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1 Introduction

Disperse multiphase flows are very common for processes in mechanical and thermal process technology
(e.g. gas particle or gas droplet flows, coal combustion, pneumatical conveying, erosion phenomena).
Processes for the separation of solid particles from gases or fluids and for the classification and particle
size analysis are an important field of interest in process technology. Most flow regimes in technical
processes are real 3 dimensional and cannot be restricted to 2 dimensional numerical analysis. Therefore
the paper deals with a Lagrangian approach for the prediction of 3 dimensional, disperse gas particle
flows and its application for flow simulation in cyclone particle separators.

The investigations of the precipitation of quartz particles were carried out for a series of four geometri-
cally similiar cyclones of different size and for a number of different gas inlet velocities. Numerical results
were compared with experiments by Konig [3] and show a very good agreement, with experimentally
predicted particle precipitation rates.

2 Basic Equations of Fluid Motion

The 3 dimensional, two phase (gas particle) flow in the cyclone separator is described by assuming that
the particulate phase is dilute and that the particle loading is rather low. This assumption satisfies
the neglect of inter particle effects and contributing source terms in the Navier Stokes equations due to
particle fluid interaction. Further the two phase flow 1s assumed statistically steady, incompressible and
isothermal. Then the time averaged form of the governing gas phase equations can be expressed in the
form of the general transport equation :
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Here ® is a general variable, T's a diffusion coefficient, Sg a general source term and SZ is the source
term due to particle fluid interaction (S5 = 0 if coupling of the continous and disperse phase can be
neglected). The relationship of Sg, 'y, Sp and SE and the constants of the standard k ¢ turbulence
model used for the present numerical simulation are given in Table 1.

3 Equations of Motion of the Disperse Phase

The disperse phase is treated by the application of the Lagrangian approach, i.e. discrete particle trajec-
tories are calculated. Each calculated particle represents a large number of physical particles of the same
physical properties which 1s characterized by the particle flow rate Np along each calculated particle
trajectory. The prediction of the particle trajectories is carried out by solving the ordinary differential
equations for the particle location and velocities. Assuming that the ratio of fluid to particle density 1s
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Table 1: Source terms and transport coefficients for different variables ®

small (pp/pp < 1) these equations read :
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These equations of motion of the disperse phase include at the right hand side the drag force, the lift
force due to shear in the fluid flow field (Saffman force), the gravitational and added mass force. For the
present, numerical investigation the Magnus force due to particle rotation is neglected because of there
minor importance for the very fine particles in the particle diameter range of interest.

The values for the coefficients Cp and (U4 can be found in literature [1, 9]. Additionally for the lift
coefficient C'4 the correction obtained by Mei [4, 9] is taken into account. The effect of fluid turbulence
on the motion of the disperse phase, which is regarded to be very important for the particle diameter
range under investigation, is modelled by the Lagrangian Stochastic Deterministic (L.SD) turbulence
model proposed by Schonung and Milojevic [5]. The particle wall collisions are treated according to the
irregular bouncing model by Sommerfeld [8, 9] in the modified wall roughness formulation given in [10, 1].

4 Solution Algorithm

The time averaged equations of fluid motion are solved using the program package FAN 3D developed
by Perié¢ and Tilek [6, 7]. The program FAN 3D was extensively modified by the authors for gas particle



flow computations. Further modifications involve the implementation of a standard k ¢ turbulence model
and the parallelization of the solution algorithm by application of a domain decomposition method. The
most fundamental features of FAN 3D are :

e use of non orthogonal, boundary fitted, numerical grids with arbitrary hexahedral control volumes,

e use of block structured numerical grids for geometrical approximation of complex flow domains;

e parallelization using domain decomposition method;

e finite volume solution approach of SIMPLE kind with colocated variable arrangement; Cartesian

vector and tensor components;

The solution algorithm for the equations of particle motion is based on the program package PartFlow de-
veloped by the authors. A detailed description of the 3 dimensional solution algorithm and the developed
parallelization methods for the TLagrangian approache can be found in [1, 2].

5 Gas—Particle Flow in a Standard Cyclone

The presented 3 dimensional Lagrangian approach was applied to the gas particle flow in a standard
cyclone (Fig. 1). The calculations were based on experimental investigations carried out by Konig [3] on
a series of geometrically similiar cyclones for a number of different inlet gas velocities.

