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ABSTRACT

Detailed measurements in a horizontal chan-
nel flow laden with solid particles with differ-
ent size and loading ratio were performed using
phase-Doppler anemometry. The data were re-
quired for the validation of numerical calculations
based on the Euler/Lagrange approach. In this
approach the Reynolds-averaged continuity and
Navier-Stokes equations in connection with a full
Reynolds-stress model constitute the basis. The
conservation equations of course include appro-
priate terms for two- way coupling. For mod-
elling the particle phase in the Lagrangian frame
all relevant effects are accounted for, such as,
transverse lift forces, turbulent dispersion, wall
collisions with roughness, and inter-particle col-
lisions. Comparison of measurement and numer-
ical calculation is presented for different particle
diameters and mass loading. The agreement was
found to be reasonable good for both mean and
fluctuating velocities.

INTRODUCTION

Confined gas-solid flows are frequently found
in industrial and chemical process technology. As
a result of the complex micro-physical phenom-
ena affecting the particle motion, such as turbu-
lent dispersion, wall collisions, inter-particle colli-
sions, and flow modulation by the particles, a reli-
able numerical prediction is rather sophisticated.
An essential requirement are reliable experiments
which may be used as a basis for model devel-
opment and refinement and additionally for the
validation of the numerical calculations. A num-
ber of experiments were performed in the past
aiming at a detailed analysis of particulate flows
in pipes and channels. A very detailed set of ex-
periments was also provided by Tsuji et al. (1982,
1984) for a gas- solid flow in a horizontal and ver-
tical pipe using different types of relatively large
polystyrene spheres. Kulick et al. (1994) experi-
mentally analysed a downward directed gas-solid
flow in a channel of 40 mm height. The channel
had a length of 5.2 m and a sophisticated feeding
system was used in order to insure a homogeneous
dispersion of the particles. The particles used
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in the experiment were Lycopodium, glass beads
with different diameter, and copper beads. The
main objective in this study was the analysis of
turbulence modulation considering particle mass
loadings up to about 0.5 (kg particles)/(kg air).
Unfortunately, the experiments were not done
carefully enough which has been demonstrated
by a number of studies using LES (lage eddy
simulations) and DNS (direct numerical simula-
tions). Detailed experiments in different elements
of pipes with 80 and 150 mm diameter were per-
formed using phase-Doppler anemometry (PDA)
and a laser light sheet technique for particle con-
centration measurements by Huber and Sommer-
feld (1998). The particles were again spherical
glass beads with number mean diameters of 40
and 100 pm, respectively. A mass loading up to
about 2 could be analysed in these studies. The
experiments revealed detailed information about
the development of the cross-sectional particle
concentration in different pipe elements. It was
clearly demonstrated that wall roughness plays
a significant role in the development of the par-
ticle concentration in different cross-sections of
the pipe system. In extension of the experimen-
tal studies previously performed in different pipes
the present measurements are related to a de-
tailed analysis of a gas-solid flow in a horizontal
channel by considering also different degrees wall
roughness and varying the other parameters, such
as, conveying velocity, particle mass loading, par-
ticle mean diameter, and size distribution (Kussin
and Sommerfeld 2001). These data are being
used for the validation and improvement of the
Euler/Lagrange approach using recently devel-
oped models on wall collisions (Sommerfeld and
Huber 1999) and inter-particle collisions (Som-
merfeld 2001).

TEST FACILITY

The entire test facility is shown in Fig. 1. The
main component of the test facility is a horizon-
tal channel of 6 m length which has a height
of 35 and a width of 350 mm, so almost two-
dimensional flow conditions can be established.
The upper and lower channel walls were made of
stainless steel plates which could be exchanged
in order to study the effect of wall material and



