in the simu-
lations carried out so far. Thus demands for robustness and accuracy need to be
weighed against each other during the modeling process.

As an initial test, data from 18 simulation cases with the same material proper-
ties were chosen for modeling in order to find the necessary parameters for de-
scribing the effect of the fluidization state. According to Kallio et al. (2014a), solid
volume fraction, wall distance and slip velocity should suffice for the task when
material properties are constant. However, a first trial made with these three input
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parameters did not produce a satisfactory correlation. Then the height above the
air distributor was introduced as the fourth variable and the results clearly im-
proved.

In the next step, material properties were taken as additional inputs and the da-
ta from all 69 cases was used during parameter estimation. The results were poor.
Next the local gas velocity was added to the set of input parameters. Several
different configurations of the model structure were tried with different numbers of
sigmoids and parameters. The best developed correlation that was reasonably
accurate and at the same time sufficiently robust had 71 parameters. The number
of observations (5000) in the data set used in the parameter estimation process
was two orders of magnitude larger than the number of parameters. Thus the
amount of data can be considered sufficient.

The correlation developed on the basis of the full range of data proved to be far
from an optimal fit at low solid concentrations. This is probably due to the difficul-
ties related to trying to model both BFB and CFB conditions with the same correla-
tion. To remedy this problem, a separate correlation was developed on the basis of
data collected from CFB riser simulations in regions above 1.5 m height. The set
of input variables could in this case be simplified by omitting gas velocity and the
elevation. Thus the correlation for the limited dilute region is based on material
properties (gas viscosity, solids density, particle size), solid volume fraction, slip
velocity and wall distance. Again a number of correlation structures were tried and
finally a correlation with acceptable accuracy and robustness was selected. The
final correlation had only 14 parameters. As it is, the correlation is not generally
usable since it behaves poorly in dense conditions unless it is combined with a
correlation that works better in the dense bottom region. Figure 10 shows results
obtained with a correlation that by means of linear and bilinear blending functions
combines the correlation for dilute conditions in the upper parts of a CFB with the
correlation based on the whole data set, which now is used only for the bottom
bed and dense conditions. The two parameters that govern the switch from one
correlation to the other and determine the value of the blending functions are the
solid volume fraction and elevation.



36

Figure 10. Results obtained in six cases with a model that by means of blending
functions combines the drag correlation for dilute CFB conditions with the more
general model, which in this model combination is used only for the bottom bed
and dense conditions. Figures b and f are from BFB cases, figure c from turbulent
fluidization conditions and the rest from CFB cases.

One additional case was simulated in CFB and one in BFB conditions to test the
performance and robustness of the correlation. The material properties and the
fluid-dynamic conditions of the two test cases were in the middle of the range of
conditions in the simulations used for the estimation of the parameters, and thus
these two simulations represent a test of the interpolation capabilities of the corre-
lations.

Figure 11 shows a comparison between the observed and predicted  val-
ues. Data corresponding to the air distributor region (height below 0.1 m), walls
(distance from the wall less than 0.02 m), exit region (distance to the exit less than
0.5 m) and the return channel were omitted from the comparison. The freeboard
region in the BFB case was also removed from the figure. The results show a
good match between the observed and the predicted values, at least qualitatively.
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Figure 11. A comparison between observed and predicted  values in a CFB
(left) and a BFB (right) at conditions that were not included in the data set used for
derivation of the correlation for .

Also quantitatively the results are satisfactory, with R=0.84 for the CFB case and
R=0.96 for the BFB case, respectively, calculated for the data points shown in
Figure 11 (R is defined as the covariance of the two variables divided by the prod-
uct of their standard deviations). This indicates that the correlation is robust and
safe to be used for simulations in the material property and fluid-dynamic ranges
included in the 69 transient simulations. An extrapolation to conditions outside the
range covered in this work is, however, risky.

