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A numerical study of turbulent gas-particle flow in a two-dimensional, vertically oriented backward-fac-
ing step is compared with literature data. The dispersed phase is modeled by an Eulerian approach based
upon the kinetic theory of granular flow (KTGF) including models for describing the dispersed phase
interactions with the continuous phase. The modeling of turbulent motion within the dispersed phase
and the correlation between gas and particle velocity fluctuations are discussed. In addition, closure rela-
tions for the dispersed phase are extended to incorporate interstitial fluid effects. The continuous phase
turbulence is modeled by a k� � model. This work demonstrates that treatment of turbulent character-
istics is a key element in predicting the dispersed phase mean motion and turbulence modulation in the
continuous phase. The derived models are implemented in a commercial code and simulation results are
compared with benchmark experimental data for three particle classes with distinctive particle Stokes
number, particle Reynolds number and mass-loading. In general, reasonable predictions are achieved.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Knowledge of the hydrodynamics of turbulent gas-particle
flows has a great importance for the successful design and deter-
mination of optimum operating conditions of numerous industrial
applications, e.g., cyclone separators, fluidized beds, dust collec-
tors, and pulverized-coal combustors, to name a few. These sys-
tems exhibit complex flow dynamics and interaction of flow
components. The particle response in the presence of an interstitial
fluid and gas turbulence modulation by particles are two topics
that have stimulated research work in recent years (Fessler and Ea-
ton, 1999; Lun, 2000; Zhang and Reese, 2003; Hadinoto and Curtis,
2004).

The presence of particles in turbulent flows may modify the tur-
bulence structure of the continuous gas-phase as a result of
momentum transfer from the particles. Elgobashi (1994) identifies
a range of particulate phase volume fraction between 10�6 and
10�3 where particles can either augment or attenuate turbulence.
Such degree of turbulence modification seems to correlate with
both the particle Reynolds number and Stokes number. This is
known as two-way coupling regime. Yu et al. (2004) report a
numerical investigation of particle-laden turbulent flow over a
backward facing step in which the gas-phase flow field is deter-
mined by LES and the motion of individual particles is traced
ll rights reserved.

es).
throughout the flow domain (Lagrangian approach). However,
their numerical investigation neglects the effect of particles on
the carrier fluid flow, i.e., one-way-coupling is assumed, particle-
particle interactions are not considered and particle-wall collisions
are assumed to be perfectly elastic. Their research focuses on the
dispersion of particles with different Stokes numbers, rather than
turbulence modification by the particles.

The purpose of this paper is to perform a numerical investiga-
tion of a particle-laden backward-facing step with a turbulent
channel flow inlet (Fig. 1) as it is described by Fessler and Eaton
(1995), Fessler and Eaton (1999), for three particle sizes with par-
ticle Stokes number greater than unity. The modeling of the dis-
persed phase is accomplished by an Eulerian approach which
treats the solids or particulate phase as a continuous medium with
properties analogous to those of a fluid. Such technique involves
the solution of a second set of Navier–Stokes-like equations in
addition to those of the carrier (gas) phase. Furthermore, the signif-
icance of gas-particle interaction is reflected in the momentum and
kinetic energy coupling terms via mean and fluctuating drag force,
respectively.

Turbulence in the dispersed phase is modeled by a transport
equation for the turbulent kinetic energy of the particles, or gran-
ular temperature. However, this modeling approach, directly
derived from KTGF, does not generally consider the effect of gas-
phase turbulence on the dispersed phase fluctuating motion (Lun
et al., 1984; Gidaspow, 1994). A comprehensive gas-particle turbu-
lence model derived in this paper accounts for such an important
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Nomenclature

C correction coefficient
c turbulence model constants
D dispersion coefficient
d particle mean diameter
e restitution coefficient
g gravity
g0 radial distribution function
h channel width
H step height
k turbulent kinetic energy
‘ characteristic length-scale
P mean pressure
P production term
R Reynolds stress
Rep particle Reynolds number
S rate of strain
T viscous stress
U mean velocity
U characteristic velocity-scale
u velocity fluctuation
~u averaged instantaneous velocity
ui

f uj
s fluid-particle correlation tensor

X mass-ratio
x stream-wise coordinate
y wall-normal coordinate

Greeks
b drag function
C conductivity
d Kronecker delta

� rate of dissipation
g characteristic time ratio
H granular temperature
j diffusivity
k bulk viscosity
l shear viscosity
m viscosity
n Csanady parameter
P inter-phase energy exchange
q density
r turbulence model constants
s characteristic time-scale
U volume fraction

