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Measurements were made of the concentration of particles in a horizontal transport
pipe using an optical probe. The distribution of particles over the pipe cross-section
was measured. Particle transport in a horizontal two-dimensional (2-D) channel was
simulated using an Eulerian two-fluid model. A model is proposed for the turbulent
dispersion of particles and implemented in the two-fluid model. The turbulence in the
gas phase is modeled using a modified k — € model that accounts for the influence of
the particles on the gas-phase turbulence. Comparisons with measurements of air-
particle flow in a horizontal pipe show qualitative agreement between measurements and
calculations. © 2005 American Institute of Chemical Engineers AIChE J, 51: 3101-3108, 2005
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Introduction

Particle transport by fluids is a common process in nature
and in technical applications. Examples of such two-phase
flows are mixing in bioreactors, the spreading of small particles
in the atmosphere, transport of particles through pipes and
channels, separation in cyclones and sediment transport in
rivers and oceans. In some cases, such as pneumatic conveying,
the transport of particles is strongly influenced by turbulence.
Thus, turbulent dispersion must be accounted for when the
distribution of particles is calculated. Studies of pneumatic
conveying show that there is a minimum mean velocity at
which particles can be transported through a horizontal pipe or
a channel without being deposited on the pipe bottom. Predic-
tions for this minimum velocity have been derived and dis-
cussed by, for example, '-4. At lower velocities the turbulent
velocity will not be high enough to carry the particles and they
will accumulate at the lower pipe wall. This indicates that, to
avoid this accumulation, turbulent dispersion must be great
enough to counteract the influence of gravity on the particles.
When numerical calculations are made of these kinds of flows,
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it is necessary to include models for the turbulent dispersion
force to obtain a particle distribution over the pipe cross-
section. If no such force is included, all particles will eventu-
ally accumulate at the lower wall of the pipe. Most studies of
particle transport in horizontal channels and pipes are experi-
mental or analytical investigations. There are few studies in the
literature in which the flow fields and the particles’ distribution
have been calculated numerically. 5> Made numerical calcula-
tions of pneumatic conveying. Their study includes particle-
wall collisions but neglects turbulent dispersion of particles
because of the large particle size. ¢ Studied particle transport in
horizontal pipes and included effects of turbulent dispersion,
particle-particle and wall-particle collisions. The two-way cou-
pling between the particles and the gas-phase turbulence was
also modeled. A Lagrangian approach was used in both these
investigations for the particle phase, for example, each particle
is traced through the flow field. 7 Claimed to have made
Eulerian calculations of gas-particle flow in a horizontal pipe.
The gravitational force is neglected, however, and the turbulent
dispersion is not included in the model. While the Eulerian
approach was also used in calculations in horizontal, vertical,
and inclined pipelines by 8, turbulent dispersion was not dis-
cussed.

The presence of particles in turbulent fluid flow may alter the
turbulence intensity and the structure of turbulence. Experi-
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mental work by, for example, °-'2 showed that the presence of
particles might either increase or decrease the turbulence levels
depending on the size of the particles. Small particles increase
the dissipation of turbulent energy, and large particles can
cause additional turbulent production. Intermediate sized par-
ticles can have either effect, depending on which part of the
flow field is studied. The length scales of the turbulence may
also be affected, since a redistribution of energy between
different wave numbers can occur, cf. for example, '3-15. Many
attempts have been made to model turbulence modification
phenomena numerically, for example, '°-2!. However, there is
still room for improvement since many of the models are
simplified and apply only to certain flow cases, for example,
small particles, no additional production, and noslip velocity.
To be able to develop better turbulence models that capture
correct turbulence behavior in particulate flows, it is necessary
to understand the two-way coupling between the particles and
the turbulence.

In this work, numerical calculations of particles transport in
airflow in a horizontal, two-dimensional channel were made
using an extended Eulerian two-fluid model that takes into
account turbulent dispersion and turbulence modification. In
earlier work predictions of particle distribution over the cross-
section of a horizontal channel or pipe, using Eulerian models,
have not been presented. The reason for this is believed to be
the difficulty to take the turbulent dispersion, that is necessary
to counteract gravity, into account in such a model.