The results in (VI) show that a fairly complicated drag correction function is re-
quired if the whole range from bubbling and turbulent beds to circulating fluidized
beds has to be covered with a single correlation. Before the correlations devel-
oped in (VI) can be implemented in a CFD code, steps should be taken to improve
their computational performance. The correlations developed contain a large
number of model parameters. Many of them may be unnecessary and a superflu-
ous burden for the computations, but no effort was made to check their role in the
correlation. Such an investigation should be carried out before implementation.
Furthermore the correlation showed behaviors that could be problematic during
numerical simulations. The correlations occasionally predicted very small and
even negative values and, especially close to the air distributor, excessively high
values. Hence upper and lower limits, preferably case specific, should be set for

 to avoid numerical complications. By definition,  should be equal to



38

unity in the homogeneous flow conditions at very low solids concentrations and at
the packing limit. The presented correlations failed to correctly reproduce these
limits and thus need to be modified prior to implementation in a CFD code.
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8. Paper VII: 3D analysis of the time-averaged
drag force in CFB and BFB conditions

The largest uncertainty in the correlations developed in Paper VI comes from the
2D simplification of the transient simulations, which compromises the accuracy of
the correlations when applied in steady 3D simulations. In the literature (Esmaili
and Mahinpey, 2011; Li et al., 2010), several comparisons of 2D and 3D CFD
simulation results have been carried out. The reported significant effects of the
dimensionality imply that utilization of 2D simulation data can reduce the accuracy
of the developed correlations, when they are applied in 3D simulations. In (VII),
data from transient 3D simulations were analyzed. Like in the 2D study, the 3D
simulations were restricted to Geldart B particles and the analysis was done only
for the vertical drag force component. The geometry was a simple riser with
straight walls similar to the one used in the 2D simulations. The simulations cov-
ered the full range from bubbling to circulating fluidized bed conditions. Material
property values and process conditions were varied to allow analysis of their ef-
fects. To save computation time, most of the simulations were carried out with a
12 mm mesh although in some runs a finer mesh was used to allow for grid sensi-
tivity analysis.

As in the 2D study, the transient data from each simulation were time-averaged
to determine in each mesh point the average flow properties and the average drag
force. Filtering of the data was done at the data collection stage. A minimum limit
for the slip velocity magnitude was set at 0.001 m/s and all points with negative

  were excluded. The data for the solids return channel and the uppermost
half meter of the geometry were omitted.

Several of the cases simulated in 2D were simulated in 3D to allow direct com-
parison. Figure 12 presents comparisons between 2D and 3D simulation results in
CFB, TFB (turbulent fluidized bed) and BFB conditions. Figure 12 shows that the
2D simulations produced clearly different trends in BFB, TFB and CFB conditions.
No similar significant difference between the fluidization modes can be seen in the
3D results and especially in the dense conditions of the CFB and TFB cases, the
general trends in 2D and 3D results radically differ. Quantitatively, the  val-
ues determined from 2D and 3D simulation data are similar in the dilute CFB con-
ditions and also to some extent in BFB conditions, but in the dense bottom bed of
a CFB and in a TFB the 2D results significantly deviate from the 3D results. In
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general, the 3D simulations produce higher values of  at high solid concen-
trations. Thus a separate thorough 3D study of the gas-solid drag force, carried
out in Paper (VII) is clearly necessary.

a b

c

Figure 12. Comparison of   determined from transient 3D simulation results
with corresponding data from 2D simulations: a) CFB conditions, b) TFB condi-
tions c) BFB conditions.

CFD simulation time depends on the number of computational elements in the
mesh. Thus in addition to the mesh resolution, the selected geometry is also im-
portant. In the simulations analysed in Fig. 12, the depth direction was small and
the geometry corresponded to a pseudo-2D fluidized bed with a core-annular flow
structure prevailing only in the width direction. Such geometries have been used in
experiments to represent a 2D fluidized bed. To evaluate the applicability of this
geometry for analysis of the drag force in 3D geometry, tests with different riser
depths were carried out. Figure 13 shows results from two such comparisons in
different conditions. In general, the effect of bed depth is relatively small which
allows to study parametric effects on the drag force by means of 3D simulations of
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pseudo-2D beds. Because of the shorter simulation time, it is thus feasible to carry
out a larger number of simulations with wide variation in conditions.

a b

Figure 13. Effect of the depth of the bed a) U0=2.75 m/s), and b) U0=5 m/s.
=4.45e-5 kg/m s, =0.311 kg/m3, =2480 kg/m3, =0.255 mm. Riser depth is

shown in the legend.

