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This paper deals with the numerical simulation of gas—solid two-phase flows in an Eulerian—Lagrangian scheme.

The particle tracks are calculated using a recently developed exponential Lagrangian scheme, and the approach presently

used for the computation of fluid phase is based on a modified Lattice-BGK model. Different from earlier publications,

the present study employs a two-way coupling mechanism to handle the interactions between carrier phase and dispersed

phase in the model. This new model is applicable to simulating gas—solid two-phase flows. For example, based on the

scheme, we have recaptured some phenomena of planar laminar particle-laden flow over a backward-facing step in this

research, and found a new interesting phenomenon.
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1. Introduction

The Lattice Boltzmann Method (LBM) and its
recent modification, the Lattice-BGK (Bhatnagar—
Gross—Krook) model (LBGK), provide an alternative
method of simulating fluid flows and modelling com-
plex physics in fluids.[!] In the last decade, the LBM
has achieved great success in a variety of fields, rang-
ing form simple laminar flows to turbulent flows, 23!
flows in porous medium,[*5 multiphase flows,®] ther-
mal flows,[”8] traffic controll®!% and so on. Never-
theless, there have been few publications'1:12! study-
ing gas—solid two-phase flows that play an increasingly
Through
using the Eulerian-Lagse studies simulated the mo-

important role in numerous applications.

tion of particles in uncoupled flow fields which ne-
glected particle—fluid interactions except near bound-
aries where the shape of boundaries was changed by
deposited particles. However, this kind of simplifi-
cation cannot reflect the realistic phenomena of gas—
particle flows even in dilute particle-laden fows('?]
which are common in engineering.

Flow separation is a fundamental phenomenon in
fluid mechanics. Particle-laden flows are also an in-

teresting phenomenon in the fields ranging from en-

gineering processes to arterial systems. In contrast
to the above case, much work,!'!4 which is based
on conventional numerical schemes, has been done in
the past, predicting the behaviour of laminar particle-
laden flow over a backward-facing step. However, none

of these studies adopted the LBGK.
In this work we extend the LBGK by employ-

ing two-way coupling mechanisms to handle particle—
fluid interactions. It provides a new feasible way to
simulate gas—solid two phases flows. For example, in
this paper we simulate planar laminar particle-laden
flows over a backward-facing step. The influence of
particle-wall interactions that were overpassed in pre-
vious studies is investigated, too. In our study, we not
only obtain the same results as those given by previous

studies, but also find a new interesting phenomenon.

2.Specification of the problem

The problem domain and boundary conditions are
summarized in Fig.1. The channel expands forming
the backward-facing geometry with an expansion ra-
tio of 1:2 which is similar to that given by Armaly et
al.[%] The main channel is 30k long, where h is the
height of the step. The figure also illustrates the reat-
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tachment and separation lengths z1, z5 and z3.
Dimensionless quantities used in this study are

defined as

inlet void fraction o =V,/V, (4)

where ug is the mean inlet channel velocity, p is the

up(2h) dynamic viscosity, v is the kinematic viscosity, d,, and
Reynolds number Re = v (1) pp are the diameter and the density of a particle re-
deguo spectively, V is a unit volume in the fluid field, V; is
Stokes number Stk = 18 N(Qh)’ (2) the volume occupied by the particles displacement in
u? a unit volume V', and g is gravitational force which
Froude number Fr = g(2h)’ 3) acts downwards as shown in Fig.1.
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Fig.1. Sketch of backward-facing step, boundary conditions and standing vortices.

3. Governing equations

3.1. LBGK model for incompressible fluid flow

For computation of the fluid phase, an incom-
pressible LBGK model proposed by Guo et all'® is
modified because of the presence of a body force F
that describes the interactions between the fluid and

solid phase
gi(z + ce;At, t + At) — g;(z,t)
1
=~ _loi(e,0) 9”@, 0 + fikt,  (5)

where subscript 7 denotes the velocity direction (7 runs
from O to 8), Az and At are the lattice grid spac-
ing and the time step, respectively. The fluid particle
speed, ¢, is defined as ¢ = Az/At. The dimensionless

relaxation time 7 is related to the kinematic viscosity

27 — 1) Az?
Q _:1: In this study 7 has a fixed value

6
0.51. And g;(z,t) is the density distribution function

associated with the fluid particle at node z and time ¢

as v =

with a velocity e;; ggo)(m, t) is the corresponding local
equilibrium distribution function which is determined
by

