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Particle transport phenomena in small-scale circulating fluidized beds (CFB) can be simulated using
the Euler-Euler, discrete element method, and Euler-Lagrange approaches. In this work, a hybrid
Euler-Lagrange model known as the dense discrete phase model (DDPM), which has common roots with
the multiphase particle-in-cell model, was applied in simulating particle transport within a mid-sized
experimental CFB facility. Implementation of the DDPM into the commercial ANSYS Fluent CFD package
is relatively young in comparison with the granular Eulerian model. For that reason, validation of the
DDPM approach against experimental data is still required and is addressed in this paper. Additional
difficulties encountered in modeling fluidization processes are connected with long calculation times. To
reduce times, the complete boiler models are simplified to include just the combustion chamber. Such
simplifications introduce errors in the predicted solid distribution in the boiler. To investigate the conse-
quences of model reduction, simulations were made using the simplified and complete pilot geometries
and compared with experimental data. All simulations were performed using the ANSYSFLUENT 14.0
package. A set of user defined functions were used in the hybrid DDPM and Euler-Euler approaches to

recirculate solid particles.
© 2013 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of
Sciences. Published by Elsevier B.V. All rights reserved.

1. Introduction

that inherently cover the large-scale phenomena. However, these
models are not affordable for large industrial facility simulations.

Circulating fluidized bed (CFB) and bubbling fluidized bed boil-
ers are popular alternatives to the traditional pulverized coal
boilers because of their maturity and insensibility to the qual-
ity of fuel. Numerical simulations of the flow conditions inside
such devices require solving complex multiphase transport equa-
tions in mixtures of gases and particles with high solid mass
loadings. Methods used for the granular flow simulations differ
by the temporal and spatial scales covered in flow phenomena
(Myohanen & Hyppanen, 2011). Because scales range from the
small-scale molecular up to large-scale system levels, differing by
many orders of magnitude, the computational effort is much differ-
ent in these approaches. It is attractive to tend toward small-scale
models which describe the flow system on fundamental grounds
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The large-scale systems need to be modeled using less general
and experimentally supported approaches. As computer power
increases, more detailed and computationally expensive methods
are being applied more frequently. The approaches discussed in this
paper can be termed meso-scale models (Myohanen & Hyppanen,
2011) and cover time and length scales greater than the particle
level. The methods under consideration can be divided by the way
the dispersed phase is treated (Wischnewski, Ratschow, Hartge, &
Werther, 2010).

High concentration of the particulate matter in the fluidization
units results in a significant increase in the influence of mutual par-
ticle interactions on the flow conditions. The available numerical
models used for solving the particle transport and their interac-
tions can be divided into two main groups, namely Euler-Euler
and Euler-Lagrange approaches. The Eulerian models have been
derived based on the assumption that a solid phase can be treated
as a continuous medium with representative properties similarly
as for a fluid.
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The second approach is known as the Euler-Lagrange, where
the fluid phase is treated as a continuum while the dispersed
phase is tracked in the Lagrangian reference frame. The disadvan-
tages of this approach are that it does not take into account the
particle-particle collisions and it is not applicable for modeling
dense fluidized beds. However, the Lagrangian model in com-
parison to the Eulerian approach gives a possibility of predicting
particle size distributions (PSDs) with relatively low computational
cost. Using the Euler-Euler continuum model, each of the char-
acteristic diameters representing the PSD has to be defined by a
separate dispersed phase, which is numerically intensive. How-
ever, accurately resolved particle distribution has high impact on
calculated field variables and cannot be omitted. To link advan-
tages of both methodologies the hybrid Euler-Lagrange approach
(Andrews & O‘Rourke, 1996), known as multiphase particle-in-
cell (MP-PIC) method, was developed. In this approach, groups of
particles known as parcels are tracked in a Lagrangian frame of
reference, while parcel properties are mapped to the Eulerian grid
where the interactions between particles are calculated and then
transferred back to the parcel positions. The hybrid model is appli-
cable to both dilute flows, where particle-particle interactions are
of little importance, and dense flows, where the particle-particle
collisions control the behavior of the dispersed phase (Snider,
O‘Rourke, & Andrews, 1998). Nowadays in the literature several
variations of the hybrid Euler-Lagrange model can be found ded-
icated to different applications. One of the newest can be found
in ANSYS Fluent CFD code, where the hybrid model, known as
dense discrete phase model (DDPM), was implemented. The DDPM
approach uses the kinetic theory of granular flow (KTGF) (Chapman
& Cowling, 1970) for calculating interactions between particles,
whereas the MP-PIC technique uses simple stress—strain relations.