Figure 14 shows  in different regions of the 0.4 m deep CFB riser. The riser
is divided into four sections: front and back walls, side walls, corners and the mid-
dle section. Wall sections are defined as locations where the distance to the wall is
below 10 mm while in the corners the distance to walls in both lateral directions is
below the 10 mm limit. Close to walls,  at solid volume fractions below 0.1 is
systematically higher than in the middle region indicating that the suspension is
more homogeneous close to a wall.

The data in the middle region of the riser were further split as a function of
height. It was shown that the two lower-most control volume layers at riser bottom
produced clearly higher  values than the rest of the riser volume. A similar
division as a function of height was done for the wall layers at front and back walls.
Significant scatter of values was also here present in the data.
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Figure 14.  in different geometrical regions in the simulation of a 0.4 m deep
CFB  riser  ( =4.45e-5 kg/m s, =0.311 kg/m3, =2480 kg/m3, =0.255 mm,
U0=5 m/s).

Both slip velocity and the distance to a wall affected the average drag force in the
2D data. Similar analysis was done for the 3D case and a complicated, partly
combined effect of the wall distance and slip velocity was detected. Effects of
process conditions on the drag correction were also evaluated. Small changes in
the fluidization velocity did not affect  in any significant way, especially in
CFB conditions. In the dense end of the scale the effects of the fluidization velocity
were more pronounced.

Not only the fluidization velocity but also the way the air is introduced into the
riser affects the flow structure. In Paper (VII), the air distribution didn’t show any
effect on  in CFB conditions whereas in BFB conditions  increased
when the gas flow was divided to separate nozzles. Thus air distributor design
should be taken into account in drag modeling. In practice, this can be difficult in
which case the possible effects of the air distributor design should be considered
in the interpretation of simulation results as a possible source of inaccuracy. The
bed mass determines the range of solid volume fractions occurring in the fluidized
bed but it had no significant effect on . However, in dense conditions a small
effect was visible. When bed mass increased, the location where a certain aver-
age solid volume fraction occurs changed. The differences at any specific value of
solid volume fraction could thus, at least partly, be results of changed distance to a
wall and to the air distributor.
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In the 2D study, solid phase density and particle size were found to affect .
Both parameters showed a positive effect, i.e. an increase in both particle size and
solid material density increased . In BFB conditions the effect of particle size
was similar but the effect of density was not positive in all situations. Similar com-
parison on the basis of the 3D data is presented in Figures 15 and 16. Figure 15
shows a positive effect of solid density at low solid concentrations and a negative
effect in regions of high solid concentration. The effect of particle size, shown in
Fig. 16, is of the same nature but even stronger. However, when reduced particle
size leads to a change in the fluidization mode, the effect of the particle size is
complicated, since the highest values of  occur in BFBs and CFBs at differ-
ent ranges of solid volume fractions, as seen in Fig. 16c.

Figure 15. Effect of solid material density on   ( =4.45e-5 kg/m s, =1.225
kg/m3, =0.255 mm, U0=1.3 m/s).
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a  b

c

Figure 16. Effect of particle size on C  in a) Cases 24 and 26 ( =4.45e-5 kg/m
s, =0.311 kg/m3, =2480 kg/m3, U0=5 m/s),  b)  Cases 21 and 10 ( =4.45e-5
kg/m s, =1.255 kg/m3, =2480 kg/m3, U0=1.3 m/s), and c) Cases 6 and 2
( =4.45e-5 kg/m s, =0.311 kg/m3, =2480 kg/m3, U0=2.75 m/s).