5.1 Flow Geometry and the Numerical Grid

The cyclones 710, 720, 740 and 780 investigated in this paper were determined by the following geomet-
rical properties (see also Fig. 1) :

710 720 740 780
Diameter of the cyclon D 40 mm 80 mm 160 mm 320 mm
Height of the cyclon H 195 mm 390 mm 780 mm 1560 mm
Inlet cross section axb|45x18mm? | 9x 36 mm? | 18 x 72 mm? | 36 x 144 mm?
Diameter of the gas exit dr 10 mm 20 mm 40 mm 80 mm
Height of the gas exit hr 31 mm 62 mm 124 mm 248 mm
Diameter of the particle exit dp 10 mm 20 mm 40 mm 80 mm

Due to the complex geometry of the cyclone a numerical grid with 42 different grid blocks and about
250.000 finite volume elements had to be designed for the numerical calculations of the gas particle flow
(Fig. 2). The numerical grid was originally designed for the Z10 cyclone and then proportionally scaled
as 1:2:4:8 for the other three cyclones 720 780.

5.2 Prediction of the Gas and Particle Flow, Pressure Loss

In the course of first calculations of the gas flow field in the cyclones 1t was found that the numerical
mesh needed further improvement and certain grid refinement in regions of large fluid velocity gradients
in order to get converged solutions. Grid refinement was applied to the gas inlet and to the region in the
vicinity of the lower end of the gas exit tube. But certain restrictions in the mesh generation algorithm
prevented an optimum arrangement and design of the finite volume elements in some regions of the flow
geometry. Consequently strong underrelaxation had to be applied for the solution algorithm in order to
obtain convergence, mainly due to the convergence behavior of the £ £ equations.

Unfortunately there 1s no data material about the velocity fields in the Z10,...,780 cyclones in the
publication of Konig. But the flow in cyclone separators was studied in the past by many authors and
thus the calculated flow field can be assessed at least qualitatively. Fig. 3 shows the mean gas velocity
distribution in the upper part of the cyclone. Calculated flow fields show the typical asymetrical main
vortex in the upper cylindrical part of the cyclone. Tn a more detailed view [11] a flow recirculation can be
found along the lid of this cylindrical part of the cyclone and further downwards along the outer wall of
the gas exit tube. This kind of recirculating flow 18 well known for cyclone separators from literature. The
flow field in the other parts of the cyclone is also in qualitative agreement with the knowledge available
for the flow in cyclone separators.

For further comparison the pressure loss over the cyclone was predicted for various gas inlet velocities
and compared with the experimental data of Konig (Fig. 5). The pressure loss data of Konig take only
into account the difference of the static pressure before and after the cyclone. The diagram shows an
underprediction of the pressure loss obtained from the numerical calculations for all investigated gas inlet



velocities. The reason for that 1s most likely to be found in slight differences between the experimental
setup and the flow geometry investigated numerically. The numerical data of the pressure loss show a
comparable increase with increasing gas inlet velocity.

Particle trajectory calculations were carried out using the described Lagrangian approach with the
predicted gas flow fields in order to obtain particle precipitation rates for the four different cyclones (see
Fig. 5). Main difficulties in the calculation of particle motion could be observed in the following :

1. The flow in the cyclone leeds to a very large number of particle wall collisions. The detection
of a particle wall collision results in a decrease of the integration time step of the solution algo-
rithm. Therefore the large number of particle wall collisions leed to large computation time for the
prediction of the particle motion.

2. The large computation time needed for cyclone flow prediction is also determined by consideration of
the influence of gas flow turbulence on particle motion. In order to ensure accuracy the integration
time step is set to be less then 1/10 of the turbulent time scale of the TL.SD turbulence model. The
resulting small time steps of the Runge Kutta solver for the particle equations of motion contribute
to the large computational effort needed for the present simulation.

3. The larger geometrical size of the 740 and 780 cyclones leed to a substantial increase of particle
residence time in the cyclone and thus to larger computation time.

As a result the calculation of about 10.000 particle trajectories in the cyclon separator takes about 22
hours of CPU time on a single MTPS R10000 processor of a Silicon Graphics CRAY Origin2000.