This paper presents a practical application of the hybrid
Euler-Lagrange approach for modeling gas-particulate flow in a
model experimental circulating fluidized bed facility. The results
concern a 3D model of a 0.1 MW pilot-scale CFB installation built at
Czestochowa University of Technology used mainly for coal com-
bustion research. Validation of the numerical results is based on
pressure drop data delivered by researchers from Czestochowa
University of Technology. Besides the pressure-drop comparison,
the influence of mass loading on evaluated pressure drop is also
investigated. In this work, the usability of the Euler-Lagrange
approach in future applications to simulation of large-scale indus-
trial CFB units is also considered.

2. The numerical models

In this section, a background of the Euler-Euler and hybrid
Euler-Lagrange approaches used for modeling particle transport in
fluidized bed boilers are briefly described. Additionally, the gover-
ning equations of the model are presented and the applied closure
terms are summarized. References to the specific literature where
these are described are given.

2.1. The Euler-Euler approach

The Euler-Euler approach for describing particle transport in
isothermal conditions (cold flow) without mass transfer between
phases uses a set of transport equations including the conservation
of mass and momentum. Eqs. (1) and (2) are the continuity equa-
tions for gaseous and solid phases, respectively, whereas Egs. (3)
and (4) define the momentum changes of the fluid and solid phases,
respectively. The transport equations are presented in instanta-
neous form without terms responsible for mass transfer between
phases. The reader is referred to Anderson and Jackson (1967) and

Gidaspow (1994) for detailed derivation of these governing equa-
tions:
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where g is the standard gravity, subscripts f and s denote gaseous
and solid phases respectively, ¢ denotes the phase volume frac-
tion, p density, u velocity vector, p pressure shared by all phases, t¢
stress tensor which represents viscous forces in the fluid or gaseous
phase, and K represents the interphase exchange coefficients
between phases with subscript g standing for the g-th solid phase
of a total number N. The set of multiphase transport equations is
solved by the CFD code in an average form (Crowe et al.,2011). The
phase volume fractions ¢f and &5 are determined using averaging
procedures such as phase volume or ensemble averaging described
by Syamlal, Rogers, and O‘Brien (1993), and Pannala, Syamlal, and
O‘Brien (2011).

2.2. The Euler-Lagrange approach

Instead of using the Euler-Euler approach, the hybrid
Euler-Lagrange technique can be applied for granular flow mod-
eling in fluidized beds facilities. In this work, we use the DDPM,
which uses a four-way coupling technique to take into account the
relationship between continuous and dispersed phases in mass and
momentum transfer, as well as the interaction between particles in
the dispersed phase. The impact of particle motion on the gaseous
phase is contained in the governing equation by source terms. The
hybrid model assumes that the interaction between particles in
dispersed phase is calculated explicitly on the Eulerian grid based
on the volume fraction of solid phase mapped from particle pos-
itions. The evaluated solid stress tensor is then used to map back
into particle positions.

The DDPM approach does not solve the momentum equation
for individual particles. The solver tracks groups of particles called
parcels. Each parcel contains several particles characterized by the
same mass, velocity, and position. The number of individual parti-
cles contained in the injected parcel can be easily calculated from
the following relation,

_ mparcelAt
—_ T
mp

np (5)
where At is the time step in transient calculation, ri1pa.ce] mass flow
rate of a single parcel, and mp mass of an individual particle evalu-
ated based on the particle diameter and density. The equations of
mass and momentum conservation for the gaseous phase solved
by the DDPM approach are

9
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where Kppy is the drag coefficient taken from the granular phase;
Smass and Smom are sources due to the exchange of mass and
momentum between the dispersed and gaseous phases.