In the 2D study, gas phase density was not found to have any significant effect on
the drag correction coefficient. However, the range inside which gas density was
varied was quite narrow, i.e. the range typically encountered in fluidization with air
at atmospheric pressure. At elevated pressure gas density can be significantly
higher. Figure 17 shows two comparisons in which gas density was changed while
other parameters were kept constant. When the change in gas density is small,

 remains unchanged in dilute conditions. At high solid concentrations, a
change in gas density produces a clear effect. At the higher gas density of 6 kg/m3

(Fig. 17a), significant effects on  occur in the whole range of solid volume
fractions.
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a    b

Figure 17. Effect of gas density on .  a) =4.45e-5 kg/m s, =2480 kg/m3,
=0.255 mm, U0=2.75 m/s and b) =4.45e-5 kg/m s, =1500 kg/m3, =0.255

mm, U0=1.3 m/s.

The 2D study showed that gas viscosity affects  negatively. Same qualitative
conclusion can be drawn from the 3D results presented in Fig. 18.

a   b

Figure 18. Effect of gas viscosity on C  in a) Cases 6, 19 and 15 ( =0.311
kg/m3, =2480 kg/m3, =0.255 mm, U0=2.75 m/s) and b) Cases 11 and 20
( =1.255 kg/m3, =2480 kg/m3, =0.255 mm, U0=5 m/s).

Some of the trends observed in the 2D data were also seen above in the 3D anal-
ysis, and especially at low solid concentrations, the results were even quantitative-
ly close to each other. In dense regions the results of the 3D study strongly devi-
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ated from the 2D results which confirms that to accurately model gas-solid drag
force in a 3D steady state simulation, the drag model has to be based on data
from 3D transient simulations.

The 3D parametric study showed that solid volume fraction, particle size, solid
density, gas viscosity, the slip velocity between gas and solids and the lateral
distance to a wall have significant effects on the drag correction coefficient. At high
gas densities typical of pressurized fluidization even the gas density had a signifi-
cant effect. A general closure model for the time-averaged drag force in a fluidized
bed should be based on these variables.

A closure for a very coarse mesh should approach the closure for a time-
averaged equation, since a volume average over a distance that is significantly
longer than the longest length-scales of the fluctuations should produce the same
result as a time average in a single point, when the statistical characteristics over
the averaging space and time frame are the same. That would be the case if there
would be no spatial gradients in the time-averaged flow field. Although this condi-
tion is never exactly met, the gradients in the time-averaged volume fraction and
velocities are often small compared to the fluctuations, for example in the center of
a large CFB riser. Thus the results obtained for the time-averaged drag force are
also indicative for space-averaged drag laws used in coarse mesh simulations.
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9. Paper VIII: Analysis of the required closures
for the drag force and convection terms in the
transient coarse-grained modeling approach

Time-averaged momentum equations rely heavily on the closure relations. In
coarse-grained modeling, the largest flow structures can be produced by the tran-
sient simulations while the structures of the order of the mesh spacing and smaller
need to be accounted for by the closure models. The share of momentum transfer
described by closure relations is smaller in coarse–grained models than in steady-
state models and it reduces as the computational meshes become finer. When the
computer capacity and calculation speed increase in the future, the need for sub-
grid closures will thus reduce. Still, since the required mesh spacing in an accurate
transient simulation is typically of the order of 2-5 mm, the need for sub-grid clo-
sures will remain for a long time.

Many attempts have been made by various research groups for the formulation
of closures which could be used in coarse mesh simulations of gas–solid flows in
risers (Agrawal et al., 2001; De Wilde, 2007; Igci et al., 2008; Wang and Li, 2007;
Yang et al., 2003; Zhang and VanderHeyden, 2002; Igci and Sundaresan, 2011;
Igci et al., 2012). Of greatest importance is modeling of the gas-solid drag force
and thus it has gained more attention than the other terms. Common to all the
suggested sub-grid drag models is that the predicted drag force is reduced from
what the drag correlations for a homogeneous suspension would predict in the
same flow conditions. In addition to the drag force, the stress terms have attracted
attention. A short summary of the work carried out for the derivation of sub-grid
closure laws is given in Paper (VIII).