To verify the models, measurements were made of the
particle volume fraction profile of an air/particle suspension in
a horizontal pipe. Comparisons were also made with previous
measurements of gas velocity profiles in the same pipe, cf. 22.
Horizontal gas particle flows have previously been studied
experimentally by for instance, ® who studied a horizontal pipe
flow with air and 0.2 mm particles using a laser doppler
anemometer. They obtained velocity profiles for both phases
using thresholding techniques. 2* Studied particle-wall interac-
tion with spherical and rough particles using particle image
velocimetry. As the work was focused on wall interaction,
primarily impact and rebound characteristics of particles close
to the walls were measured. >* Studied particle-particle and
particle-wall interaction with spherical glass beads in a hori-
zontal channel air flow using a phase doppler anemometer.
They measured air and particle mean velocity profiles, as well
as first-order moments and particle volume fraction profiles.

flow direction

~

Figure 1. Experimental test rig: 1. Smoothly shaped inlet
section, 2. Aluminium pipe, 3. Removable pipe
section, 4. Venturi tube, 5. Plexiglas section, 6.
“Etoile” straightener, 7. Bellow, 8. Fan.
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Figure 2. Probe tip geometry.

Experimental
Experimental setup

Experimental setup is shown in Figure 1. The particle vol-
ume fraction profile was measured in a horizontal aluminum
pipe 10 m long and 0.108 m in dia. A classical Venturi tube
with a machined convergent section with a dia. ratio of 0.75,
designed according to the ISO 5167-1 standard, was used to
measure the mean velocity. At low particle concentrations the
extra pressure drop over the Venturi tube due to particles in the
flow is negligible. The suction fan was set to give a mean gas
velocity of 12 m/s. As particles were introduced, the gas
velocity dropped and the fan was adjusted to keep the original
velocity. The particles were injected at the inlet with a loading
ratio of 0.1. The particles used were poly-acrylate particles
having a diameter of 0.4 mm. The density of the particles is
1,000 kg/m3. An optical probe, described in the next section,
was traversed vertically along the pipe diameter, close to the
end of the pipe. Measurements were made both from the top
and the bottom of the test section in order to get a profile for the
entire pipe diameter. The probe introduces incoherent infrared
light into the measuring volume by an optical fiber. Another
fiber adjacent to the introducing fiber, slanted by 45 degrees to
limit the measuring volume, is used to receive the reflected
light from the particles. The configuration of the fibers in the
probe is shown in Figure 2.

Optical probe

The particle volume fraction in dilute flows can be measured by
using several different measuring techniques. We chose to work
with an optical probing technique, which is a simple but reliable
method for measuring volume fraction profiles in confined flows.
The probe uses infrared light from a diode that is transmitted into
the flow orthogonally to the main flow direction by an optical
fiber. Another fiber, slanted by 45 degrees, receives light reflected
by the particles. This configuration keeps the measuring volume
finite while minimising reflection disturbances. The probe has
been manufactured at the department, more details of the technical
specifications can be found in .

The main problem in using optical probe techniques for
measuring particle volume fraction is the calibration, cf. for
example, 25-28. The method described in the last three refer-
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ences is a straightforward procedure to apply, and as the
volume fractions measured in this work are very low, the
theory is clearly applicable. The method is based on the as-
sumption that most of the light reaching the receiving fiber is
scattered on a single particle. That is, light paths reflecting on
more than one particle are neglected. This is a good approxi-
mation, especially at low particle volume fractions. There is,
however, some uncertainty with respect to the influence of
glare points on the calibration function. For smooth particles,
the light from the probe will form a glare point on the particles,
and the size of this glare point will vary with the distance to the
probe, influencing the calibration function. If the particles are
rough, there will be no glare point and the calibration function
will be different than if smooth particles were used. In this
case, the situation was even more complicated as the particles
were found to be partially transparent as well as uneven in
shape and roughness, which made determination of the optical
qualities necessary for a successful calibration a difficult task.

In the dilute limit of the flow through the measuring volume,
every particle will contribute to the registered signal. As the
particle volume fraction increases, some particles will be hid-
den by other particles. This will introduce nonlinearity in the
calibration function. There is however a range in the dilute
region in which this effect is negligible and the calibration
function can be considered linear. With the present probe and
the given particle diameter, this linear range extends to a
volume fraction of about 0.01, depending somewhat on
whether a glare point is present. This justifies the use of a linear
calibration function, where the proportionality factor is deter-
mined using the numerical calculations.