The particle equation of motion which equates the particle
inertia with the forces acting on a particle, is defined as

dﬂ:FD(“f—uP)-‘rw—E—E, (8)

dt Pp Pp Pp

where o7 is the granular stress tensor which represents interparti-
cle interactions calculated based on the KTGF on the Eulerian grid,
pp particle material density, and Fp(uf —up) particle acceleration
due to drag where the drag coefficient Fp is calculated using the
same drag model as the one used for predicting the drag coeffi-
cient Kppm. The term —vp/pp defines the particle acceleration due
to the pressure difference at the particle location. Based on the cal-
culated particle velocity, a new position of the particle is calculated
as

dx,
@ =W .

After obtaining the particle position, the solid volume fraction in a
given numerical cell can be calculated as

3
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where V), is the considered particle volume, V.; numerical cell vol-
ume, Np,reel is the number of parcels in computational cell and ky
defines the particle sphericity. The calculated solid volume fraction
is assigned to the Eulerian grid where the void fraction can be deter-
mined as ;=1 — &s. The particle velocity and position obtained from
Eqgs.(8)and (9) respectively, except for the acceleration due to drag,
strongly depends upon the evaluated solid stresses o5 on the Eule-
rian grid as it is widely described by Patankar and Joseph (2001),
and Snider et al. (1998). To calculate the solid stress tensor oy,
which accounts for the interactions between particles within the
solid phase, several closure terms have to be defined. Closure terms
are used in a description of the granular pressure, solid bulk vis-
cosity, and shear viscosities. The solid stress tensor can be defined
as

_ 2 _
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where A is the bulk viscosity, I unit tensor, ps granular pressure,
s solid dynamic viscosity, and us represents the average velocity
vector of the solid phase acquired from the particle locations. More
information describing the mathematical description of the clo-
sure terms can be found in literature (Gidaspow, 1994; Johnson &
Jackson, 1987; Lun, Savage, Jerey, & Chepurnly, 1984; Syamlal et al.,
1993).

3. Pilot-scale CFB test rig

A schematic diagram of the experimental facility (Fig. 1) sum-
marizes the characteristic dimensions of the experimental rig used
for simulating coal combustion process in the CFB loop. The max-
imal thermal load of this pilot-scale installation is estimated to
be around 0.1 MW. The combustion chamber (riser pipe) is 4.98 m
high with an inner diameter of 9.8 cm. The ports of secondary gas
are located 0.55 m above the distributor. The fuel/solid feed port is
located between riser and downcomer. The experimental rig works
as a typical CFB unit. The part of the material that is separated in the
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Fig. 1. Schematic of the CFB experimental rig with characteristic dimensions.
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Fig. 2. Size distribution of the fluidized material.

cyclone is recirculated back to the combustion chamber through
the downcomer and drain section, where solid material is aerated.

For the present work, an isothermal (cold) experiment was
performed to measure the pressure drop over the pilot-scale instal-
lation without combustion process. During the experiment, the
atmospheric air was used as fluidizing gas with a constant tempera-
ture 23 °C. Sand, with amean density of 2500 kg/m?3, was used as the
fluidized material with particle sizes ranging from 50 to 1000 wm.
The sand particle size distribution is depicted in Fig. 2; the evalu-
ated parameters of the Rosin—-Rammler size distribution are shown
in Table 1. The total amount of fluidization gas delivered to the unit
was 120 kg/h. The fluidization gas was split into two main streams.
Most of the gas was delivered to the primary gas inlets below the
distributor in the bottom part of the riser, while the remainder was

Table 1

Material properties of sand particles.
Density (kg/m3) 2500
Mean diameter (jum) 337
Max diameter (m) 1000
Min diameter (m) 50
Spread parameter 1.45
Number of diameters 8
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Table 2
Closure models and parameters used in the simulations.