0" = cp + si(w), (6)

where ag = —40/c?, a; = A/c? for i=1, 2, 3, 4, and

a; = v/c? for i=5, 6, 7, 8. Parameters o, ), «y satisfy
A+ =0, A+ 2y = 0.5. In this paper, we choose
0=5/12, A=1/3 and y=1/12. s;(u) is given by

(e: - u)? |u|?
e ul

si(u) = Ww; 3M + 4.5

c c

with weight factors wo=4/9, w;=1/9 for i=1, 2, 3, 4,
and w;=1/36 for i=5, 6, 7, 8. The macroscopic veloc-
ity and pressure of the flow are calculated from the

distribution function

8

u = E ce;igi,

i=1

ng[ggﬁsau)} (®)

Finally, the forcing term f; is given by fy=0, and
fi = 3w;e;- F/c for i = 1,...,8. Of course, other
forms of f; also can be used.

The Navier—Stokes equation can be derived from

Eq.(5):

2—1; +V-(uu)=—-Vp+ Re 'Vu+F. (9)

3.2. Solid particle motion

Two methods have traditionally been employed

for numerically investigating particle-laden flows, the
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Shi-

rolkar et all!”l described the fundamental features of

Eulerian scheme and the Lagrangian scheme.

each scheme. It seems probable that the Lagrangian
scheme has found more favour with the engineering
community in recent years, particularly'®l as the par-
ticle phase is solved using the equation of motion for a
single particle here. In dilute particle-laden flows the
problem is further simplified because various particle—
particle interactions, such as collision and coalescence,
can be neglected.['”l The present study assumes that
the particle is heavier than the surrounding fluid and
that the equation of motion can be reduced to a mod-

ified Stokes law and the gravitational forcel13:14]

du, f 1 1

—_— = = — —(1-— 10

TR s Fr< rho>’ (10)
where u,, uy are velocities of particle and fluid re-
spectively, and rho is the density ratio defined as
rho = p,/ps. The coefficient f describes the influence
of the ultra-Stokesian drag!!?]

(11)

The term Re, is the particle Reynolds number and
can be calculated by Eq.(12) when Re, < 100 [14]

f=1+0.15Rey®".

Re, = Dp|us — up|Re, (12)
where D, = d,/(2h).

Equation (10) is a stiff equation when Stk < 1,
so we use a recently developed predictor—corrector

(13,18] whose

exponential Lagrangian tracking scheme
global truncation error is O(At?). The integration of
the equation is achieved by assuming that us varies
quadratically over the present and previous time step.

It can therefore be expressed in the form

ug(t) = uf + At + Bt?, (13)
n+1 n—1
u — U n+1_ n n—1
where A = —£ x f B= %. The
superscript n refers to the current time level. The

general solutions of the particle velocity and position

are expressed as
ntl _m —At " —At
u, " =ujexp - +ug |1 —exp -
—At
+A{At—’rp[l—exp< )}}
Tp
—At
+B{At2—2TpAt+2Tp2 [1—exp< )}}

Tp
—At
+ T [1 —exp< = )}G,
p

(14)

n n n n —At n
a:p+1 =z, — 7p(uf —up) [1 — exp< - ):| + ug At

At? 9 —At
+A{T —TpAt+Tp [1—exp< - )}}

At? 2 2 3
+ B =5 - Tp A" + 27 AL — 277
<i=ee( 1)}
Tp
—At
+Tp{At+Tp [1—exp< )}}G, (15)
Tp

where 7, = Stk/f and G = (1 —rho™!)/Fr.