Numerical
Two-fluid model

The Eulerian two-fluid model used in this work is based on
the “traditional” forms of the continuity and momentum equa-
tions, cf. for example, 2°-3!. The basic form of the Reynolds
decomposed and volume averaged continuity and momentum
equations are

d d
ot (app) + ach (akpkUkj) =0 (D

d d d
a (akpkUki) + TXI (akpkUkiUkj) = T 0y Gixj (SUP) + MZII'

+apg T Ci + Vi (2)

where the phase index k is g for the gas phase and p for the
particle phase, o is the average volumetric occurrence of
phase k, p, is the density, U, is the velocity, P is the
gas-phase pressure, M%, is the generalised drag, g, is the
gravitational acceleration, V,; is the viscous force, and C,;
represents the particle-particle interaction force, which is
zero in the gas phase. These are the laminar forms of the
transport equations. The equations including the additional
terms that take turbulence into account are presented below
in this paragraph. A number of closure equations are also
needed. The gas density is calculated using the ideal gas
law. The particle-particle interaction force is assumed to be
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zero at the low-particle concentrations used in this study.
The generalised drag is contributed to by stationary drag,
added mass, transverse, history, and other forces. For sus-
pensions with a small gas-to-particle density ratio, the only
force included in the two-fluid model is normally the sta-
tionary drag, while the remaining forces are neglected. The
generalised drag can then be written

K( Upi - Ugi)

4 ifk=g
M = {K(Ug,- ~U,)

ifk=p 3)

For a dispersed flow, the generalised drag force per unit vol-
ume in a suspension of particles is written

M Z/i = on ?r 4
is

where the number of particles per unit of volume, n

P

(&)

P

SR

The volume of a particle is here denoted V,,. The drag force on
a spherical particle can be written

2

dr 1 5] de
Fsp = 5 dpngrUr T (6)

where d,, is the particle diameter and U, is the relative velocity

between the phases. The drag function used here for spherical
particles is that given by 32

24

2o, (1 0.15(Re,)"*T) if Re, <1000
d

0.44 if Re, > 1000

Ci= )

Here, Re, is the Reynolds number based on the particle diam-
eter and the relative velocity between the phases.
The viscous force in the momentum equation is given by

d
Vi = TXJ (akaij) (¥

The stress tensor is modeled using the Newtonian strain-stress

relation
AU, 1 /0U,
Ty = & ox, 8 + 2| Siy — 3\ d; ©))

and the strain-rate tensor is defined by

1 /oU, oU,
( by ") (10)

Sk = 2 dax;  0x;

where u, is the dynamic viscosity of phase k. For dilute
suspensions, the bulk viscosity of phase k, &, is often set to
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zero in both phases, in accordance with Stokes’ assumption, cf.
for example, 33. This work, the particulate phase viscosity is set
to zero, as the particle concentration is very low and the
particulate phase viscosity decreases with decreasing concen-
tration.

If turbulence is taken into account, Eqs. 1 and 2 will have
additional terms that can be obtained by Reynolds decompos-
ing and time averaging of the equations, cf. for example, 82034,
These additional terms will, for example, be correlations be-
tween fluctuating velocities and fluctuating particle concentra-
tion.

When these terms are included, the continuity equation for
the particulate phase, for steady-state mean flow, can be written

(a,U,; + alu

P~ pi )_0 (11)

PP’

ad
dX;

where ), and u,, are the fluctuating particle concentration and
the fluctuating particle velocity, respectively. Another ap-
proach is to apply mass-weighted averaging or Favre averag-
ing. A Favre-averaged variable is given by

oD
D, = Liil2ell (12)
QP

Neglecting density fluctuations, a relationship between time the
averaged, and the Favre averaged can be obtained

ajd]
D, =, + -+

o

(13)

Using Eqgs. 11 and 13, the Favre-averaged continuity equation
becomes

aixi (ap [)l) (14)

This means that there is no additional term in the continuity
equation due to the turbulence. There will, however, be addi-
tional terms in the momentum equations. The Favre-averaged
equations are written as

dproy,
at

+ aix, (pkakUgi) =0 (15)

(pgag g1)+ (pgag gi 87)
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a, — (P8;) — K| (U,; —U,) + = — =
7 dx; J
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Here, higher-order correlations are neglected. Correlation
auy,; can be modeled using a gradient diffusion model

oy

v, —
tk ax,-

(18)

P
Qi =

Here, v, is a diffusion coefficient for phase k, which can also
be regarded as a “turbulent viscosity.”

