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Abstract

We describe a new two-fluid model for gas—solid flows that incorporates the gas turbulence influence on
the random motion of the particles via a generalised kinetic theory, as well as a new gas turbulence
modulation model. Simulation results for fully developed steady vertical pipe flows are in good quantitative
agreement with experimental measurements. Our results show that the influence of gas turbulence on the
particle microscopic flow behaviour cannot be ignored for relatively dilute flows, especially with smaller
particles. Our new turbulent model captures the essential characteristics of gas turbulence modulation in
the presence of particles, and can be solved for a wide range of particle—particle restitution coeffi-
cients. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Gas-solid two-phase flows are important in many engineering applications and industrial
processes, e.g., materials-handling engineering, circulating fluidised beds, pneumatic conveying
and nuclear reactor cooling. Also, they are relevant in various natural phenomena, e.g., sand-
storms, moving sand dunes, cosmic dusts, snow avalanches, dust explosions and settlement.
Understanding the physical mechanisms governing these flows is essential for the optimal design
of these industrial processes, and for modelling these natural phenomena.

Numerical models for gas—solid flows play a key role in both fundamental research and en-
gineering applications. There are two parallel paths for modelling particles flowing with a carrier
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gas, according to the way the particle phase is treated: the Lagrangian (or particle trajectory)
approach, and the Eulerian (or two-fluid) approach. The Lagrangian approach, which includes
distinct element and direct simulation methods, describes the motion of each solid particle by a
separate equation. These methods have distinct advantages when considering flows with e.g.
particles of different sizes, and yield detailed information on the particle flow but at the cost of
long computational time and high computer memory demands. In two-fluid models, the particle
phase is treated as a continuous medium so that the governing equations are in a similar form to
the hydrodynamic equations. Appropriate averaged properties of the particle phase are required.
The advantages of a two-fluid model are: it requires less computational effort, it is more suitable
for engineering applications where no details of the individual particle motion are necessary, and
it is perhaps the only practical way of approaching modelling denser flows.

Elghobashi (1994) classified gas—solid flows into two regimes: dilute and dense flows. In the
dilute regime, where the solid volume fraction is less than 0.1%, the collisions between particles
have negligible effect on the carrier gas turbulence. In the dense regime, where the solid volume
fraction is greater than 0.1%, the collisions begin to play an important role in the flows. This
so-called “four-way coupling effect”” should be considered.

On the other hand, when the solid volume fraction is very high, collisions between particles
dominate the flows, and the carrier phase can be neglected. Many competing kinetic theories of
granular flow (see, e.g., Jenkins and Savage, 1983; Lun et al., 1984; Jenkins and Richman, 1985;
Abu-Zaid and Ahmadi, 1990; Gidaspow, 1994) have been proposed following the pioneering
work of Bagnold (1954), Ogawa et al. (1980), and Savage and Jeffrey (1981). These theories have
been reviewed by Savage (1984) and Campbell (1990).

The kinetic theory of granular flow has had some success in modelling the interaction mech-
anism between the mean and fluctuating solid velocities. Sinclair and Jackson (1989) incorporated
this theory in a two-fluid model, where they assumed that the mechanism of the interaction be-
tween the mean and fluctuating particulate phase is the same as in the kinetic theory of granular
flow alone. The interaction between the particulate phase and the gas phase was a mutual drag
force, and the gas flow was assumed laminar. Although certain important physical mechanisms
were not included, their results revealed many experimentally observed flow phenomena: co-
current upflow, co-current downflow, counter-current flow, non-homogeneous radial distribution
of solid concentration, etc. Since then, kinetic theories of granular flow have been widely used to
model the solid phase motion in a multiple-phase flow system (e.g., Louge et al., 1991; Bolio and
Sinclair, 1995; Bolio et al., 1995; Pita and Sundaresan, 1993; Nieuwland et al., 1996; Neri and
Gidaspow, 2000; Mathiesen et al., 2000).

