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Summary

This paper presents the results of 3D numerical flow simulation in the ventilation mill
(VM) and air mixture channel (AMC) of Kostolac B power plant, where a centrifugal
separator with adjustable blade angle is used. Numerical simulations of multiphase flow were
performed using the Euler-Euler and the Euler-Lagrange approach of the ANSYS FLUENT
software package. The geometry of the numerical model was almost identical to the VM and
AMC of Kostolac B, except for the smallest details. An unstructured tetrahedral grid,
consisted of almost three million cells, was generated. The main contribution of this paper is
the original analysis of the influence of centrifugal separator (CFS) geometry modification on
the coal powder distribution at the horizontal burners. The modification of the blade angle,
blade shape, and vertical position of the separator and its effect on the coal powder
distribution at the burners were analyzed and are published for the first time. Results of the
numerical simulations were compared with the measurements and can be used in modifying
the separator geometry and position to obtain optimal distribution of the pulverized coal at the
burners. Application of these results, obtained by numerical methods, ensures significant
savings in time and money, in the process of finding the optimal geometry of CFS.

Key words: numerical flow simulation, ventilation mill, air mixture duct,
centrifugal separator, pulverized coal distribution

1. Introduction

Numerical methods are an important tool in engineering analysis, which are very often
used for flow simulations as a useful alternative to measurements or to laboratory tests. They
are frequently used for investigating the phenomena in complex industrial plants, such as
power plants.

An appropriate distribution of coal powder at the main and secondary burners, together
with its quality, are very important for regular and efficient combustion in the furnace as well
as for the economic operation of a power plant. There are a lot of papers [1-4] studying the
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combustion process. Research conducted on the ventilation mill operation and on the impact
of separators on the coal powder distribution at burners is very important for the optimization
of thermal power plant exploitation. Modifications to the separator geometry and air mixing
channel (AMC) contribute to more efficient power plant operation [5-11]. Very often, the
influence of separator on the combustion process is studied experimentally in laboratory and
by using numerical simulations [8,9]. Influence of the centrifugal separator (CFS) vertical
position is analyzed in [12,13].

A detailed description of the VM and AMC with a louver separator and a CFS, used in
the power plant Kostolac B, was given in [14-20]. Using a mixture model in the Euler-Euler
approach of ANSYS FLUENT software package, an analysis of the multiphase flow in the
AMC was performed for a CFS with blades at angles of 20° and 30° relative to the vertical
axis. Results presented in [5,15] were in good agreement with the gas mixture distribution
measurements at the burners. However, results obtained for the distribution of coal powder at
the burners were not sufficiently highly accurate.

The mixture model is a simplified multiphase model that can be used in the modelling
of flows by the Euler-Euler approach, as the most adequate of three possible varieties. The
full Eulerian model is the most complex of all models of multiphase flow in the used
software. In this model, additional equations of mass and momentum conservation are solved
for each phase separately. Any combination of liquid, gas and solid phases can be
modelled. The Eulerian method of determining the flow field is used for both primary and
secondary phases. The number of secondary phases in the Eulerian model is limited either by
memory requirements or the convergence behaviour providing sufficient memory.

The Lagrangian discrete phase model is based on the Euler-Lagrange approach where the
fluid phase is treated as a continuum by solving the time-averaged Navier-Stokes equations,
whereas the dispersed phase is solved by numerically integrating the equations of motion for the
dispersed phase, i.e. computing the trajectories of a large number of particles or droplets
through the calculated flow field. The dispersed phase consists of spherical particles that can
exchange mass, momentum, and energy with the fluid phase. Although the continuous phase
acts on the dispersed phase through drag and turbulence while the vice versa may be neglected,
the coupling between the discrete and the continuous phase can be included. The discrete phase
model is the only multiphase model where the particle distribution can be included.

Due to a very complex geometry and a large number of grid cells, a convergent solution
could not be obtained with the Eulerian model. In order to obtain more reliable distribution of
coal powder at the burners in the AMC with a CFS of the Kostolac B power plant, the
Lagrangian discrete phase model (DPM) that follows the Euler-Lagrange approach in ANSYS
FLUENT is applied [8-12]. Transport equations are solved for the continuous phase while the
motion of discrete second phase is simulated in a Lagrangian reference frame. The trajectories
of discrete phase particles are computed in that way. The impact of the CFS blade angle on
the coal powder distribution at the burners is obtained by performing numerical simulations
for the blade angles of 20°, 30°, 40°, 50°, and 60° relative to the vertical axis. The influence
of the blade profile curvature and the vertical position of the CFS are also analyzed using a
curved blade and shifting the CFS upwards from the original position. This is original
research which was carried out for the ventilation mill with a CFS.