The Reynolds stresses in the gas phase, u
using the Boussinesq assumption

g j» are modeled

ro (al]é’i + aUg/ 28 k (19)
—Uglly; = V| —— — 56
SR 9y o ] 37
where k is the turbulent kinetic energy in the gas phase
1 ’ ’
k= 5 Ugill g; (20)

The turbulent viscosity of the gas phase can be calculated from
the turbulent kinetic energy k, and the rate of dissipation, &
using the following relation

@2y

where C,, = 0.09. The Boussinesq assumption extended to the
particulate phase, according to '8, can be written

ro al}":_F aUpj 28 k + aUpl 22

where k), is the turbulent kinetic energy in the particulate phase

(23)

The last term in Eq. 22 is required to give Eq. 22 the correct
trace, that is to ensure that Eq. 23 is valid.
The additional term in the drag force in Eqs. 16 and 17 that
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occurs from fluctuating velocities and particle concentration
can be interpreted as a drag force on the particles by the
fluctuating gas velocity.

A number of models for the “turbulent viscosity” of the
particulate phase have been suggested in the literature, cf. for
example, '°-20. Their models are all rather similar, with a
dependence on the turbulent viscosity of the gas phase v,,, the
particle response time 7,,, and the Lagrangian time integral
scale T;. The model of '8, however, can give negative v,,

values for pipe flow. The present calculations use the model of
20-

1
24)

vy

p Vi

8

| 4 I
T,

Comparing the drag term in the model by '® with the drag term
in Eq. 2, the particle response time can be written

0Py
™= g (25)
The Lagrangian integral time scale is given by '8
k
T,=0.41 . (26)

Turbulence model

In this work, the turbulence model for the gas-phase is a
modified k¥ — e-model based on the model by !8. In their
model, the additional dissipation caused by the particles is
taken into account but the additional production due to the
particles is neglected. In the present work a term taking into
account the additional production caused by the larger particles
is also included. This wake production P,,, becomes important
when the size of the particles is large in comparison to the
turbulent scale. The transport equations for the turbulent ki-
netic energy k, and the dissipation rate g, in the gas phase can
be written

9 (e p k) 3 (otyp k) 0 (v, d(apk)
at ¥ dx; dx; \op  dx;

+ Py~ &+ Py — &) (27)

d(a,p,€) U .a(agpgs) _ K2 (v,g a(agpgs)>

at Y 9x; ax;\o, dx;

— |e
+ agpg[k (C\P,— Cye) — ep] (28)

where P, is the production of turbulence by the velocity field

Po=—ulul, — (29)

gi
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Term g, is the additional dissipation owing to the particles, that
is, the turbulent kinetic energy transfer to the particulate phase,
and e, is an additional term that takes into account the influ-
ence of particles on gas-phase dissipation. By deriving the

transport equations for k£ and € for dilute suspensions, 33 obtains

the following expressions for &, and e,,, respectively
k ! ’ ! ’ 1 ! ’ T N
g,= — | gty — gty + — o, (Uy — Uy, (30)
pg aﬂ
K g Oy
e,,—pg[s—v ax, axj} (€28

Term e, is a correlation between the fluctuating gas strain rate
and the strain associated with the fluctuating slip velocity. A
derivation by 3> shows that ¢, can be modeled

— E . T 4 T %LTL (32)
& = p TNy + T, (1, + T, ax; dx; | |

8

By considering the limiting behavior of correlation ug;u,,; in
the limits of small and large values of 7,,/T,, that is, the limits
of perfectly responsive particles and nonresponsive particles,
respectively, the correlation, according to 35, can be written

! ’ 2k TL
ug[upi a Tim + TL

(33)

Using similar reasoning, the turbulent kinetic energy of the
particulate phase k,, is modeled as

PR 34
Ca Tm+TL ( )

Constants oy, 0., C;, and C, are set to the values used for a
standard k — e-model in single-phase flow, that is, 1.0, 1.3,
1.44, and 1.92 respectively, cf. for example, 3°.

The model by '® does not take into account the additional
production that larger particles can cause. Several models for
wake production can be found in the literature, most of which
can be written in the form

P, =f|U;— U,])? (35)

where f may be a function of particle response time, particle
size, wake size, particle and fluid density, and drag coefficient.
37 Derived the turbulence energy equation for the gas phase in
the presence of particles based on the volume averaging of the
mechanical energy equation of the gas phase. The derivation
gives a k-equation with additional terms for both the dissipa-
tion caused by particles, and the production caused by particles.
The production term, which was used in the present study, can
be written

K — —
Pkp = (|Ugi - Upi|)2 (36)
Py
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This means that the production of turbulent energy will be
dependent of the drag between particles and gas and the slip
velocity, which will be larger for larger particles.