In the regime where the solid volume fraction is greater than 0.1% (so that the collisions be-
tween particles should be considered, but not dense enough that the gas turbulence can be ne-
glected), we may need to investigate how the interstitial turbulent gas affects the constitutive
equations of the solid phase — which is always neglected in a kinetic theory of “dry”” granular flow.
Also, the question of how the presence of particles modulates the gas turbulence should be ad-
dressed. This paper examines these issues arising in this regime of solid volume fraction.

Louge et al. (1991) began to incorporate both the kinetic theory of dry granular flow and gas
turbulence into a two-fluid model for relatively dilute flows. The gas turbulence was described by
a one-equation turbulence model, and the same characteristic length scale of the turbulence as in
pure gas flow was adopted. Yuan and Michaelides (1992) proposed a turbulence modification
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model by arguing that the wake is responsible for the augmentation of turbulence and the work
done on the particles is responsible for the attenuation of turbulence. Their results are in good
agreement with experimental data. Later, Yarin and Hetsroni (1994) proposed a more detailed
expression for the wake. Bolio et al. (1995) extended the work of Louge et al. (1991) to a two-
equation turbulent model: the k—¢ eddy viscosity model. They found that the gas turbulence in-
tensity was somewhat underestimated. Bolio and Sinclair (1995) improved the model by adopting
the turbulence modification model of Yuan and Michaelides (1992) and confirmed that the wake
is responsible for the enhancement of gas turbulence. Kenning and Crowe (1997) suggested that
the turbulence enhancement may be associated with the work done by the particle drag, and the
inter-particle spacing is an additional physical restriction to the flow which is responsible for the
attenuation of gas turbulence. Crowe and Gillandt (1998), Crowe and Wang (2000) and Crowe
(2000) derived and improved a detailed turbulent modulation model. These authors argued that
the common approach to the derivation of the turbulent kinetic energy balance equation (e.g.
Louge et al., 1991) treats the averaged velocity as if it were a local velocity in the momentum
equations of both phases.

In a gas—solid flow, whether the flow is governed by gas turbulence or particle collisions can be
classified by three characteristic time-scales: the characteristic time-scale of eddies, ¢}, the mean
particle relaxation time, {,, and the mean particle collision time, #. If #, < ¢, particle motion is
controlled by the gas flow, and if £ < #},, the flow is governed by particle collisions. But, when the
particle relaxation time is not much larger than the particle collision time, the random motion of
the particles will be affected by the gas-phase turbulence. Peirano and Leckner (1998) derived a
competing kinetic theory of granular flow with an interstitial gas, based on the work of Jenkins
and Richman (1985), which incorporated the influence of the gas turbulence on the particle
random motion. As a result, the gas turbulence appears in their constitutive equations for the
solid phase. If the interstitial gas were omitted, their results are identical to the work of Jenkins
and Richman (1985) and Lun et al. (1984). Although their model is still restricted to slightly
inelastic particle-particle collisions, it removed the assumption in previous kinetic theories that
the interstitial gas can be neglected.

Crowe and his colleagues’ new turbulent modulation model needs to be investigated numeri-
cally, which is the first aim of this paper. Second, we will examine the influence of the interstitial
turbulent gas on the random motion of particles in a relatively dilute flow regime. All the sim-
ulation results will be compared with the comprehensive experimental measurements of Tsuji et al.
(1984) and Tsuji (1993) for fully developed gas—solid flows. Throughout we will assume that the
fully developed turbulent gas—solid flow is steady and axi-symmetric. This may be an appropriate
assumption for fully developed flow in the small-diameter pipes Tsuji and his colleagues exam-
ined, where the spatial inhomogeneity of the particulate phase flow structure is likely to be small.
Finally, we will assess the sensitivity of our new model to the particle—particle restitution coeffi-
cient.