Numerical methods are used in investigations of flow phenomena in many branches of
science, engineering, complex industrial plants environmental protection, etc. Only small part
of it is listed in the cited papers as an example [21-25].
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2. Numerical modelling

The multiphase flow of recirculation gases and coal powder particles is analyzed. The
solid phase is diluted and it participates in the composition of multiphase flow with a very
small volume fraction, making the particle interaction and its influence on the gas phase
negligible and implying the use of the DPM formulation in ANSYS FLUENT software
package. Input data in the numerical model are defined on the basis of measurements
performed on the selected mills. The data were explained in detail in [5,15,17-19].

It is assumed that a mixture of the hot recirculation gases, pulverized coal, and sand
particles enters at the mill inlet. The volume flow rate of the gases is about 298,000 m’/h, or
83 m’/s, whereas the mass flow rate of the solid phases is of the order of 60 t/h, i.e. 16.7 kg/s.
Volume fractions of coal and sand are 5.91-10” and 1.93-107, respectively, assuming (that)
all particles are spherical in shape. It is considered that turbulence intensity at the inlet is of
the order of 10%. The influence of turbulence is obtained through the k-¢ turbulence model.
Volume fractions of the secondary phases are very small, giving a dilute mixture. Sand
particle diameter is taken to be 300um. The standard no-slip boundary condition is applied to
all walls including the mill impeller that rotates at 495 rpm. Its rotation is modelled with a
multiple reference frames (MRF) option in the software. The adiabatic thermal boundary
condition is applied. The value of static pressure is defined at all exits. The velocity is defined
at the mill entry in such a way that the volume flow rate of recirculation gases be satisfied.
The first order accurate numerical discretization is used because the calculation with the
second-order schemes was unstable.

Mass distribution of coal powder at each burner is obtained as a main result of the
simulation.

2.1  Size distribution of coal powder

In researching the influence of geometrical modifications on the distribution of coal
powder at the burners, the Rosin-Rammler size distribution of particles at the entrance of
ventilation mill is used. According to the analysis given in [6,15], the complete range of
particle sizes from 0 to 1000 um is divided into four size ranges. The mass fraction of coal
powder in each diameter range is given in Table 1. The mean diameter and the spread
parameter of the Rosin-Rammler distribution function are 152 pm and 1.5227, respectively.

Table 1 Mass fraction vs. size distribution of coal powder particles at the entrance of ventilation mill

Particle diameter range | Mass fraction in the range
(um) %0
0-90 26
90 - 200 50
200 - 500 20
500 - 1000 4

2.2 Geometry and grid generation

Geometry of the ventilation mill and the AMC numerical model with a CFS, and a CFS
alone with the blades at angles of 20°, 40°, and 60° relative to the vertical axis, are shown in
Figures 1a to 1d. It was a challenge for the authors to create a numerical model of a complex
ventilation mill in detail. In many papers, numerical simulations have been carried out for
smaller objects or their models.
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The blades of CFS are usually flat rectangular plates. In order to check the influence of

the blade profile, a flat plate is cambered in such a way to give the same profile along the

blade width. The maximum camber of 6% of the blade length is set at 30% from the leading

edge. Figure le shows the geometry of the CFS with curved blades. Modification to the blade

is chosen to be simple and applicable in exploitation. Because the width of the cambered and

the flat blade is the same, it is examined whether the camber has any impact on the
distribution of coal powder at the burners.

S— - - -

Fig. 1 Geometry of ventilation mill and AMC with different geometries of CFS

Because of the complexity of the realized ventilation mill and the AMC geometry, an
unstructured mesh has to be generated in the numerical domain. In principle, a structured grid
composed of a parallelepiped can be used in complex flows, but for a complex geometry with
plenty of fine details, the only possible solution was an unstructured one. The structured grid
may lead to undesirable oversimplifications of the geometry since it may be very difficult or
impossible to deform the structure of the grid to fit the geometry.