Solids pressure

Solids viscosity

Solids bulk viscosity
Frictional viscosity
Frictional pressure
Granular temperature

Lun et al. (1984)

Gidaspow (1994)

Lun et al. (1984)

Schaeffer (1987)

Based on KTGF

Algebraic (Syamlal et al., 1993)

Drag model Gidaspow (1994)
Restitution coefficient 0.9

Friction packing limit 0.61

Packing limit 0.63

Transition factor (DDPM) 1.0

Wall reflection coeff. (DDPM) enor =0.7; etan=0.7
Wall specularity coeff. (Euler-Euler) 0.05

directed to the drain section for particle aeration and to the sec-
ondary gas inlets. In the cold experiment, the amount of injected
gas through the secondary inlets was kept at a very low level. The
total amount of circulated solid material in the CFB pilot was 5.0 kg.

4. Model reduction and solution

Based on the data delivered from Czestochowa University of
Technology, a three-dimensional computational domain of the
experimental facility was created using the ANSYS environment.
In the hybrid DDPM simulation, the node-based volume averaging
procedure was used, in which the scalar gradients were calcu-
lated using a node-based technique (ANSYS Inc., 2012). For both
the approaches investigated, turbulent flows were modeled using
the standard k-¢ model. The quadratic upwind interpolation for
convection kinetics (QUICK) scheme was used for the conservation-
of-mass equation, a first-order upwind scheme was used for the
turbulent kinetic and dissipation rate, and a second-order upwind
scheme for the remaining equations. The closure models used and
other parameters are listed in Table 2.

The numerical investigations were divided into two parts. The
first focused on the modeling of particle transport phenomena
within the complete pilot-facility geometry, including the riser,
separator, downcomer and drain section. The second concerned
the simulation of a simplified model including the riser and part of
the recirculation section only. In the former, the simulations deter-
mined the amount of solid material redistributed in the riser during
the experiment. For this purpose, the DDPM approach was used.
The mass of solid material in the riser was controlled applying user-
defined functions (UDFs) for the Lagrangian phase. UDFs were also
used for calculating the pressure distribution in the riser. The pur-
pose in including the cyclone in the geometry of the model was to
obtain the required separation from the gas and recirculation rate
of particles in a computationally inexpensive manner. The standard
k-¢ model used in all regions of the geometry enabled a separation
efficiency of almost 100% to be obtained. Such efficiency was also
observed in the experiment. It should however be stressed that the
details of the highly anisotropic turbulent flow in the cyclone were
obviously not captured. These were unimportant from the view-
point that an appropriate mass of solids (that is, the same as in
experiments) was kept in as well as recirculated to the riser.

The complete geometry with boundary conditions shown is
depicted in Fig. 3. As mentioned earlier, one of the disadvantages of
using the complete geometry is the long calculation times, which
for large units can be computationally very intensive. Additional
difficulties encountered are connected with various spatial and
temporal scales in each section of the CFB. To simplify the numer-
ical model and decrease the simulation times, the geometry was
reduced to only the riser pipe and part of the recirculation section
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Fig. 3. Complete geometry of the CFB facility.

(Fig. 4). The consequence of model reduction on solid distribu-
tion and pressure drop in the riser was examined. Riser pressure
drops and solid distributions from Euler-Euler and hybrid DDPM
approaches were compared with experimental data.

The 3D numerical mesh used for the CFB simulations consist of
tetrahedral and hexahedral elements. The total number of mesh
cells for the complete geometry was 291,000, with average mesh
element size of 7 mm, whereas the simplified geometry consisted
of 95,000 cells. The quality of the generated mesh for both com-
plete and simplified geometries is the same. Fig. 5 illustrates the
numerical mesh for parts of the complete geometry; Fig. 6 illus-
trates the mesh for the simplified geometry. For this work, a study
of mesh independency is not presented, however mesh quality and
size were determined based on experience gained with a number
of simulations using the DDPM model. In the meso-scale models,
numerical cell size must be larger than the size of tracked particles.
Each of the numerical cells has maximal mass capacity limited by
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Fig. 4. Simplified geometry of the CFB facility.
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Fig. 5. Generated meshes for various sections of the complete geometry.