In (VIII), a transient two-dimensional simulation of gas–solid flow in the geome-
try of the CFB riser of Fig. 2 was performed for a case of Geldart group B parti-
cles. The computational mesh was fine enough to allow local space-averaging of
the results. Two regions, i.e. the dense bottom bed and the dilute upper section
were analyzed. The vertical component of the gas-solid drag force and the normal
components of momentum convection were averaged over areas 12.5 x 12.5
mm2, 25 x 25 mm2 and 50 x 50 mm2. A drag correction factor was defined as the
ratio between the average drag force in the averaging volume divided by the drag
force calculated on the basis of the average flow properties. In very dilute condi-
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tions and at the packing limit, where the suspension is nearly homogeneous, the
correction factor should approach unity.

In Igci and Sundaresan (2011), the drag correction factor monotonously re-
duced towards the walls and as the explanation the authors suggested that this
trend was due to the increased level of clustering at the wall. In (VIII) a similar
trend was seen and an analysis of fluctuations of different flow properties was
carried out to find an explanation for the phenomenon. Since the peak in the vari-
ance of solids volume fraction is not at the wall, the explanation suggested by Igci
and Sundaresan (2011) on the basis of their study of Geldart A particles doesn’t
hold in the case of Geldart B particles studied in (VIII). The analysis in (VIII) indi-
cated that the reduction in the drag correction factor at the wall is related to the
strong fluctuation in the value of the drag coefficient in the wall region.

Figure 19 shows the obtained values of the drag correction factor as a function
of the distance to the side wall for the three different averaging areas and for dif-
ferent solid volume fractions. The general reducing trend towards the wall is seen
in all the plots. As the filter size increases, the value of the correction factor reduc-
es which is expected.

a
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b

c

Figure 19. Correction factor for the drag force as a function the distance to a wall
a) at solids volume fraction 0.01 at 0.175 m height, b) at solids volume fraction of
0.2 at 0.175 m height, c) at solids volume fraction of 0.005 at 2.475 m height.

In (VIII), the normal components of the Reynolds stress show highest values near
the wall. Examples of this trend are shown in Fig. 20 for both the horizontal and
vertical stress components.
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a

b

Figure 20. a) Horizontal normal Reynolds stress component for different averaging
areas at the height of 2.475 m. b) Vertical normal Reynolds stress component for
different averaging areas at the height of 2.475 m.
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10. Paper IX: Testing of sub-grid closure laws for
the gas-solid drag force

On the basis of the results in Paper (VIII), closure relations for gas-solid drag were
developed in Paper (IX) for testing in a simulation of the furnace of a commercial
CFB boiler. The models were simplified by taking into account the effect of solids
volume fraction but not the wall effect. The data from (VIII) for the coarsest aver-
aging area, 50 mm x 50 mm, were selected as the basis for the model.

The simulated furnace was 43 m high and it had a cross-section of 14.3 m x
6.73 m. The solid phase temperature was assumed to be uniform. The incoming
gas flows entered the furnace at correct reduced temperatures and the heat trans-
fer equations were solved to obtain a reasonable gas temperature field in the
furnace. Solid particles were described to be of a single size of 0.150 mm. The
mesh spacings were in the order 0.1–0.3 m.

For comparison, three other drag laws were also applied: Ergun/Wen-Yu drag
model, the EMMS (Energy Minimization Multi-Scale, Li et al., 1999) drag model
and a macroscopic drag law. Otherwise the models and conditions in the simula-
tions were the same. The Ergun/Wen-Yu drag model is applicable to situations in
which homogeneous conditions can be assumed to prevail inside the computa-
tional elements while the other models are meant for description of clustering flow.