Numerical method

The densities of both phases are assumed to be constant and
a solver for incompressible two-phase flow is used. A thorough
description of the method is given by 3. The transport equa-
tions for the turbulence are solved explicitly for each time step
from the latest calculated velocity filed. From the k and ¢ fields,
new turbulent viscosities for the two phases, and the turbulent
kinetic energy for the particles phase are obtained. These are
then used in the momentum equations for the next time step.
The obtained solution will not completely stationary. The par-
ticles will buildup in the channel, and then be swept away from
time to time. This will give a solution that will vary to a small
extent in time, but the variations will be small. This is a true
physical effect if the velocity of the gas is not high enough to
keep all particles suspended. By integrating the velocity and
concentration profile time-averaged profiles comparable to the
measured profiles are obtained.

Calculations

The computational domain is a two-dimensional channel
with a width of 0.1 m, and a length of 9.0 m. A coordinate
system is chosen that has the x, axis along the length of the
channel and the x, axis across the channel and directed up-
wards. The origin of the coordinate system is located at the
lower wall at the inlet. The grid has 32 cells across the channel
and 900 along the channel length. The grid is refined at the
walls, and the wall cell is 0.77 mm in the x, direction, which
is at y* between 30 and 40 for the present flow cases.

The horizontal walls are impermeable and a noslip condition
is used for the gas phase. A partial slip condition given by

_p 2Un 37
(JP1 - axz ( )

0.05;

U(m/s)

Figure 3. Calculated gas and particle velocity over pipe
cross-section.
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Figure 4. Calculated turbulent kinetic energy.

is applied to the particle phase. Here the slip parameter sug-
gested by 3 is used

L= ®d, 38
~5F e (38)

where @ is the sphericity of the particles. The pressure and
particle concentration derivatives are set to zero at the walls.
The derivatives of the velocities, the particle concentration and
the turbulent properties are set to zero at the outlet since the
flow field is fully developed.

The wall boundary conditions for the k and & equations are
set by using standard wall functions based on the friction
velocity u,, cf. 3¢. The influence of the particles on the law of
the wall is not taken into account and the standard logarithmic
profile is used. At the inlet, the turbulence intensity is set to a
constant value of 1%.

The inlet mean velocity for the gas, and the particles is 12
m/s, and the loading ratio, that is, the ratio between the mass
flow of the particles and the mass flow of the gas, is 0.1.

The spherical particles are poly-acrylate particles with a mean
particle diameter of 450 wm and a density of 1,000 kg/m”.

Results and Discussion

Measurements by, for example, 2> show that the velocity
profile, and, therefore, also the particle concentration, is asym-
metric in pipe flow at the particle loading used.

Figure 3 shows the calculated gas and particle velocities.
The maximum velocity for the gas and particle phase is 14.3
m/s and 12.7 m/s, respectively. Both are clearly skewed to-
wards the upper part of the pipe, and the slip velocity is
relatively constant over the cross-section of the channel. This
skewness is also apparent in the turbulent kinetic energy plot
(Figure 4), where the local turbulent intensities are higher in
the lower part of the pipe due to the lower gas velocity.

Figure 5 shows comparisons between measured and calcu-
lated particle volume fractions. The agreement is good, but
there is a slight tendency toward stronger segregation in the
measured profile. That is, the simulated profile is slightly more

AIChE Journal



evenly distributed. The main error sources are considered to be
in the disturbance of the flow by the probe, as the noise levels
in the signals are low and ca be neglected.

A comparison between the shapes of the measured and
calculated gas velocities is shown in Figure 6. The measured
gas velocity is obtained from an earlier experimental study of
the same flow case by 22. The mean velocity of the measured
and calculated profiles are the same although the maximum
velocity will differ because of the somewhat different shapes of
the profiles. It is evident that the simulated profile is more
skewed toward the upper part of the channel than the measured
profile. This can be interpreted such that the particles absorb
more of the gas phase momentum in the simulations than is the
case in reality. This would force the simulated gas to move
faster in the dilute upper regions, thereby skewing the profile.
The explanation for the discrepancy may lie in one or more of
the following four possible explanations:

1. The drag model over predicts the momentum transfer
between the phases. This is unlikely, especially for such dilute
suspensions. The interphase drag is one of the more thoroughly
researched closures and, given the other uncertainties, the
reason for this discrepancy should probably not be sought here.