the solid-packing limit (typically 0.63). When the maximal mass
capacity of the cell is exceeded the remaining mass has to be iter-
atively redistributed over neighboring cells during the solution. If
the number of discrete phase iterations per continuous phase iter-
ation is too small, the masses evaluated in the Lagrangian frame of
reference and on the Eulerian grid can diverge. During the simula-
tions, it is important to approach the situation when the mass of the
solid particles is the same as the mass calculated on the Eulerian
grid based on the solid volume fraction. When the size of the mesh
elements is reduced, the calculation time increases, which elimi-
nates the advantage of the DDPM approach (i.e., lower calculation
time compared to the Eulerian model) and the problem with mass
losses increases.

The recirculation of solid material in the simplified geometry
was controlled using a set of UDFs applied in the Eulerian and
hybrid DDPM simulations. The total mass in the simplified model
was smaller than that in the full geometry due to an accumulation
of solids in the cyclone and recirculation leg. The calculated mass of
solids in the riser of the full model was used as the total mass in the
simplified geometry. In the simplified model, the mass escaping the
upper part of the riser was recirculated back at the bottom of the
riser through the recirculation inlet. This procedure was performed
using UDFs (see diagram in Fig. 7).

To reduce the cost of numerical simulations, the geometry of the
distributor, located at the bottom part of the riser, does not contain
all the geometric details. To simplify the geometry, the primary air
is construed to enter through the entire bottom inlet of the compu-
tational domain. During simulations, the gas flow rate, as well as the
density of solids, was taken from experimental data. The gas flow
was spread over all inlets for both investigated geometries. The air
division for both investigated geometrical models is presented in
Table 3. For the simplified geometry, the amount of air delivered
through recirculation is equal to the mass flow of air injected via
the drain inlet.

Fig. 6. Generated meshes for various sections of the simplified geometry.
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Fig. 7. Solid recirculation procedure.

Table 3
Spread of the mass flow rates of gases for complete and simplified geometries.

Inlet Mass flow rate (kg/h) Surface area (m?)
Primary gas inlet 105.5 35x103
Secondary gas inlet 0.0 3x33x107
Solids injection port 0.9 40x 104

Drain gas inlets (complete) 135 1.9x10°3
Recirculation (simplified) 135 4.0x 1073

The hybrid DDPM approach enables real PSDs to be pre-
dicted using a number of distribution models. In this work, the
Rosin-Rammler model was used, for which evaluated model
parameters are listed in Table 1. For calculations performed using
the Euler-Euler approach, the corresponding PSD (Fig. 2) was
represented by three characteristic diameters (see Table 4). In
this approach, three additional dispersed phases were applied to
resolve the PSD.

5. Results and discussion

For numerical simulations of the fluidized bed, the intuitive
approach is to apply the complete CFB geometry for the simu-
lation. As discussed earlier, the disadvantage of this technique is
long calculation times required for resolving the complex granu-
lar flow in subsequent zones of the CFB boiler. To reduce these
times, the complete CFB geometry was replaced by the simplified
CFB model of riser and a part of the feeder. In this section, the con-
sequence of these simplifications on pressure and solid material
mass distribution in the riser is discussed. The averaged numerical
results obtained are compared with those obtained from experi-
mental data. The physical simulation time was 30s with the last
10 used for averaging of the flow variables.

The complete CFB geometry was used to evaluate the amount of
solid material in the riser. The simulations performed showed that
the amount circulating within the riser varies from 1.8 to 2.2 kg.

Table 4
Diameters and volume fractions of solids used in the Euler-Euler approach.

Diameter, pm Volume fraction of solids

dp.l 125 Es1 0.32
dp2 450 £s2 0.19
dp3 1000 &s3 0.12
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Fig. 8. Distribution of volume fraction of solids calculated using the Euler-Euler
and DDPM approaches for the simplified CFB geometry. The cross-section line is
also depicted.