5.3 Calculation of the Particle Precipitation Rate

In accordance with the experiments of Konig [3] the investigations for the prediction of the particle
precipitation rate were carried out for the physical properties of a fraction of quartz particles of the Busch
company. The original quartz dust had a particle diameter distribution in the range of dp = 0...50 um
with a mean particle diameter of dp = 10.9 wm. The numerical simulations were carried out for 20
particle diameter classes in the range between 0.5...15 um. A total number of 670 particle trajectories
with random initial conditions in the inlet cross section were calculated for each of the 20 particle diameter
classes. Even not stated in the publication of Konig a particle density of pp = 2500 kg/m? was assumed
for the quartz particles. For the coefficients of restitution and kinetic friction typical values for quartz
particles were used (k = 0.8, f = 0.35).

In a first series of calculations the precipitation rates for the quartz particles were predicted for all
four cyclones 710,...,780 with an inlet gas velocity of up = 10 m/s. Then the precipitation rate can be
predicted as : dp) = 1 — N074t(dp)

Nin(dp)

where /\Ifm(dp) and /\Ifom(dp) are the particle flow rates for a given particle size in the inlet cross section
and gas exit cross section respectively. In the numerical prediction particles are assumed to be precipitated
in the cyclone, if :

1. The particle trajectory reaches the particle exit cross section.

2. The particle sticks to the wall of the cyclone (that means the wall normal velocity of the particle
after a particle wall collision is less than 107" m/s).

3. The particle residence time in the cyclone is larger than the maximum allowed computation time,
which was set to Thar = 150 5 for 710, 720 and to T4 = 250 s for cyclones 740, 780 due to there
larger geometrical size. The value for T,,,, was choosen in a way, that the number of particles
with this very large residence time in the cyclone was less than 4 5 % of the calculated particle
trajectories.

Fig. 6 9 show the comparison of the numerically predicted particle precipitation rates with the exper-
imental results of Konig. The figures show for all four different cyclones a very good agreement of the
numerical and experimental results. The shape of the precipitation rate curves is nearly identical, even if
for the smaller cyclones 7210 and 720 a slight shift of the precipitation rate curve towards higher particle
diameters can be observed. For the 740 and 780 cyclones actually no difference between the numerical
and experimental results can be found.

In a second step the gas inlet velocity for the 720 cyclone was varied. Fig. 10 shows the results for
the two gas inlet velocities up = 4.3 m/s and up = 10 m/s. Again the experimentally and numerically
predicted precipitation rates are in very good agreement. Furthermore the numerical simulation gives



the right tendency of a shift of the cut off particle diameter towards larger particles for decreased gas
inlet velocities. This result could also be established in numerical simulations for the other cyclones with
varied gas inlet velocity.

6 Conclusions

The paper gives the formulation of a 3 dimensional Lagrangian approach applicable to flow domains with
complex geometrical boundary conditions. The Lagrangian approach is applied to the gas particle flow
in a series of four geometrically similiar cyclones with different gas inlet velocities. The paper presents
the numerical results for the predicted pressure loss and particle precipitation rates. The comparison
with the results of Konig [3] show the very good agreement of the numerical results with experimental
data.
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Figure 3: Mean gas velocity distribution in the
upper part of 710 near the gas exit, up = 10 m/s.
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Figure 2: Block structure of the numerical grid in Figure 4: Particle trajectories in Z10 for gas inlet
the upper part of the cyclone. velocity up = 10 m/s, dp = 1,...,5 um.
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Figure 5: Comparison of pressure loss vs. gas inlet velocity for Z10,.. . 780 cyclones.
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Figure 6: Comparison of the precipitation rate for the 7Z10 cyclone, up = 10 m/s.
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Figure 7: Comparison of the precipitation rate for the 720 cyclone, up = 10 m/s.
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Figure 8: Comparison of the precipitation rate for the 740 cyclone, up = 10 m/s.
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Figure 9: Comparison of the precipitation rate for the 780 cyclone, up = 10 m/s.
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Figure 10: Comparison of precipitation rates for 720 and gas inlet velocities up = 4.3 m/s and 10 m/s.