In the EMMS approach, gas and particles are considered to be either in a
dense or a dilute suspension region and the mechanisms of gas–solid interaction
are analyzed on different scales. In Lu et al. (2012) and in Zhang et al. (2010), an
EMMS-based correction factor was formulated as a function of slip velocity and
volume fraction, and it successfully predicted the overall fluidized bed behavior. In
(IX), the correction factor was expressed as a function of volume fraction only. The
correction factor for the EMMS model was generated from the EMMS software
obtained from the Institute of Process Engineering, Chinese Academy of Scienc-
es. A superficial fluidization velocity of 2.66 m/s and solids flux of 5 kg/m2s that
correspond to the average conditions in the boiler in question were applied in the
calculation of the correction factor. In reality, the superficial gas velocity changes
along the furnace height but fortunately the EMMS method is not very sensitive to
changes in this parameter and the same correction function could be used for the
whole furnace.

The macroscopic drag model used in the simulation was a correlation originally
presented by Matsen (1982). It is based on empirical information on the ratio of
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the average slip velocity to the terminal velocity of a particle. Matsen (1982) pre-
sented model parameters for a case of Geldart group A particles. To use the mod-
el for other conditions and Geldart group B particles, the model parameters need-
ed to be changed. Kallio (2005) used the data for Geldart group B particles in two
different cases, in addition to Matsen’s parameters, to express the model parame-
ters as functions of the Archimedes number. In the simulations of the boiler fur-
nace in Paper (IX), the same expressions were used to calculate the model pa-
rameters on the basis of material property values for the boiler in question.
Matsen’s equations were meant for a one-dimensional steady-state analysis while
in this case they were applied for the sub-grid scale in a transient simulation. Alt-
hough the macroscopic model is thus not designed for transient coarse-mesh
modeling, it is useful for comparisons, since it provides a limit for a coarse mesh
drag closure.

Figure 21 shows the resulting vertical profiles of the pressure gradient divided
by density and gravity. This ratio is in experiments commonly interpreted as the
average solid volume fraction. Measurements are also included for comparison.
All the tested sub-grid closures improved the results in comparison to the
Wen&Yu/Ergun drag model but not enough to match the measurements. The
problem with the space-averaged model was probably that the model parameters
were determined for a finer mesh resolution than what was used in the present
work. Also other parameters such as slip velocity and material properties have
effects on the required drag correction and they were ignored in the study. Particle
size was smaller than in the 2D transient simulation on the basis of which the
correction function was derived. Similarly, gas viscosity was in the furnace simula-
tion higher. According to (VII) both these changes in phase properties should
reduce the value of the drag correction coefficient. Similarly, in the EMMS model,
slip velocity effects and the effect of gas properties were omitted from the model.
Moreover, EMMS doesn’t use the mesh resolution as a parameter. These facts
can explain the too small correction to the drag force. The macroscopic model
produced a too strong correction to the drag force, which was expected.
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Figure 21. Pressure gradient divided by density and gravity as produced by the
simulations with the different drag laws.

Figure 22 shows the lateral profiles of vertical solid velocity at the height of 30 m.
Although the solid volume fractions predicted by the different models significantly
differ at this elevation, all the models correctly predict a core-annular flow struc-
ture.

Figure 22. Favre-averaged solid vertical velocity as a function of the lateral posi-
tion in the furnace predicted by the CFD simulations with different drag laws.
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According to the results in (IX), the required correction to the drag force in very
coarse meshes lies in between the drag corrections produced by the models pre-
sented in the literature and the correction required for steady-state modeling. The
space-averaged drag law derived in (IX) and used in the simulation failed probably
because its parameters were determined for a finer mesh and for different values
of phase properties.
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11. Summary of findings

The main results of each included article are listed below.
Paper I: The paper analyzed cluster length scales in a small CFB riser from

shadowgraphy images. The method revealed that lateral and vertical length scales
drastically differ above the dense bottom region. A large fraction of the measured
lateral cluster length scales were smaller than 20–40 mm and, in the center of the
riser, a significant fraction of the clusters were narrower than 6 mm. To account for
all the significant length scales in a CFD simulation of a CFB, a very fine mesh
resolution of the order of 2-5 mm would seem necessary on the basis of the re-
sults.