Three grids were generated for the grid convergence study. After the study, the impact
of an increasing number of meshes was determined and a compromise between calculation
speeds, stability, and the accuracy of the model was made. The mesh is composed of
2 630 600 tetrahedral cells for the geometry with CFS blades set at 30° relative to the vertical
axis. At approximately the same grid resolution, the change in the number of cells is below
1.5% for different CFS geometries. Note that the number of cells for the ventilation mill and
the AMC with louvers is almost by one million larger for a similar grid resolution. The
volume grids in the whole numerical domain and around the CFS can be seen in Figs 2a and
2c. The former figure relates to the blade at 50° and the latter to the one at 20°. Figures 2b and
2c present the surface meshes on the body and the CFS blades at 20° and 50°.
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Fig. 2 Volume mesh for the VMAC with a CFS

3. Analysis of results and comparison with measurements

For the DPM method, while a discrete phase is injecting, boundary conditions are
defined in a manner to include coal powder particles bounced from the solid boundary
surface, i.e. the restitution in the normal and tangent directions to the solid surface. In this
research, the same restitution boundary conditions were adopted as for the ventilation mill
with louvers [6], meaning that the value of the bounced coefficient in the perpendicular
direction is 1.0 and in the tangential 0.9. These values were chosen because the numerical
particle size distribution of coal particles shows minimum deviation from the measurements.

Results of numerical simulation for the AMC, with a centrifugal separator, were
compared with the measurement results from the reference [4]. Distribution of the coal
powder at the burners for the VM and AMC with a centrifugal separator is presented in Table
2. No data were available for the distribution at the blade angle of 60° relative to the vertical
axis. Under such a high angle of attack, the flow cross section is blocked significantly
allowing the convergence of solution only for the continuous phase. When coal powder
particles were injected into the continuous gas phase, their paths were incomplete for about
50% of particles, meaning that these particles do not move toward the burners but bounce
between the CFS blades. Such a solution cannot be considered as a relevant one.

Table 2 presents the distributions of coal powder at each burner obtained by measurements
for two mills (M17, M24) and by numerical simulations for different blade angles. According to
the designer’s recommendation, the blades of the realized CFS are set at an angle between 25°
and 30°, resulting in almost equal distribution of the coal powder at the main burners and the
secondary lower burner. This fact is confirmed by numerical simulations for a blade angle of up
to 30°. Figure 3 shows the coal powder distribution at the burners as a function of the blade
angle relative to the vertical axis. It can be noticed that the blade angle has a minor influence on
the distribution at the main burners. On the other hand, it has a considerable impact on the
distribution at the secondary burners. At a blade angle of 50°, the distribution of the coal powder
at the secondary upper burner is even greater than at the main ones.
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Fig. 3 Distribution of coal powder at the burners as a function of the blade angle

Table 2 The coal powder distribution (%) for different blade angles

Numerical simulation: DPM
Mean diameter: ds;= 152 pm
Spread parameter: n=1.5227

Experiments
blade angle
M17 M24 20° 30° 40° 50°
Main lower burner 304 33.7 294 29.9 30.1 28.7
Main upper burner 25.8 28.2 26.9 29.6 29.3 27.9
Secondary lower burner 30.7 25.8 21.1 24.8 18.4 10.9
Secondary upper burner 13.1 12.3 22.6 15.7 22.2 32.5

Part of the results obtained by numerical simulations for different blade angles can be
seen in Figures 4 to 6, where paths of coal powder particles around the CFS and along the
AMC are shown, coloured by the particle velocity and the size. Velocity vectors of the gas
phase around the blades set at an angle of 50° point to the region of reverse flow. This occurs
due to a large angle between the blade and the oncoming flow, Figure 6d.
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<)
Fig. 4 Paths of coal powder particles around the CFS for a blade angle of 20°,
coloured by particle velocity magnitude

a) b)

c)

Fig. 5 Paths of coal powder particles around the CFS for a blade angle of 30°,
coloured by particle velocity magnitude
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Fig. 6 Paths of coal powder particles around the CFS for a blade angle of 50°,
coloured by particle velocity magnitude
3.1 Influence of the blade shape

The coal powder distribution at the burners, obtained for flat and curved blades, is given
in Table 3. It can be noticed that the tested blade curvature has a very small influence on the
distribution of coal powder.