wall roughness on the particle behaviour. The
measurements were performed close to end of the
channel at a distance of 5.8 m from the entrance.
In order to allow optical access for the applied
phase-Doppler anemometry (PDA), the side walls
were made of glass plates and a glass window
of 35 by 460 mm was inserted at the top wall.
The required air flow rate was provide by two
roots blowers mounted in parallel with nominal
flow rates of 1002 m?®/h and 507 m3/h, respec-
tively. The blowers are connected with the test
section using a 130 mm-pipe. Just prior to the
channel a mixing chamber for injecting the par-
ticles and a flow conditioning section where the
cross-section changes from circular to rectangu-
lar are mounted. Additionally, several sieves are
inserted in this section in order to ensure rather
homogeneous flow conditions at the entrance of
the channel. In a straight section of 2 m before
the mixing chamber a flow meter, and tempera-
ture, humidity, and pressure sensors are installed.
For feeding the particle material into the mixing
chamber a screw feeder is used, where the parti-
cle mass flow rate can be adjusted accordingly. In
order to ensure a continuous particle feeding the
air is injected into the mixing chamber through a
converging nozzle, whereby a lower pressure is es-
tablished. The resulting jet enters the exit pipe of
the mixing chamber on the opposite side. At the
end of the channel a 90°-bend is mounted which
is connected to a flow passage where the cross-
section changes from rectangular to circular. A
flexible pipe is used for conveying the gas-particle
mixture to a cyclone separator. The separated
particles are re-injected into the reservoir of the
particle feeder through a bucket wheel. Finally,
the air from the cyclone passes through a bag-
filter in order to remove also very fine particles
(i.e. the tracer particles) and is released into the
environment. The test facility described above al-
lows for reach conveying velocities of up to 30 m/s
and mass loadings up to 2 (kg dust)/(kg air) could
be established.

The particles used in the experiment were
spherical glass beads with different mean diam-
eter D,= 60, 100, 195, 625 and 1000 pum (pp =
2500kg/m3). For allowing simultaneous measure-
ments of the air and particle velocities, spherical
tracer particles with a nominal size of 4 um were
added to the flow. This was done by mixing the
tracers with the solid particles in the reservoire
on the feeder. Hence, a discrimination between
dispersed phase particles and tracer was possi-
ble using the method of Qiu et al (1991). For
the present experiments stainless steel walls with
a mean roughness height of 7 ym were used.
Additional experimental results are presented by

bag filter cyclone
particle
feeder measurement
blower location

channel

Figure 1: Schematics of experimental facility.

Kussin and Sommerfeld (2001).

SUMMARY OF NUMERICAL APPROACH

The simulation of the particle-laden gas flow in
an horizontal channel has been performed using
the Euler/Lagrange methodology. The fluid flow
was calculated based on the Euler approach by
solving the full Reynolds stress turbulence model
equations extended in order to account for the
effects of the dispersed phase (Kohnen and Som-
merfeld, 1997).

The time-dependent conservation equations
for the fluid may be written in the general form
(in tensorial notation):

(qu)),t + (PUi(z’),i = (Tik sk ),i + S+ Spp (1)

where p is the liquid density, U; are the Reynolds-
averaged velocity components, and I';; is an ef-
fective transport tensor. The usual source terms
within the continuous phase are summarised in
Sy, while Sy, represents the additional source
term due to phase interaction. Table 1 sum-
marises the meaning of this quantities for the
different variables ¢, being P the mean pressure,
p the gas viscosity and Rj = u;ug the compo-
nents of the Reynolds stress tensor.

The simulation of the particle phase by the
Lagrangian approach requires the solution of the
equation of the motion for each computational
particle. This equation includes the particle in-
ertia, drag, gravity-buoyancy, slip-shear lift force
and slip-rotational lift force. Other forces such
as Basset history term, added mass and fluid in-
ertia are negligible for high ratios of particle to
gas densities. The change of the angular velocity
along the particle trajectory results from the vis-
cous interaction with the fluid (i.e., the torque f)
Hence, the equations of motion for the particles
are given by:

- =Upi (2)
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Table 1: Summary of terms in the general equation for the
different variables that describe the gas phase.
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Here, z,; are the coordinates of the particle
position, u,; are its velocity components, u; =
U; + u} is the instantaneous velocity of the gas,
D, is the particle diameter and p, is the density of
the solids. m, = (1/6)p,Dj is the particle mass
and I, = 0.1m, D2 is the moment of inertia for a
sphere. The drag coefficient is obtained using the
standard correlation:

_ [ 24 Re;'(1+ Re2®7)  Re, <1000
¢ = {0.44 g * 7 Re>1000 O

where Re, = pDp|i — tp|/p is the particle
Reynolds number.