Superscripts
c particle-collision property
i; j; l index notation
t turbulent quantity
0 single-phase

Subscripts
cl center-line
d related to drag or drift
f gas or carrier phase
in inlet
mfp mean-free-path
r relative slip
s dispersed or particulate phase
sf gas-particle interaction term

Fig. 1. Geometry of vertically oriented backward-facing step. The channel width ðhÞ and step height ðHÞ are 40 mm and 26.7 mm, respectively.
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flow characteristic. The present work extends the use of KTGF to
incorporate the effect of gas-particle interaction on the prediction
of mean flow quantities.

2. Modeling

In an Eulerian model, the dispersed particle phase is treated as a
fluid, in the same way as the carrier gas phase, so that a set of
Favre-averaged conservation equations for the mass and momen-
tum of both phases, turbulent kinetic energy and dissipation rate
can be derived accordingly (Benavides and van Wachem, 2008).
As a result, momentum and kinetic energy coupling terms arise
in the transport equations due to the mean and fluctuating drag
force contributions.

2.1. Dispersed phase

The Favre-averaged continuity equation is written as
@

@t
ðUsqsÞ þ

@

@xi
ðUsqsU

i
sÞ ¼ 0 ð1Þ

where qs;Us and Ui
s are, respectively, the material density, volume

fraction and Favre-averaged velocity component (i-direction) of
the dispersed phase which is denoted by the subscript s. The
momentum equation is written as
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@Pf
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where Pf is the mean pressure field and g represents a body force
per unit mass (gravity). In order to close the above equation, expres-
sions for the particulate phase stress tensor ðRij

s Þ and inter-phase
momentum transfer term are required. Drag can be regarded as
the only significant interaction force in dilute suspensions with
low gas-to-particle density ratio (Lun and Savage, 2003). It can be
modeled by an average drag function, bsf , which takes into account



Table 1
Closure assumptions employed in this work. Additional terms can be found in
(Benavides and van Wachem, 2008).
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the particle concentration (Table 1). A correction coefficient sug-
gested by Wen and Yu (van Wachem, 2000) is introduced to ac-
count for the departure from Stokes drag,

Cd ¼
24
Rep

1þ 0:15Re0:687
p

h i
ð1�UsÞ�1:7 if Rep < 1000

0:44ð1�UsÞ�1:7 if Rep P 1000

8<
: ð3Þ

The Favre averaging of drag term leads to a dispersive force in the
momentum equation. This dispersive force is included in the defini-
tion of the relative velocity, which is expressed as the difference
between mean slip velocity and a drift velocity, i.e., Ui

r ¼
Ui

s � Ui
f

� �
� Ui

d. The drift velocity, Ui
d, represents the correlation be-

tween particle velocity distribution and turbulent fluid motion at a
scale larger than the particle size (Simonin, 1996). Such effect can
be represented to a good approximation by a gradient-diffusion
model of the form

Ui
d ¼ �Dt

sf
1
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@Uf
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� �
ð4Þ

where the turbulent dispersion coefficient, Dt
sf , can be expressed as

the product of a turbulence characteristic time-scale viewed by the
particles and a velocity-scale determined along particle trajectories
(Simonin, 1996). The particulate phase stress tensor is modeled by
use of a Boussinesq assumption

Rij
s ¼ 2lsS

ij
s þ ks �

2
3
ls

� �
Sll

s d
ij ð5Þ

where transport properties are obtained from KTGF in conjunction
with interstitial fluid effects, i.e., the influence of the drag and gas
turbulence on the particle mean-free path (Gobin et al., 2003). An
overview of closure models employed in this work is listed in Table
1. Normal forces in the dispersed phase due to particle-particle
interactions are represented by the particulate phase pressure,

Ps ¼ qsUsHs½1þ 2ð1þ esÞg0Us� ð6Þ
Although the current investigation focuses on dilute flow in which the
particle response time ðsdÞ is expected to be smaller than the particle-
collision time ðsc

sÞ, particle-particle interaction cannot be neglected
completely based on the expected solids volume fraction (Crowe
et al., 1996). As the derivation of closure models via KTGF assumes
that the particulate phase consists of nearly elastic particles, the par-
ticle restitution coefficient ðesÞ should take a value between 0.9 and
0.99. Furthermore, the sensitivity of particulate phase properties to
this parameter is especially important at high concentrations (Dartev-
elle, 2003). As a result, this parameter is arbitrarily set to 0.95 and as-
sumed to be equal for the three investigated particle classes.