2. The mathematical model

We assume that particle—particle collisions are nearly elastic and treat the coefficients of res-
titution of particle-particle and particle-wall as constants in the collisions. The governing
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equations for a dispersed solid phase and a carrier gas phase are locally averaged. The momentum
equations are given by Anderson and Jackson (1967)

Solid phase:
D _
EzpzﬁtU: —& VP =V - 15 + Fyrag + €20,8, (1)
Gas phase:
D _
81PIEV:—81VP—V“L'1 — Frag, (2)

where subscripts 1 and 2 represent the gas phase and solid phase, respectively, e.g., ¢; and &, are
the volume fractions of the gas phase and the particle phase; p is the density; is the stress; U is the
averaged velocity of the solid phase; V is the averaged velocity of the gas phase; Fur, is the
averaged drag force; g is the gravity force.

2.1. The solid phase
For a two-phase flow, it is important to model the stresses of both phases and the inter-phase

transfer property correctly. For the stress of the solid phase, we adopt the work of Peirano and
Leckner (1998), viz.

T = (Py = aSu) 0y — 26205 (V5 + v5)Sy, (3)
where the particle pressure is
Py =&p,(1 4+ 2e(1 + )T, 4)
the bulk viscosity is
4 T
6= gdggsz(l +e) \/;7 (5)

where T is the granular temperature, defined as 1/3(u’ - #'); u' is the fluctuational velocity of the
solid phase; d is the particle diameter; S»; = (U;; + U;;)/2; and S’zij = S5 — S2um0;;/3. Expressions
for the collisional viscosity, v§, and the turbulent viscosity, v}, are given in Appendix A.

Because the stress depends on the turbulent kinetic energy, we also need a closure equation for
the balance of the fluctuational energy

3 D
EﬁgpzﬁtT:—V'q—T21VU—ﬂ0(3T—k12)+I. (6)

The expression for the fluctuational energy flux, ¢, is given as in Peirano and Leckner (1998), viz.
3
q= —552/02(1‘5 +k3)VT. (7)

If there is no interstitial gas, the expressions for the particle stress and fluctuational energy flux are
identical to Lun et al. (1984) and Jenkins and Richman (1985). Expressions for the collisional
diffusion coefficient, &5, and the turbulent diffusion coefficient, k3, are given in Appendix A. Energy
dissipation is described by
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d\/n
The effect of turbulence on the drag force on a particle still needs further investigation, especially

for a particle flow in a cloud where the inter-particle effect is important (Crowe, 1997; Littman
et al., 1996). The volume-averaged drag force can be given as (Zhang and Reese, 2000)

Fdrag = ﬂO(V - U)> (9)

where the momentum transfer coefficient is

1 =12&(e* — Dyp, 32, (8)

3. (1-
ﬂozZCD(%j)pls‘z'“Ur, £>0.8 (10)

and U, is the mean slip velocity

U, = (V—U)2+87T (11)

and Cp is the drag coefficient given by

21
CD:<O.28+ 6 +—). (12)

\/Re, Re,

The particle Reynolds number Re,, is

Re, = , 13
P, (13)

where u is the gas viscosity. The fluctuational energy transfer rate k, will be discussed below.

2.2. The gas turbulence modulation

The gas effective stress has two parts: a viscosity stress and a Reynolds turbulent stress, i.e.

ov;  Ov; 2 2
Ty = (L + w1 <ax. + a;,) — 5+ )V - 08y — < pikidy, (14)
j i

3 3

where y, is the eddy viscosity; the turbulent kinetic energy, &; is 1/2(v' - v'), and v is the fluctu-
ational velocity of gas. The exact equation for k; for a single fluid flow can be derived from the
Navier—Stokes equations. For a gas—solid system, in a similar way to a single-phase flow, the
commonly used expression for k; is given as (see, Chen and Wood, 1985; Berlemont et al., 1990;
Louge et al., 1991)

0 0 0 0ky

/. a / /
a(elplkl) +$(8191ij1) = @(O—ka—xj) - 8101<”>th + Bo(( - v') = 2k1) — ere, (15)

J

where the turbulent kinetic energy dissipation rate, &, is u((Vv')?).