The slip-shear force is based on the analyt-
ical result of Saffman (1965) and extended for
higher particle Reynolds numbers according to

Mei (1992):
Fjy = 1.615D,uRe 2cy,[(@ — @) x @] (6)

where & = V x 4 is the fluid rotation, Re; =
pD2|a|/ 1 is the particle Reynolds number of the
shear flow and ¢;; = Fj;/Fjs gqff represents the
ratio of the extended lift force to the Saffman
force:

(1 — 0.3314/30-5)eRen/10
Cls = +0.33143%5 Re, <40
0.0524(6Re,)"® Re, > 40
(7)
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and f3 is a parameter given by 5 = 0.5Re,/Re,.

The applied slip-rotational lift force is based on
the relation given by Rubinow and Keller (1961),
which was extended to account for the relative
motion between particle and fluid. Moreover,
recent measuments by Oesterlé and Bui Dinh
(1998) allowed an extension of this lift force to
higher particle Reynolds numbers. Hence, the
following form of the slip-rotation lift force has
been used:

C
8 ppRT r

with § = 0.5V x @ — @, and the Reynolds number
of particle rotation is given by Re, = pDﬁlﬁ[ /-
The lift coefficient according to Oesterlé and Bui
Dinh (1998) is given for Re, < 140 by:
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For the torque acting on a rotating particle the
expression of Rubinow and Keller (1961) was ex-
tende to account for the relative motion between
fluid and particle and higher Reynolds numbers:

e’ ( %) cnld (10)

where the coefficient of rotation is obtained from
Rubinow and Keller (1961) and direct numerical
simulations of Dennis et al. (1980) in the follow-
ing way:
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The equations to calculate the particle motion
are solved by integration of the differential equa-
tions (Eqgs. 2-4). For sufficiently small time steps
and assuming that the forces remain constant
during this time step, the new particle location,
the linear and angular velocities are calculated.

The instantaneous fluid velocity components
at the particle location occurring in (3) are de-
termined from the local mean fluid velocity inter-
polated from the neighbouring grid points and a
fluctuating component generated by the Langevin
model described by Sommerfeld et al. (1993). In
this model the fluctuation velocity is composed of
a correlated part from the previous time step and
a random component sampled from a Gaussian
distribution function. The correlated part is cal-
culated using appropriate time and length scales
of the turbulence form the Reynolds stress turbu-
lence model.

When a particle crosses a wall, the wall colli-
sion model provides the new particle linear and



angular velocities and the new location in the
computational domain after rebound. The ap-
plied wall collision model, accounting for wall
roughness, is described in Sommerfeld and Hu-
ber (1999). Inter-particle collisions are modelled
by the stochastic approach described in detail
in Sommerfeld (2001). This model relies on the
generation of a fictitious collision partner and ac-
counts for a possible correlation of the velocities
of colliding particles in turbulent flows.

EFFECT OF PARTICLES ON GAS FLOW

The standard expression for the momentum
equation source term due to the particles has been
used. It is obtained by time and ensemble averag-
ing for each control volume in the following form:

1
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(12)
where the sum over n indicates averaging along
the particle trajectory (time averaging) and the
sum over k is related to the number of compu-
tational particles passing the considered control
volume with the volume V,,. The mass of an in-
dividual particle is my and N is the number of
real particles in one computational particle. Aty
is the Lagrangian time step which is used in the
solution of (3).

The source terms in the conservation equations
of the Reynolds stress components, R;;, are ex-
pressed in the Reynolds average procedure as:

SR].”, = ujSUlp+ulSUjp—(UjSUlp-l-UlSU]‘p) (13)

while the source term in the e-equation is mod-
elled in the standard way:

le
Sep = 0635_]{—:51{]'1'11 (14)

with C.3 = 1.0 and the sum is implicit in the
repeated subindex j.