2.1.1. Turbulence in the dispersed phase
The fluctuating motion of the dispersed phase can be quantified

by the granular temperature, Hs ¼ 1
3 ui

sui
s, which is analogous to the

thermodynamic temperature for gases (van Wachem, 2000). As the
particulate phase stress tensor depends on the magnitude of parti-
cle velocity fluctuations, a balance of turbulent kinetic energy

3
2 Hs
� �

is therefore needed to close the equation set. Following a
two-fluid model formulation (Benavides and van Wachem, 2008)
and closure assumptions from KTGF, it yields to
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where the terms on the right hand side represent production by the
mean velocity gradient, diffusion due to kinetic and collisional ef-
fects, inter-phase turbulent energy transfer and collisional rate of
dissipation ð�sÞ, respectively. The inter-phase interaction term can
be further split into two contributions: production of granular tem-
perature by the gas-phase turbulence, which is represented by the
correlation between fluid and particle velocity fluctuations,
ksf ¼ ui

su
i
f ; and dissipation as a result of the fluctuating drag force

acting on the particles (Benavides and van Wachem, 2008).
The quantity ksf also requires a closure approximation. The cor-

relation between the fluctuating motion of the gas and particulate
phase needs to be determined along particle paths. As a result,
modeling of the gas-particle fluctuating velocity correlation intro-
duces the dominant role of turbulence on both the fluctuating ki-
netic energy and transport properties of the dispersed phase. A
modeled transport equation for ksf can be written as
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 !
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where the terms on the right hand side represent production rate
ðPsf Þ due to gas and dispersed phase mean shears; turbulent trans-
port; inter-phase interaction ðPsf Þ which is largely determined by
the particle-to-gas mass-ratio and particle inertia; and a dissipation
rate that accounts for viscous and crossing-trajectory effects ð�sf Þ,
respectively. The exact form of each term in Eq. (8) is derived from
a stochastic Lagrangian description based on a generalized Lange-
vin-type model (Haworth and Pope, 1986; Simonin, 2005), which
accounts for the instantaneous slip between phase turbulent mo-
tions at moderate particle-loading ratios. Closure models are ob-
tained by introducing a mean particle relaxation time ðsdÞ
determined from mean flow quantities and an average drag coeffi-
cient. Good agreement between closure assumptions based on char-
acteristic time-scales and large-eddy simulation (LES) has been
reported by Wang et al. (1998). A complete derivation of transport
equations for fluid-particle velocity moments as well as closure
assumptions is found in (Simonin, 1996; Simonin et al., 1993). Mod-
els for the terms on the right hand side of Eq. (8) together with char-
acteristic time-scales and flow parameters are listed in Table 1.

2.1.2. Particulate-phase viscosity in dilute flow
A dilute dispersed phase should obey the kinetic regime, where

momentum and kinetic energy transport terms are dominated by
the turbulent motion. On the other hand, collisions may have a
rather weak influence on the transport properties, by modifying
the particle effective mean-free path. This remains an issue in
gas-solid flow models, as existing models perform unsatisfactorily.

In this work, we propose a heuristic model for the particulate
phase viscosity, which is formulated by following the analogy of
single-phase turbulence modeling. The mechanisms of turbulence
present in single-phase flow are similar to the interactions that
govern turbulence in the dispersed phase - this is one of the main
assumptions of KTGF. Consequently, the turbulent viscosity may be



Table 2
k� � dispersed turbulence model coefficients.

cl c�1 c�2 c�3 rk r� rh cL csf cb

0.09 1.44 1.92 1.2 1.0 1.3 0.72
ffiffi
3
2

q
cl 0.34 1:8� 1:35 cos2 h
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expressed as a product of two local scalar properties, i.e. a velocity-
scale ðUÞ and a length-scale ð‘Þ

mt � U‘

Granular temperature is an intuitive choice for a velocity-scale,
U ¼

ffiffiffiffiffiffi
Hs
p

, but the selection of a length-scale is not so apparent.
The particle mean-free-path can be thought of as a plausible
length-scale, however a characteristic length-scale of turbulent
gas-particle flow needs to account for eddy-particle interaction.
As a result, the turbulent length-scale viewed by a particle is chosen
as a representative length dimension, i.e.