4. Boundary conditions and com-
putational methodology

For fluid flow, there are different boundary condi-
tions in this compute plan: at the inlet, a u-parabolic
velocity inflow profile is applied; the outflow bound-
ary condition for velocity is du/8z = Ov/dz = 0;
no-slip boundary conditions are prescribed at solid
boundaries. Until now, there have been mainly two
different kinds of boundary schemes under the above
boundary conditions. The first is the extrapolation
scheme proposed by Chen et al[??l This scheme is
simple and can be extended to include velocity, tem-
perature, and pressure boundary conditions and their
derivatives. But unfortunately, the numerical sta-
bility of the extrapolation scheme is found to be
unsatisfactory.'®] The second is the non-equilibrium
extrapolation scheme proposed by Guo et al,[*9! which
has the same advantages as the extrapolation scheme
and overcomes the shortcoming of instability. We find
that when Re > 100 in this problem domain, the
numerical results will dissipate if the first boundary
scheme is used, although high grid density will im-
prove the numerical stability, while when Re < 100,
the difference between the two schemes is very small,
as shown in Fig.3 (where superscript C denotes ex-
trapolation scheme and G denotes non-equilibrium ex-
trapolation scheme). So we use the non-equilibrium
extrapolation scheme[!?! to treat all the above bound-

ary conditions.

Regular meshes are uniformly located in the
physics plan. There are six different grid densities
used in the study: 300x 20, 600x40, 690x46, 750x50,
900x60, 1500x100. The first grid density 300x20 is
too low to obtain right results.

600x40 and 690x46 are fairly poor compared with
(13]

The following two

the experimental data and other numerical results
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at xzo and z3 owing to an inadequate grid resolution.
And the latter three can give reliable flow field re-
sults. The reattachment and separation lengths be-
tween 750x50 and 1500x100 are in agreement with
the order of 1% (the maximal error appears at zs),
as shown in Figs.4, 7, and 8 (where superscript H de-
notes higher grid density, i.e. 1500x100, and M de-
notes medium grid density, i.e. 750x50). However,
the latter will consume much more computing time
and memory. So in this paper, we mainly show the
results acquired under 750x50 grid points. This grid
resolution is good enough to obtain reliable flow field
results' for the present parameters in this study.
The termination condition for the LBGK to com-
pute single-phase flow is that the velocity and pressure
residuals are reduced by five orders of magnitude. On
a Pentium 4 (2.4G CPU), the time for solutions ranges
from 1 to 4 hours, increasing with Reynolds number.
Particles are introduced into the flow at inlets
equally spaced along the y direction. Inlet void frac-
tion « is assumed to be uniform across the inlet. The
two-phase solutions are not solved directly; instead,
the single-phase solutions are initially used and the
inlet void fraction is gradually increased, which is as
in the study by Barton.['3] Within one time step, flow
field and particles evolve one step respectively and
particles are injected into the flow NV times at an equal

time interval. IV is determined as follows:

Gozui)“let Az

N = . 16
wdg (16)

The term u;“let

is the particle inlet velocity, which
is assumed to be the same as the surrounding fluid
velocity. In order to obtain the body force term F
which is derived from the transfer of momentum be-
tween phases due to the drag force, we use the method

in Ref.[20]

M
F=—rhoV. > fy, (17)

p=1
where V; is the ratio of the volume of one particle
to the control volume, M is the number of particles
within the control volume and f, is the drag force act-
ing on a particle. Then F' is allocated linearly to grid
nodes which surround the control volume. Inelastic
collision is used when particles hit against walls; coef-

ficient of restitution e runs from 0 to 0.9.

In the present study, Reynolds number varies
from 50 to 700, Stokes number ranges from 1x1075
to 1x1071, inlet void fraction extends from 1x10~6
to 5x1073, and density ratio rho is 10, similar to that

in other numerical studies.[*3-14]
5. Results and discussion

5.1. Single-phase flow

The laminar single-phase flow problem has been
extensively studied.[’® The behaviour of the flow is
briefly summarized as follows. The flow separates
at the step and reattaches downstream at position
x1. The position z; increases almost linearly. For
higher Reynolds numbers the adverse pressure gra-
dient is strong enough to create an upper recircula-
tion region which is illustrated in Fig.1. The upper
recirculation region increases in size with increasing
Reynolds number, and its core moves downstream.
The reattachment and separation positions are sum-
marized in Fig.2, where the experimental data of Ar-
maly et al[!®] and the results of Guj and Stellal2!]
are also shown for justification of using this analysis
code. For low Reynolds numbers the present predic-
tions are in good agreement with the experimental
data, but for higher Reynolds numbers the numeri-
cal predictions start to deviate from the experimental
data. The differences are probably caused by three-

dimensional effects present in the experiment.®!