RESULTS

The numerical simulations have been com-
pared with experimental data obtained in the
horizontal channel facility described in the first
section. The following three cases have been con-
sidered:

1. D, = 195um, mass loading ratio n = 0.1.
2. D, = 195um, mass loading ratio n = 1.0.
3. D, = 60um, mass loading ratio n = 0.2.
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Figure 2: Comparison of measurements and calculation for Case
1, i.e. Dp = 195um and n = 0.1. Horizontal mean velocity
(top), rms horizontal velocity (middle) and rms vertical veloc-
ity(bottom).

The simulations have been performed using
the full Reynolds stress turbulence model de-
scribed in the previous section and accounting for
particle-wall and inter-particle collisions, i.e. con-
sidering the so called four-way coupling.

Figure 2 shows the results for Case 1, where
due to the small mass loading the effect of
inter-particle collisions is small compared to the
particle-wall collisions. The fluid variables show
a good agreement with experimental data. The
particles horizontal mean velocity, on the other
hand, is overpredicted regarding the measure-
ments at maximum 6 % (top); the particle hor-
izontal rms values compare reasonably well with
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Figure 3: Comparison of measurements and calculation for
Case 2, i.e. Dp = 195um and n = 1.0. Horizontal mean
velocity (top), rms horizontal velocity (middle) and rms verti-
cal velocity(bottom). Also the simulations without considering
inter-particle collision are included.

experiments (middle), but a problem exists in the
prediction of the vertical component of the parti-
cles fluctuating velocity (bottom), which is found
to be considerably higher in the PDA measure-
ments. This is supposed to be the result of bias
effects in the measurements since this large dif-
ference is not observed for other cases.

In the same arrangement as in the previous
figure, the results for the Case 2 are presented
in Figure 3. In this case the mass loading is
ten times larger than in Case 1, so the inter-
particle collisions are expected to play a remark-
able role. To point out this effect, also results
without considering inter-particle collisions are
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Figure 4: Comparison of measurements and calculation for Case
3, i.e. Dp = 60um and n = 0.2. Horizontal mean velocity
(top), rms horizontal velocity (middle) and rms vertical veloc-
ity(bottom).

shown in Fig. 3. The agreement with the mea-
sured gas properties is again good enough, and
this time also the values for the particle phase
are quite close to the experimental data when
the four-way coupling is considered. If only the
two coupling is taken into account, i.e. neglect-
ing inter-particle collisions, an overprection of the
particles horizontal fluctuating and mean veloc-
ities is observed as well as an underestimation
of the vertical rms velocity values. All this be-
haviour agrees with that pointed out in Huber
and Sommerfeld (1998), where the inter-particle
collisions tend to isotropize the particle normal
fluctuating stresses.



Figure 4 shows the comparison for the Case
3 of smaller particles. Here, in order to get a
better agreement with the measurements, a size
distribution, suggested by the real particles in-
jected, has been implemented. As it is usual, the
predictions of the gas phase variables are close
enough to the experiments. The particle mean
horizontal velocity (top) is slightly overestimated
regarding the measurements, a fact that has also
been found in Case 1, while the corresponding
rms values (middle) are reasonably well captured.
The bottom graphic in Fig. 4 shows the compari-
son for the vertical velocity rms values, where the
simulations provide similar results to the exper-
iments for the particles in the lower two thirds
of the channel, while there is an overprediction
in the upper third. This effect can be explained
because in the upper regions of the channel the
number density of particles is smaller than in the
lower parts leading to a larger values of the rms
components of the velocity.

CONCLUSION

This paper shows that the use of the Reynolds
stress turbulence model in conjunction with a
wall roughness model and a stochastic inter-
particle model is appropiate enough to predict the
behaviour of particle-laden turbulent gas flow in
channels. Not only the mean but also rms particle
velocities have been taken into account showing
reasonably good agreement with detailed experi-
mental measurements carried out using PDA.

The future work will be devoted to deal with
larger particles as well as the evaluation of pres-
sure drop in the channel.
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