‘t ¼ cL
k3=2

f

�f
ð1þ cbnrÞ�1=2

where the parameter nr aims at modeling the relative velocity be-
tween particles and eddy structures, which is known as the cross-
ing-trajectory effect (Simonin et al., 1993). Furthermore, the
particle mean-free path can be employed to impose a limit on the
particulate phase length-scale

‘mfp ¼
ds=Us

6
ffiffiffi
2
p

So the turbulent characteristic length of the dispersed phase is
determined from

‘s ¼minð‘t ; ‘mfpÞ

and the shear viscosity that appears in the the particulate phase
stress tensor Eq. (5) can be finally written as

ls ¼ Usqs‘s

ffiffiffiffiffiffi
Hs

p
ð9Þ

Analogously, a closure model for the particulate phase conductivity
in Eq. (7) can be expressed as

Cs ¼
3
2

ls

rh
ð10Þ
2.2. Gas phase

Total volume conservation requires that Us þUf ¼ 1. As a result,
a differential form can be obtained by adding the continuity equa-
tions for the gas and dispersed phase. It yields to

@

@xi
UsU

i
s þ ð1�UsÞUi

f

h i
¼ 0 ð11Þ

A discretized form of Eq. (11) is therefore used to determine a pres-
sure-correction equation (Vasquez and Ivanov, 2000). Momentum
balance is analogous to Eq. (2)
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where Tij
f is the viscous stress tensor, i.e. a Newtonian fluid. An

eddy-viscosity assumption is used to model the Reynolds stress ten-
sor, Rij

f , generalized to gas-particle flow by use of a modified eddy-
viscosity ðmt

f Þ provided in Table 1

Rij
f ¼ 2qf m
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f Sij

f �
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3

Sll
f d
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3
qf kf ð13Þ

where Sij
f is analogous to Sij

s in Table 1.

2.2.1. Turbulence transport equation
A two-equation model is employed to account for turbulence in

the carrier phase, being turbulence modulation the most distinc-
tive model adjustment. A transport equation for turbulent kinetic
energy can be written as
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where the term Pkf
stands for production of turbulent kinetic en-

ergy from the mean flow. An analogous equation for the rate of dis-
sipation, �f , is given by
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The term Pkf
in Eqs. (14 and 15) accounts for turbulence modifica-

tion by the presence of particles

Pkf
¼ �bsf 2kf � ksf � Ui

rU
i
d

� �
ð16Þ

The above term may lead to attenuation of gas turbulence as parti-
cle mass-loading ratio is increased (Gobin et al., 2003). The first two
terms between parenthesis are responsible for dissipation by drag
and energy transfer to particulate phase fluctuations, respectively;
the last term modulates turbulent kinetic energy as a result of tur-
bulent particle transport, although its contribution is expected to be
very small (Simonin, 1996). Finally, the employed turbulence model
coefficients are listed in Table 2. Coefficient cb depends on the angle
ðhÞ between dispersed phase mean velocity and mean relative
velocity.

3. Numerical procedure

The computational domain consists of a two-dimensional chan-
nel section which starts 65h upstream from the step and extends
up to 34H downstream, as it is illustrated in Fig. 1. A coordinate
system is located at the step with the x axis parallel to the channel
wall. Gas and particulate phase properties, such as the material
density, laminar viscosity and particle diameter are set to constant
values, e.g. the gas-phase is air at standard conditions.

The commercial CFD software Fluent 6.3 is used to solve the
Eulerian-Eulerian equations of incompressible two-phase flow.
Built-in transport properties of the particulate phase do not ac-
count for the influence of an interstitial fluid, i.e. models from ki-
netic theory of dry granular flow are the default option
(Gidaspow, 1994). Implementation of the closure assumptions
summarized in Table 1, Eqs. (9 and 10), and inter-phase momen-
tum and kinetic energy transfer terms is carried out via user-de-
fined function (UDF) subroutines. Similarly, the UDF capability
allows to incorporate the transport equation for ksf which is the
major code development in the current work.