However, Crowe and Gillandt (1998) argued that the coupling term is not correctly modelled in
Eq. (15) because the coupling drag force is an averaged value which cannot be regarded as a point
value in the derivation of Eq. (14). Their model asserted
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d d o ok 0 ,
53 (o) + 3G ) = 5 (a—) a5+ BTV
+ Po(B3T — (i -V')) — ge. (16)

The first term on the right-hand side of this equation is the diffusion of turbulent kinetic energy;
the second term is the generation by gradients; the third term is the work done by the particle drag
force which converts the kinetic energy of mean flow into turbulent kinetic energy; the fourth term
represents the transfer of kinetic energy of the particle motion to turbulent kinetic energy of the
carrier phase, which has been identified as four-way coupling — which is relatively small in a dilute
flow (Elghobashi, 1994); the final term is the dissipation.

The eddy viscosity may be given as

ﬂt=C1,01\/k711, (17)
where C; is a constant parameter. Louge et al. (1991) adopted
e =Gk, (18)

where / is the turbulent dissipation length scale and C, is a constant. Peirano and Leckner (1998)
gave the expression for oy as

or = &1 (i + p/Pr), (19)

where Pr is the effective Prandtl number, which relates the eddy diffusion of turbulence kinetic
energy to the momentum eddy viscosity. Louge et al. (1991) assumed Pr = 1 in their calculation.

In a one-equation turbulence model, C;C; =~ 0.08 (Launder and Spalding, 1972). As Rodi
(1993) pointed out, the individual values of the constant C; and C, are not important in a single
gas turbulent flow, but only their product. However, these two constants can be used to estimate
the length scale as

G 1/4
I~ | = n 2
(c%) : (20)

where /,,, is the mixing length of gas turbulence, which can be estimated as in Louge et al. (1991).
For a gas—solid flow, Kenning and Crowe (1997) proposed a modification of this viscosity
dissipation length scale to account for the presence of particles

I
YA
where A is the inter-particle spacing which can be given as

NVE
I~ — . 22
(6 ) d (22)

&

I (21)

This approach regards the inter-particle space as an equivalent characteristic turbulence length
scale. However, it is necessary to resolve which length scale, /, should be used, together with the
inter-particle spacing 4, to decide a new hybrid gas turbulent dissipation scale. For gas—solid flow
in a pipe, the pipe wall and the particles are the physical boundaries which restrict the gas
turbulence. Consequently, / should be close to the pipe diameter.
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Given all these conditions above, we adopt the model of Yoshizawa (1987) who suggested
values for C; and C, of 0.043 and 1.84, respectively. Because the hybrid length scale /;, is a
heuristical combination, this approach still requires further investigation.

The particle—gas fluctuation kinetic energy, ki, can be modelled by adopting the argument of
Koch and Sangani (1999), who pointed out that this energy is related to the auto-correlation of
the force felt by a representative particle. The correlation time is taken to be comparable to the
collision interval £, and the force acting on a particle is comparable to the mean drag force, Fq.
As a result, this particle—gas fluctuation kinetic energy can be expressed as

2
— ﬁO Ur tg
P82

ki (23)
Because there is no satisfactory work available on flows with finite particle Reynolds number, Eq.
(23) is an algebraic simplification of a complex physical situation. It may be taken as a “‘right
order of magnitude” approach.