20
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Fig.2. Variation of reattachment and separation lengths

with inlet Reynolds number for single-phase flow.
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scheme and the non-equilibrium extrapolation scheme.
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Fig.4. Relative error differences between 750x50 and
1500 %100 with Reynolds number for single-phase flow.

5.2. Particle-laden flows

The behaviours of fluid flow and particles depend
mainly on Stokes number and inlet void fraction. The
behaviours of the various results are considered by
assuming one of these parameters to be a constant
value and varying the others. Because the emphasis
of this study is placed on validating the feasibility of
the two-way coupling mechanisms rather than deep-
ening our understanding of particle-laden flow, we do
not discuss the relationship of phenomena of the flow
to above parameters particularly. For further details

see Refs.[13,14].
5.2.1. Variation in Stokes number

As Barton!!3] pointed out, low Stokes number par-
ticles, which tend to follow the flow, have the effect of
reinforcing the freestream of the flow that increases

the lower recirculation region. High Stokes number

particles are dominated by the effect of gravity that
increases downward movement, so they will compress
the lower recirculation region and increase the size of
the upper recirculation region.

The behaviours of the low and high Stokes num-
ber particles are examined for Re=450, 700 and void
fraction @ = 3x 1072 in Figs.3, 4. The figures show the
variation of the reattachment and separation lengths
with Stokes numbers. The reattachment and separa-
tion lengths for the single-phase flow are also shown
in the figures (dashed lines) for comparison with those
for the particle-laden flow. The particle-laden flow has
either larger or smaller lengths z; and x5 depending
on the Stokes number. The particle-laden flow length
x3 is always larger than the single-phase flow length,

similar to the results of Barton.[!3]

7 T T T
10~5 104 10-3 10~2 10~1!
Stk

Fig.5. Variation of reattachment and separa-
tion lengths with Stokes number for Re=450 and
a=3x10"3.

20

______________________________ T3

1075 10~ 103 1072 107!
Stk
Fig.6. Variation of reattachment and separa-

tion lengths with Stokes number for Re=700 and
a=3x10"3.
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Fig.8. Relative error differences between 750%50
and 1500100 with Stokes number for Re=700 and
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5.2.2. Variation in void fraction

We find the same results of two-phase flows as
those of single-phase flows up to the void fraction
greater than 1x107%. The differences caused by vary-
ing the void fraction are dependent on the Stokes
number, as pointed out by Barton.['3] When Stk =
1x 1073, 1x10~2 with Re=450 and o = 3 x 1073, dif-
ferent phenomena appear, similar to those in Ref.[13]:
lower Stokes number particles increase the lower recir-
culation region, and higher Stokes number particles
shorten the lower recirculation. A small number of
particles enter the lower recirculation region near the
lower reattachment; they are transported upstream
in the recirculation region almost all the way up to
the backward-facing step wall. Barton['3] thought the
reason was that Stk = 1 x 1072 particles were eas-

ier to penetrate the lower recirculation region than

Stk = 1 x 1072 particles owing to gravitational force.
Figures 9 and 10 show the concentration plots, respec-

tively.
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Fig.9. Concentration field of void fraction for
Re=450, Stk =1 x 103 and o = 3 x 1073,
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Fig.10. Concentration field of void fraction for
Re=450, Stk =1 x 102 and oo = 3 x 103,

5.2.3. Reynolds number

In this study, we find that low Reynolds number
flows vary greatly in behaviour with changes in Stokes
number, but because of their small recirculation re-
gions, changes in the lower reattachment length are
usually quite small compared with those in the case of
moderate Reynolds number (Re=400-500) flows; high
Reynolds number flows tend to successfully transport
the particles even with high Stokes numbers through
the main channel. This is the same as the result in
Ref.[13].