All the governing equations for both gas and dispersed phase
are solved sequentially at each iteration. Third-order upwind dif-
ference for the convective term in Eqs. (1, 2, 7, 8, 12, 14 and 15),
and second-order central difference for other terms are used. The
time-step is set to 10�4 s. Momentum equations are solved fol-
lowed by total volume continuity and velocity updates. Transport
equations for turbulence are subsequently solved by use of the up-
dated velocity field. Properties, such as the eddy-viscosity and par-
ticulate phase pressure are updated which are then used in the
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Fig. 2. Normalized stream-wise gas mean velocity. Open symbols represent the experiment of Fessler and Eaton (1995) for unladen flow and curves are numerical predictions
for single phase ðU0

f Þ. The center-line velocity ðUclÞ is 10.5 m/s.

Table 3
Detailed description of simulated cases.

ds ðlmÞ qs ðkg=m3Þ Loading sd (ms) St Rep

Case 1 150 2500 20% and 40% 101 7.9 10.1
Case 2 90 2500 20% 48 3.8 2.9
Case 3 70 8800 10% and 40% 94.5 7.4 4.4
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momentum equations for the next time-step. The solution process
is marched towards a steady-state and is repeated until a con-
verged solution is obtained.

3.1. Boundary conditions

In order to attain a center-line velocity ðUclÞ of about 10.5 m/s at
the step ðx=H ¼ 0Þ, a uniform velocity ðUinÞ of 9.3 m/s is specified at
the channel inlet, which corresponds to a Reynolds number ðReh=2Þ
of 1:3� 104. This figure is estimated from the reported experimen-
tal measurements of stream-wise mean velocity along the test sec-
tion (Fessler and Eaton, 1995). A turbulence intensity of 1% and
channel half-width ðh=2Þ as the representative turbulence length-
Fig. 3. Grid-independent solutions of stream-wise gas-phase mean velocity in the
scale are also specified. In order to match a specific particle
mass-loading, a uniform particulate phase volume fraction ðUsÞ is
specified at the inlet, which is calculated by assuming a constant
particle-to-gas velocity ratio. No appreciable influence of the par-
ticulate phase velocity inlet condition has been observed on the
simulation results. In fact, an indistinguishable fully-developed
gas-particle flow field is obtained along the channel section
ðx=H < 0Þ as long as the loading is satisfied.

A standard-wall function treatment is employed at the wall for
the gas-phase mean velocity and turbulence quantities. Wall adja-
cent nodes are therefore placed in the logarithmic layer and the
influence of particles on the law of the wall is not considered.
Regarding the dispersed phase, the particulate phase shear stress
is set equal to the momentum flux transferred to the wall as a re-
sult of particle-wall collisions (Johnson and Jackson, 1987). Like-
wise, a wall-boundary condition for the granular temperature is
derived from an energy balance on a thin region adjacent to the
wall (Benavides and van Wachem, 2008). As a first approximation,
zero normal-gradient condition is applied to ksf at the wall.

Derivatives of velocity components, particulate phase volume
fraction and turbulent quantities are set to zero at the outlet as
the flow is expected to be fully-developed.
presence of 70 lm copper particles (Case 3). The particle mass-loading is 40%.



Fig. 4. Stream-wise particulate phase mean velocity for Case 1. Solid line: dispersed phase viscosity model Eq. (9); dashed line: KTGF. Open symbols represent experimental
data for particle mass-loading of 40%, (Fessler and Eaton, 1995).

Fig. 5. Stream-wise particulate phase mean velocity for Case 2. Solid line: dispersed phase viscosity model Eq. (9); dashed line: KTGF. Open symbols represent experimental
data for particle mass-loading of 20%, (Fessler and Eaton, 1995).