Table 3 Coal powder distribution (%) for different blade geometries

Measurement Numerical simulation:
(blade angle between | DPM model
25° and 30°) Mean diameter: dg= 152 pm

Spread parameter: n=1.5227
Blade angle: 30°

M17 M24 Flat blade Curved blade
Main lower burner 304 33.7 29.9 31.1
Main upper burner 25.8 28.2 29.6 29.2
Secondary lower burner 30.7 25.8 24.8 24.1
Secondary upper burner 13.1 12.3 15.7 15.6

Figure 7 shows the paths of coal powder particles near the CFS, whereas, Figure § the
velocity vectors of gas phase around the body and the curved blades of the CFS.
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Fig. 7 Paths of coal powder particles near the CFS with curved blades
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Fig. 8 Velocity vectors of the gas phase around the body and the curved blades of the CFS

3.2 Influence of CFS vertical position

In addition to the blade shape, the impact of vertical position of the CFS on the coal
powder distribution at the burners is also analysed. In the performed numerical simulations,
the CFS is shifted upwards by 0.5m and 0.7 m relative to the realized geometry. Flat blades
set at an angle of 30° are used. In Table 4 gives the distribution of coal powder obtained by
simulations. For both positions, the paths of coal powder particles (as a function of the
velocity and the particle size) around the CFS and inside the vertical and the horizontal duct
toward the main lower burner are shown in Figures 9a-9c.
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a) b)

¢)
Fig. 9 Paths of coal powder particles for the CFS shifted upwards by 0.5 m (a), 0.7 m (b and ¢)

Figure 10 shows a diagram of coal powder distribution at the burners as a function of the
CFS shift. The shift of the CFS by 0.5 m leads to maximum changes in the distribution that are
slightly over 20% compared with the original geometry. However, for the CFS shift of 0.7 m,
the changes are considerable for the main upper burner and secondary upper one. In this case,
the distribution at the secondary burners is of the same order as for the main upper burner.
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Fig. 10 Distribution of coal powder at the burners as a function of the CFS shifted upwards
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Table 4 The coal powder distribution (%) for different vertical positions of CFS

Measurement Numerical simulation: DPM model
(angle of attack Mean diameter: dy= 152 um
from 25° to 30°) Spread parameter: n=1.5227; Blade angle: 30°
Original CFS shifted CFS shifted
M17 M24 upwards upwards
geometry by 0.5 m by 0.7 m
Main lower burner 30.4 33.7 29.9 34.6 34.5
Main upper burner 25.8 28.2 29.6 33.3 25.7
Secondary lower burner 30.7 25.8 24.8 19.1 20.4
Secondary upper burner 13.1 12.3 15.7 13.0 19.4

4. Conclusions

Numerical results are obtained for a multiphase flow in the VM and AMC with a CFS,
using a DPM and compared with measurements performed on the mills M17 and M24. The CFS
blade is set at angles of 20°, 30°, 40°, 50° and 60° relative to the vertical axis. The influence of
the blade angle on the coal powder distribution at the burners is analysed. It is noticed that about
50% of particle paths are incomplete for a blade angle of 60° and this result is rejected as
irrelevant. The change in the blade angle affects only slightly the distribution at the main burners,
while the impact on the secondary burners is substantial. At a blade angle of 50°, the share of the
coal powder at the secondary upper burner is even larger than at the main burners.

In addition to the blade angle, the influence of the blade shape is considered using a
curved blade. The blade is profiled with a maximum camber of 6% of the blade length set at
30% from the leading edge. The curved blade gives practically the same distribution of coal
powder at the burners as the flat blade. Therefore, in the future, research will not consider the
curvature of the CFS blades. Some assumptions are made in these numerical simulations.
Evaluation of how they affect the results should be made in a future study.

Finally, the impact of the CFS vertical shift on the coal powder distribution at the
burners is investigated setting the CFS by 0.5 m and 0.7 m upwards relative to the original
position. For a shift of 0.5 m, distribution is changed by up to 20% compared with the original
geometry, while that of 0.7 m results in a considerable increase at the secondary upper burner.

The next step in our research will be the modification of the existing CFS and its
installation in the ventilation mill of Kostolac B thermal plant in order to test it in real
conditions. The authors state that research results and optimizations can be used elsewhere in
thermal power plants with a CFS.
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