Paper II: The paper compared the orders of magnitude of the different terms in
the solid phase momentum equation in CFB conditions. The main terms to be
modeled were found to be the average gas-particle drag force and the Reynolds
stress. The correction function for the time-averaged drag force was found to be
anisotropic. The normal Reynolds stresses dominated momentum transfer in the
horizontal direction and in the bottom bed also in the vertical direction. Modelling
of the complicated behavior of the Reynolds stress components was shown to
require a rigorous closure approach, e.g. transfer equations for the stress compo-
nents.

Paper III: In the paper, the relative importance of the various terms in the time-
averaged momentum equations was determined based on a transient simulation
of a BFB. The most important terms were the gas-solid drag term and the pres-
sure fluctuation term arising from the correlation between fluctuations in solid
volume fraction and gas pressure. The time-averaged solid pressure and the
Reynolds stress terms were also found to be important.

Paper IV: Closure relations for time-averaged two-fluid momentum equations
for dense gas-solid riser flow were developed and implemented in a CFD soft-
ware. A test simulation was carried out. The results showed that the developed
model could largely reproduce the average flow field obtained from a transient
simulation. Computationally the developed modeling approach was stable and
significantly faster than the transient simulation method (by a factor of an order of
1000).
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Paper V: Parameters that need to be accounted for in a model for the time-
averaged drag force in CFB conditions were studied by analyzing time-averaged
results from a number of transient 2D simulations carried out with fairly fine spatial
resolution. Solids volume fraction, distance to the wall, gas-solid slip velocity, solid
density, particle size and gas phase laminar viscosity were shown to have signifi-
cant effects on the average drag force.

Paper VI: Closure correlations for the drag correction function were developed
by nonlinear regression modelling based on data collected from 69 transient 2D
simulations of bubbling, turbulent and circulating fluidized beds. The correlations
were given as functions of eight variables: the solid volume fraction, the distance
from the nearest wall, the height above the air distributor, the slip velocity between
the phases, the gas velocity, the particle size, the solid density and the gas viscos-
ity. The model was improved by combining separate correlations for dense condi-
tions and the bottom region and for the dilute upper part of a CFB riser.

Paper VII: A qualitative analysis of the time-averaged gas-solid drag force in
gas-solid fluidized beds was carried out on the basis of a large number of transient
3D simulations of small bubbling, turbulent and circulating fluidized beds. The
results significantly differed from corresponding 2D data. The paper showed that
even when the third dimension is described with only three nodes in the mesh, the
3D character of the flow is captured in the drag correction coefficient. The analysis
showed that solid volume fraction, particle size, solid density, gas viscosity, the
slip velocity between gas and solids and the lateral distance to a wall have signifi-
cant effects on the drag correction coefficient. At high gas densities even the gas
density has significant effects.

Paper VIII: In the paper, the vertical component of the gas-solid drag force and
the convective term in the space-averaged solid phase momentum equation were
analyzed. Their dependence on the averaging length scale, solid volume fraction,
and the distance from the wall was presented. Closure models for drag and Reyn-
olds stress were shown to strongly depend on the averaging size. The minimum
for the drag correction function and the maximum for Reynolds stress were in all
cases found at locations closest to the wall. A clear dependence of the drag cor-
rection factor on the distance to the wall was observed.