Fig. 6. Stream-wise mean velocity for Case 3. Solid line: dispersed phase viscosity model Eq. (9); dashed line: KTGF. Open symbols represent the experimental data for mass-
loading of 10%, (Fessler and Eaton, 1999).
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Fig. 7. Turbulence intensity profiles for Case 1. Open symbols represent measurements of stream-wise gas-phase fluctuating velocity in the presence of 150 lm glass
particles with mass-loading of 40%, (Fessler and Eaton, 1999).

Fig. 8. Turbulence intensity profiles for Case 2. Open symbols represent measurements of stream-wise gas-phase fluctuating velocity in the presence of 90 lm glass particles
with mass-loading of 20%, (Fessler and Eaton, 1999).

Fig. 9. Turbulence intensity profiles for Case 3. Open symbols represent measurements of stream-wise gas-phase fluctuating velocity in the presence of 70 lm copper
particles with mass-loading of 40%, (Fessler and Eaton, 1999).
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4. Results and discussion

Attention is devoted to the comparison of mean quantities of
both the gas and dispersed phases, especially the particulate phase
mean velocity and turbulence intensity of the gas. The simulated
results from the Eulerian two-fluid model are compared against
the benchmark experimental data of Fessler and Eaton (1995),
Fessler and Eaton (1999). For example, Fig. 2 shows the comparison
of the detailed gas flow field with benchmark experimental data
for single-phase flow (Fessler and Eaton, 1995). Velocity profiles
are given at several downstream positions of which the recircula-
tion ðx=H ¼ 2Þ, reattachment ðx=H ¼ 7Þ, and redevelopment
ðx=H ¼ 14Þ positions are of particular interest.

The present numerical investigation focuses on three distinctive
particle classes. The simulated cases are listed in Table 3. The par-
Fig. 10. Predictions of turbulence modulation by 90 lm and 150 lm glass

Fig. 11. Predictions of turbulence modulation by 70 lm copper parti
ticulate phase in Case 1 and 2 consists of the same material (glass)
whereas particle diameter ðdsÞ and mass-loading are varied. The
particle response time is calculated by use of Eq. (3) for a single
particle. A fluid time-scale based on an approximate large-eddy
passing frequency is used to estimate the particle Stokes number
ðStÞ i.e.

St ¼ sdUcl

5H
ð17Þ

The flow in Case 3 carries copper particles. Results from 10% mass-
loading are chosen to evaluate the grid dependence of the compu-
tations. Stream-wise gas-phase mean velocity profiles are shown
in Fig. 3. Particle laden flow calculations are conducted with three
types of grid systems. The presented results may acknowledge a
grid-independent solution in the calculations as the two finest grids
have yielded almost identical velocity profiles that are in reasonable
particles at x=H ¼ 7. Benchmark data from (Fessler and Eaton, 1999).

cles at x=H ¼ 7. Benchmark data from (Fessler and Eaton, 1999).
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agreement with the benchmark data (Fessler and Eaton, 1999).
Hence, a grid resolution of 11,810 nodes (Fig. 3) is employed to per-
form subsequent numerical simulations. Such grid consists of 26
nodes in the transverse direction and 228 nodes in the stream-wise
x-direction past the step. The average grid spacing is estimated to
be 3.8 mm, whereas wall adjacent nodes are placed at 5 mm.

Results of stream-wise particulate phase mean velocity are val-
idated for all particle classes. Two sets of numerical results for the
particulate phase are obtained by using closure relations from
KTGF for the shear viscosity and diffusivity, and the derived model
given by Eqs. (9 and 10). Figs. 4 and 6 show velocity profiles for
particles with comparable Stokes number. Profiles at the reattach-
ment and redevelopment regions indicate that the dispersed phase
mean velocity is somewhat overestimated ðy=H > 1Þ in the case of
massive particles. Such discrepancy may be due to the assumption
of uniform particle size distribution, as particles with a relatively
large Stokes number are less responsive to the gas-phase flow field.
Furthermore, the new shear viscosity model evidently overesti-
mates the stream-wise mean velocity in the case of high particle
Fig. 12. Turbulence intensity in the particulate phase. Solid line: dispersed phase visco
particle stream-wise fluctuating velocity for Case 1 with mass-loading of 40%, (Fessler a

Fig. 13. Turbulence intensity in the particulate phase. Solid line: dispersed phase visco
particle stream-wise fluctuating velocity for Case 3 with mass-loading of 10%, (Fessler a
Reynolds number (Case 1). On the other hand, Fig. 5 shows a better
agreement between model predictions and experimental data in
the case of light particles (i.e. Case 2, see Table 3) which exhibit
a rather low slip, as it is indicated by the particle Reynolds number.
In general, closure relations from KTGF give a better prediction of
the particulate phase mean velocity.