48 5.
4.2 | '!3 o Exp.
- W R DDPM - Simp.
é 3.6 1 = "‘ essssccssssee  Euler-Euler
230/ % y |=== DDPM-Comp.
R \e
© 24| m-)
= o\
o 1.8 %\
@ LR
& 1.2 | \‘
0.6 1 U
0.0 | 1 g teeees,

0 600 1200 1800 2400 3000 3600
Pressure distribution (Pa)

Fig. 9. Comparison of the pressure distribution in the riser calculated using both
investigated numerical models and geometry configurations.

Fig. 8 shows the time-averaged distribution of solid material
at the bottom part of the riser calculated by the Euler-Euler and
hybrid DDPM approaches. Both simulations were performed using
the simplified geometry.

Fig. 9 shows a comparison of the pressure distribution in the
riser obtained based on numerical simulations using the complete
and simplified geometry against experimental data. The mass dis-
tribution in the riser for both numerical models and geometries
are illustrated in Fig. 10. The volume fraction of solids was not

48 g

a2 |3 u Exp.
_ i ————— DDPM - Simp.
£ 36 “ ecessessesces  Euler-Euler
%-, 3.0 l =ccmecmee  DDPM - Comp.
2 24 I‘
5 181}
2 |
2129

0.6 | ..l\

- Pt LI LTI

0.00 0.08 016 0.24 032 0.40

Solid volume fraction {-)

Fig. 10. Distribution of the volume fraction of solids in the riser calculated using
both investigated numerical models and geometry configurations.
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measured directly in the experiments. Instead, its distribution in
the riser was calculated using the manometer formula (Gidaspow,
1994)based on the measured pressure difference between pressure
sampling ports. The limitation of this method is known; namely, to
obtain accurate results, the flow has to be fully developed which
in general is very difficult to fulfill in a highly turbulent fluidized
bed. Without maintaining this condition, the disparity from results
with the manometer formula is large. Thus, the presented dis-
tributions of the volume fractions of solids contrast the results
obtained from the manometer formula with those from simulation
results.

The pressure distributions show that the trends from the
numerical and experimental data are similar. Numerical results
performed using the simplified geometry for both the Euler-Euler
and hybrid Eulerian-Lagrange approaches are comparable to the
solution obtained for the complete geometry. The overall pres-
sure drop in the riser evaluated using the DDPM approach and
the simplified geometry was approximately 0.3 kPa higher than
the experimental results. The larger discrepancies between results
occur at the bottom part of the riser, and are caused by omitting
the distributor geometry and its large number of small orifices
in simulations. In experiments, circulating material can partially
accumulate between orifices on the distributor. The accumulated
material does affect the evaluated pressure drop and velocity pro-
files over the distributor.

The results obtained by applying the Euler-Euler approach
differs from the experimental and hybrid DDPM, which was mainly
observed in the bottom part of the experimental rig, based on the
evaluated pressure profile in the riser and pressure differences.
This situation was caused by the selected drag model and mesh
size in the lower part of the geometry. The Gidaspow (1994) model
over-predicts the drag for coarse meshes. In this situation, the
solid material is moved to the upper part of the riser, which can
be observed in Fig. 10. A similar situation was noticed in the work
of Zhang, Lu, Wang, and Li (2008, 2010). The consequences of
mesh size in evaluating drag were not investigated in this work.
For dense meshes, the simulation time considerably increases,
making the Euler-Euler approach unsatisfactory in simulating
large industrial facilities. However, an implementation of the
energy minimization multi-scale (EMMS) model (Wang et al.,
2010; Zhang et al., 2008) should resolve the problem of mesh
size. The EMMS model works as the sub-grid scale model for
the effective inter-phase drag, using an implicit cluster diameter
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Fig. 12. Radial distribution of volume fraction (left) and axial velocities (right) of solids at (a) 0.5m, (b) 0.7 m and (c) 1.5 m above the distributor for the Euler-Euler phases

and DDPM.

expression for the force prediction. The implementation of the
EMMS model is a subject for future developments.