2. The partial-slip boundary condition for the particle phase
over predicts the momentum transfer from the particle phase to
the wall. This will lead to a larger slip velocity and, thus, a
larger momentum transfer between the phases.

3. The turbulent particle viscosity over predicts the momen-
tum transfer from the particles to the wall. A lower viscosity
would transport momentum less efficiently and, thus, reduce
the slip velocity between the phases. This would also lead to a
less skewed velocity profile.

4. The discrepancy is a physical effect of the difference
between the simulated 2-D channel flow, and the 3-D pipe
flow. In the pipe flow, the midsection contains relatively more
momentum than the peripheral upper and lower regions, which
could cause the midregion to act as a momentum buffer. As the
particle phase drains momentum from the gas phase in the
lower parts of the pipe flow, the core region can provide
momentum without decelerating as much. This would imply
that the 2-D channel velocity profile should be more skewed
than the 3-D pipe flow.

0.1 T T I T
*  measurements
x, (m) calculations
0.05 :
% 0001 0002 0003 0004

Figure 5. Particle distribution over the pipe cross-sec-
tion.

AIChE Journal

December 2005 Vol. 51, No. 12

0.1 = ,
m L ]
%2 (m) calculations .
* measurements .
0.05¢
O T L L
0 0.2 0.4 0.6 0.8 1

Ug1 /UQTmax

Figure 6. Measured and calculated gas velocity.

The correct explanation (or explanations) should be the subject
of further investigation.

Conclusions

The agreement between model predictions and measure-
ments is good. Further investigations should include a 3-D
simulation of a horizontal flow.
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Notation
C, = constant in k — e-model
C, = constant in k — e-model
C’} = drag function for spherical particle
Cj drag function for straight fiber perpendicular to the velocity

C/i? = drag function for fiber

C,; = particle-particle force, N/m*
C, = constant in k — g-model
D = dia. of test pipe, m
d; = mean dia. of the fibers, m
d,, = mean dia. of the spherical particles, m
e, = additional term in the & equation due to the particle presence, m*/s*
F{" = drag force on a single particle, N
F4r = drag force on fiber perpendicular to the velocity, N
F :.’,j = drag force on spherical particle, N
f = function in wake production model, 1/s
K = drag function, kg/m® s
k = turbulent kinetic energy in the gas phase, m?/s>
k, = turbulent kinetic energy in the particle phase, m?/s?
L = slip parameter according to 3°, m
M¢,; = generalized drag, N/m?
m = loading ratio
P = pressure, N/m?
P, = production of gas-phase turbulent energy by the mean velocity
field, m?/s®
Py, = additional production of gas-phase turbulent energy due to the
particles, m?%/s*
T, = Lagrangian integral time scale, s
t = time, s
U,; = mean gas velocity in the i direction, m/s
;» = inlet mean velocity, m/s
U,; = mean velocity of phase k in the i direction, m/s
U,; = mean gas velocity in the i direction, m/s

3107



= relative velocity between the phases, m/s

; = fluctuating gas velocity, m/s
; = fluctuating particle velocity, m/s
. = viscous force, N/m>

= volume of particle, m*

. = coordinate, m

= dimensionless wall distance

= mean particle volume concentration

= fluctuating particle volume concentration

= constant in the turbulent diffusion model, kg/ms2

= constant in the turbulent diffusion model, kg/m?

= Kronecker delta

= rate of dissipation of the gas-phase turbulent energy, m?/s*

= rate of dissipation of the gas-phase turbulent energy due to parti-
cles, m*/s®

= dynamic viscosity of phase k, kg/ms

v = kinematic viscosity of the gas phase, m*/s

= turbulent viscosity of the gas phase, m*/s
= turbulent viscosity of the particle phase, m*/s

. = bulk viscosity of phase k, kg/ms

= gas density, kg/m’

= particle density, kg/m?

= constant in k — e-model

= constant in the particle diffusion model
= constant in the particle diffusion model
= constant in k — e-model

. = stress tensor, N/m?

= response time for the particles, s
= sphericity of particles

@ = Favre averaged variable for phase k

. = time-averaged variable for phase k
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