Paper IX: An industrial scale circulating fluidized bed furnace was modeled us-
ing a coarse mesh in a transient simulation. Alternative drag models were tested:
the Ergun/Wen-Yu drag model, a subgrid-scale model based on data from Paper
(VIII), the EMMS drag model and a macroscopic drag model. All models correctly
produced a core-annulus flow structure. None of the models reproduced the
measured pressure profile correctly. The macroscopic model assumed too strong
clustering whereas the space-averaged and EMMS models applied a too small
correction on the drag force given by the Ergun/Wen-Yu drag law.
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12. Conclusions

Computational fluid dynamic (CFD) modeling of industrial scale fluidized beds is a
challenging task due to the mismatch between a large process size and fine flow
structures. In the present work, methods were developed to overcome the prob-
lems in order to make it possible to use CFD as a cost-effective tool for develop-
ment of processes based on the fluidized bed concept.

An analysis of cluster length scales in a CFB riser was carried out and a large
fraction of the clusters were shown to be very narrow. On the other hand, images
from bubbling fluidized bed show that a steep change in the volume fraction takes
place at the bubble borders. Thus in both bubbling and circulating fluidized beds, it
is necessary to use a fine mesh resolution if all the significant structures are to be
resolved by the simulation. Usually this is not practical in case of large industrial
fluidized beds due to the required excessively long simulation times.

Two approaches to tackle the problem caused by a combination of small flow
structures and a large process size were discussed in the present work: 1) transi-
ent simulation using a coarse computational mesh and subgrid-scale closure rela-
tions and 2) a steady-state simulation approach that applies a time-averaged two-
fluid model. The biggest benefit of the transient coarse-mesh simulation approach
is that the closure laws need to describe a much smaller fraction of the total mo-
mentum transfer than what is the case in steady-state modeling. This fraction will
reduce with time when more computation power is available. The biggest draw-
back is that a long simulation is required to obtain the average flow field. An addi-
tional complication is that the closure laws have mesh spacing as a parameter,
which makes derivation of the models tedious. Steady-state simulations produce
the average flow field directly and thus significantly reduce the computation time.
Derivation of closure laws for time-averaged momentum equations is, however,
time-consuming, since the closure laws need to be fairly accurate.

The analysis of the terms in the time-averaged momentum equations (carried
out in (II) and (III)) showed that in the lateral direction Reynolds stress terms dom-
inate momentum transfer and in the vertical direction they are larger than the
convection terms in the bottom section of a CFB riser. Especially in the upper
parts of a CFB riser, accurate modeling of the drag force is crucial since gas-solid
drag is there the largest term in the momentum equations. This explains why so
much effort has been put over the years in drag modeling. Closure laws for space-
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and time-averaged equations can be derived through averaging the results from
transient fine-mesh simulations over appropriate time and length scales. In the
present work, both space and time-averaging of the drag force was carried out
and parameters affecting the averages were studied by means of a correction
coefficient that is the ratio between the average drag force divided by the drag
force obtained by combining the Ergun (1952) and Wen and Yu (1966) drag laws.
The main parameters affecting the correction function for the time-averaged drag
force were found to be the mesh spacing, the distance to the wall, material proper-
ties, particle size and the slip velocity between the phases. The elevation in the
bed and gas superficial velocity were found to be additional useful parameters in
drag modeling.

In the work, both space and time averaged drag laws were used in riser simula-
tions. It was shown that although the requirements on the accuracy of the closure
laws are demanding the time-averaged modeling approach is feasible. The appli-
cation of the space-averaged drag model didn’t lead to equally satisfactory results.
The reasons behind this failure are related to the mismatch between the condi-
tions in which the model parameters were determined and where they were ap-
plied. This discrepancy can be remedied in the future. Similarly, the drag closure
function developed for the time-averaged modeling approach needs improve-
ments. It was based on data from 2D simulations. The present work showed that
3D data clearly differ from 2D results, but no model was developed on the basis of
the 3D data. The derived correlations also ignored the first few centimeters from
the walls and from riser bottom. Separate correlations need to be developed for
these regions. In the present work, particles were assumed mono-sized and
spherical. Thus further work is required to extend the results of the present work to
industrial applications where less ideal conditions prevail. Even with these short-
comings, the work presented in this thesis is a significant step forward in modeling
of industrial CFB units.
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