Stream-wise gas turbulence intensity profiles are plotted in
Figs. 7–9 for the three simulated cases at several downstream posi-
tions. There is fair agreement between the simulation predictions
and the experimental measurements for the three cases. Turbu-
lence intensity is over-predicted in the recirculation region as a re-
sult of the inherent isotropic nature of the k� � model. The choice
of particulate phase shear viscosity model is not found to have a
significant influence on the gas turbulent kinetic energy.

The effect of particles on the gas turbulence is further examined
by looking at the ratio of the turbulent kinetic energy for particle-
laden flow to that of the single-phase flow ðk0

f Þ at the reattachment
region ðx=H ¼ 7Þ. It is shown in Fig. 10 that the model is able to ac-
count for turbulence modification with increasing particle mass-
sity model Eq. (9); dashed line: KTGF. Open symbols represent measurements of
nd Eaton, 1995).

sity model Eq. (9); dashed line: KTGF. Open symbols represent measurements of
nd Eaton, 1999).



A. Benavides, B. van Wachem / International Journal of Heat and Fluid Flow 30 (2009) 452–461 461
loading (Case 1). However, the turbulence attenuation is evidently
under-estimated at y=H > 1. In addition, the model erroneously
predicts turbulence enhancement at about y=H ¼ 1:4. Fig. 11
shows a similar trend on turbulence modulation by copper parti-
cles (Case 3), where significant attenuation is found at y=H > 1.

Finally, predictions of particulate phase turbulence intensity are
compared with experimental measurements of particle stream-
wise fluctuating velocity. Figs. 12 and 13 clearly show that particle
fluctuations along the channel are under estimated when KTGF
models are employed. On the other hand, it can be argued that
the new shear viscosity model given by Eq. (9) results in a minor
improvement in the prediction of turbulence intensity. It is found
that the new model increases the production of particulate phase
turbulent kinetic energy from the mean flow. There is good agree-
ment at the recirculation region, however the predicted turbulence
intensity remains nearly unmodified at subsequent downstream
positions.

5. Conclusions

An Eulerian-based computational study of a vertically oriented
backward-facing step with turbulent gas-particle flow has been
performed. A four-equation model for turbulent gas-particle flow
is derived and validated in this work. A balance equation for the
turbulent kinetic energy associated with particle velocity fluctua-
tions together with a transport equation for the gas-particle fluctu-
ating velocity correlation are employed to model turbulence in the
dispersed phase. A novel particulate phase shear viscosity model is
presented, derived analogously to single-phase turbulence model-
ing. An extension of the k-� model for a single-phase to the case of
two-phase flow is used to account for turbulence in the carrier gas-
phase. In addition, inter-phase turbulent kinetic energy transfer
terms are incorporated to account for two important flow charac-
teristics: particle transport by fluid-turbulence and turbulence
modulation.

The resulting model is used to simulate turbulent air flow
loaded with three different types of particles and mass-loading
conditions. Numerical predictions of gas and particulate phase
stream-wise mean velocity and turbulence intensity at various
downstream positions are compared to experimental data. In gen-
eral, calculations are found to be in reasonable agreement with the
benchmark experimental data (Fessler and Eaton, 1995; Fessler
and Eaton, 1999), and there is fairly good qualitative agreement
with turbulence modulation results. The new model for the partic-
ulate phase shear viscosity, which considers the crossing-trajec-
tory effect, is able to capture the particle fluctuating velocity
profiles more correctly than previous KTGF models.

The current work demonstrates that the presence of a dispersed
phase has a significant effect on the gas-phase fluctuating and
mean velocity field, even at a relatively low particulate phase vol-
ume fraction. Moreover, inter-phase interactions at the level of tur-
bulent fluctuations may influence not only the turbulent kinetic
energy distribution, but also the gas and particulate phase mean
velocity field. Despite the overall improvement of the model pre-
dictions for dilute turbulent gas-particle flow, small discrepancies
still exist which should be investigated further.
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