that in low Reynolds number particle-laden flows

We also find an interesting phenomenon:

with high Stokes number particles, when the value
of Reynolds number is close to a moderate Reynolds
number, there will appear a small secondary upper
vortex in the flows and the lower recirculation length
is shortened. However, the secondary upper vortex
will not appear in single-phase flows that have the
same Reynolds numbers. To the best of the authors’
knowledge, this phenomenon has not been previously
reported. Figure 7 illustrates the process where the
secondary upper vortex appears and disappears where
Re=389, a=3x10"3 and Stk = 3 x 10~3. From the
figure we can see that the secondary upper vortex ap-
pears at t=139.6 and disappears at t=1236.8. Low
recirculation length z; becomes smaller during this
period and then comes round. Here ¢ is dimensionless
time with reference time t*=(2h)/ug. Figures 12 and
13 show the concentration plots of particles at t=139.6
and 1236.8 respectively. The upper recirculation re-
gion of this particle-laden flow is very similar to that of
single-phase flow with Re=410. If one of the parame-
ters Reynolds numbers, Stokes number and void frac-

tion is too low, this phenomenon will not appear. In
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our study, the critical conditions are: Reynolds num-
ber Re > 290, Stokes number Stk > 1 x 1073 and
void fraction a > 1 x 1073,

is that particles whose Stokes number are equal to,

We assume the reason

or greater than, 1x1073 are affected by gravity force
more or less. The gravity force tends to make the
particles deposit along the lower boundary and also
within the lower recirculation region. The downward
movement of the particles encourages flow downwards
along the channel. The downward movement produces
the upper vortex and reduces the lower recirculation
region size when particles are introduced into the flow
inchoately. The effect lasts up to particles distributing

almost evenly along the channel.

12
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t
Fig.11. Variation in z1, z2 and z3 with Re=389,

a=3x10"3 and Stk = 3 x 10~5.
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Fig.12. Concentration plot of particles for Re=389,
a=3x10"3 and Stk =3 x 1072 at t=139.6.
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X

Fig.13. Concentration plot of particles for Re=389,
a=3x 1073 and Stk = 3 x 10~3 at t=1236.8.

5.2.4. Particle-wall interactions

In this study, provided that the shape of walls is
not changed by deposited particles, we find deposition

positions of particles are insensitive to particle—wall
interactions when particle-laden flows reach a stable
state, i.e. the reattachment and separation lengths z1,
z9 and z3 converge. Because when depositional par-
ticles approach the lower wall, the z components of
velocities of these particles, which are much less than
y components of velocities of these particles, are close
to zero, their motion of the depositional particles is
similar to freefall. For the present geometry that has
a large ratio of length to height, deposition positions
of particles change very little with different coefficients

of restitution.

6. Conclusions

This study is initiated by a lack of two-way
coupling mechanisms to handle particle-fluid inter-
A modified
LBGK model is applied to reveal the behaviour of

actions in previous LBGK simulations.

particle-laden flows over a backward-facing step in the
Reynolds number range 50< Re <700, Stokes num-
ber range 1x107° < Stk < 1 x 10~! and void frac-
tion 1x107% < a < 5 x 1073. We conclude that if
a is large enough, high Stokes number particles have
different effects on flows in contrast with low Stokes
number particles because of gravity force, which is the
same as the result obtained from the traditional com-
putational fluid dynamics method. And we observe a
new phenomenon through this modified LBGK model,
which also can be interpreted through the conclusion.
In the study, we find in the present geometry that the
particle deposition is also insensitive to particle—wall
interactions. This new scheme can be modified easily
under other conditions, for example three-dimensional

simulation.

In the present research, we use two different
boundary schemes to handle different boundary con-
ditions. Though the stability of the extrapolation
scheme can be improved by adding grid points, it is
only suitable for lower Reynolds numbers Re < 100
in this computation plan. And the non-equilibrium
extrapolation scheme can offer enough accuracy and

stability.

There are six different grid resolutions used in
the study. For the present parameters in this pa-
per, medium grid density 750x 50 is the most effective;
lower grid resolution cannot provide accurate results,
but higher ones will not be economical in terms of the
required computing time. This can be thought of as

‘critical grid resolution’. For different parameters such
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as Reynolds number or Stokes number, there will be
different ‘critical grid resolutions’.

In this study, we also use the SIMPLE method
to solve fluid phase with the same grid number. Con-
trasting with the LBGK method, the computing time
spent here is about twice the time if the LBGK
method is used under the same conditions. Because
uniform grids are used in this study, there are a large
number of computational points that result in too

much time spent in flow field computation. In our

program, within a time step, the ratio of times used
between flow field and particles is about 1000. So
we have a mind to use a nonuniform grid through
FDLBE[?3 to reduce the total grid number in future.
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