To further investigate the differences between the Euler-Euler
and the DDPM approaches, radial profiles of the volume fraction
of solids, and velocities for the gaseous and solid phase were plot-
ted at three heights of the riser, namely 0.5, 0.7, and 1.5 m above
the air distributor. Locations of the cross-section planes as well as
their heights are shown in Fig. 11. In Fig. 12, the radial velocity pro-
files of the solid phase as well as profiles of the volume fractions
of solids, at the three different heights are shown. The distribu-
tions correspond to time-averaged quantities (10s of averaging).
The Euler-Euler results correspond to the three solid phases for the
different characteristic diameters used (Phase 1: 1000 wm, Phase

2: 450 pm, and Phase 3: 125 wm). It can be seen that the down-
ward flow occurred for the larger particles near the riser walls.
For Phase 3 (125 m), as well as for DDPM simulations, this phe-
nomenon was not observed. It should be stressed, however, that the
velocities and volume fractions obtained using the DDPM model are
the averaged quantities for all particles in a given computational
cell. The individual time-averaged velocities and the corresponding
volume fractions of mono-sized particles were not stored during
the computations and therefore are not shown. The profiles show
that the predicted solid velocities are slightly higher for the DDPM
than those obtained using the Euler-Euler approach at all three
riser heights. The differences are larger near the walls. The vol-
ume fractions are lower for the DDPM in the upper and middle
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cross-sections. However, when approaching the bottom part of the
riser. the differences are smaller although, near the wall, the DDPM
predicts higher volume fractions. The DDPM model results corre-
spond to the mean particle diameters, which at the bottom part
of the riser are the largest, as these are affected by higher con-
centrations of large particles. Moreover, the expected near wall
downward flow was not observed at the lower riser heights of 0.5
and 0.7 m. Radial profiles of average axial gas velocity (Fig. 13) show
that, in the vicinity of the riser walls, the velocities are greater than
zero for both complete and reduced geometries. The reason for this
is that the generated mesh was relatively coarse to lower compu-
tational demands. In the DDPM model, the larger the mesh, the
more particles per parcel can be used without exceeding the pack-
ing limit of the solid phase, which in turn substantially increases
the number of parcels that can be tracked in the whole system.
Nonetheless, the mesh size was kept small enough to obtain the

required y* values for the wall-function approach in modeling the
turbulent boundary layer of the gaseous phase. This infers a higher
gas velocity in the near wall cells, which turned out to be higher
than the terminal velocities of the smallest particles used in the
Euler-Euler model and all mean particles of the DDPM model. We
believe that both the higher near-wall gas velocities and the mean
diameters explain the lack of a near-wall downward flow of solid
phase.

6. Conclusions

The results presented in this paper concern the 3D model
of the CFB pilot-scale installation. The particle transport in the
CFB was simulated using the standard Euler-Euler and hybrid
Euler-Lagrange approaches. Evaluated numerical results show a
negligible effect from simplifications introduced to the geometry
of the computational domain.

The Euler-Euler and hybrid DDPM predict comparable results.
The pressure drop in the CFB riser evaluated using both numeri-
cal models exhibit similar tendencies as the experimental results.
However, larger differences between numerical and experimen-
tal results have been observed at the bottom of the riser, near the
distributor, and near the recirculation section for the Euler-Euler
simulations. The main cause is believed to be the omission of
the distributor and the drag model used. The average pressure
differences between experimental data and the complete DDPM,
simplified DDPM, and simplified Euler-Euler were 0.3, 0.23, and
0.4kPa, respectively. The simulations using both investigated
numerical models and geometries show that selecting the sim-
plified model in future simulations of the combustion process is
reasonable.

Simulations have proven that the hybrid model can be used for
predicting particle transport in fluidized beds. This model enables
a variation of the PSD to be taken into account, as well as inter-
actions between particles in dilute and dense regions. Future work
will investigate the usability of the DDPM approach for combustion
process modeling in the simplified model of the CFB experimental
facility.
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