2.3. Fully developed steady flow

There is still no universal turbulent model, even for a single gas flow. For a multiple-phase
system, the particle—gas turbulence interaction also needs further investigation. In order to in-
corporate the hybrid length scale readily into the gas turbulence modification model, and also to
avoid the many uncertain empirical parameters in a two-equation model, we start from a one-
equation turbulence model here. In order to identify the difference between the different tur-
bulent modification models of Egs. (15) and (16) easily, we apply the above models to a fully
developed, steady, relatively dilute gas—solid flow in a vertical pipe. The governing equations
then become:

Solid phase:
e Momentum equation
oP 10 — C e

— & % o a (r122) + Fdrag: — €20,8- = 0 (axial direction), (24)

10 e

A (rta,) — % =0 (radial direction). (25)
e Fluctuational energy equation

10 Ou ,

- §(rqr)—12,za—ﬁo(3T—<u V) —=1=0. (26)
Gas phase:
e Momentum equation

oP 10 ([ I
_Elg‘f’;a |:V(,u+:ut)§:| _Fdrag,z = 0. (27)

e Turbulent kinetic energy equations

10 Ok 10 ,
o [O'kl”a—rl] —aTE a(rv) + Bo((d - V') — 2ky) — e1p16 = 0, (28)



1952 Y. Zhang, J.M. Reese | International Journal of Multiphase Flow 27 (2001) 1945-1964

or

10 ok 13 o
o (o S| e 200+ Bl o 4 BBT = )~ i =, (29)

where u and v are the mean axial velocities for the particulate phase and gas phase, respectively,
and subscripts r and z represent the radial and axial directions, respectively.

3. Boundary conditions

For a gas—solid flow, the particle diameter may not be negligible when compared to the width of
the gas viscous boundary layer. Therefore, when we set the boundary conditions at the wall for the
solid phase, we establish momentum and energy balance at a thin layer of particles, the thickness of
which is the same order as the gas viscous layer. The gas phase boundary condition should also be
set on the same thin layer, as suggested by Sinclair and Jackson (1989). As a result, it may not be
appropriate to use a low Reynolds number model and set non-slip boundary condition at the wall.

Here, we use a high Reynolds number model, adopt wall functions, and set the radial gradient
of gas turbulent kinetic energy at the wall to zero, which means the generation and dissipation of
the turbulent kinetic energy is nearly the same. The boundary conditions for the gas phase are not
set at the wall, but at a distance comparable to the particle diameter.

The collisions between particles and the wall play a significant role in the flow in a small-
diameter pipe, especially for high-inertial particles. Therefore, properly defining the boundary
conditions for the particulate phase is essential in the simulation of gas—solid flows. Jenkins
(1992), and Jenkins and Louge (1997) rigorously derived a set of boundary conditions for the solid
phase which are averaged from the impulse equations for the collision of a particle with a plane
wall. Their model is empirical-parameter free and is based on three constants: the coefficient of
friction, and the normal and tangential coefficients of restitution. However, in practice, the
normal coefficient of restitution is strongly velocity-dependent, and the range of sliding and non-
sliding collisions that are likely to occur leads to a discontinuity in the integral.

The competing boundary conditions of Johnson et al. (1990) adopt an alternative approach.
Although not mathematically rigorous, employing a specularity coefficient (which is an empirical
“tunable” constant) may capture both the averaged influences of the geometry of the curved pipe
wall and the variety of particle-wall collisions under one parameter. We therefore use the
boundary conditions given in Zhang and Reese (2000), which are modified from the work of
Johnson et al. Although the profiles of granular temperature are sensitive to the specularity co-
efficient in the calculations, this parameter does give some necessary flexibility in the boundary
conditions. To ensure comparability of our results, once this specularity coefficient is adjusted in
the numerical simulation of one operational condition it is kept the same for all our subsequent
simulations.

In the centreline of the pipe, axi-symmetric conditions are applied, i.e.

au_ aU_ 682_ aT_ 6k1_
520 2 =0, 22=0, =-=0, =1=0. (30)
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4. Results and discussion

There are few non-intrusive experimental measurements of particle-gas turbulence interaction,
even for relatively simple flows such as up-flow in a vertical pipe. Tsuji et al. (1984) reported their
laser Doppler velocimetry measurements of fully developed steady gas—solid flows in a vertical
pipe. In 1993, Tsuji revisited the data and his profiles of the axial fluctuational velocity of the solid
phase were cited in the work of Bolio et al. (1995). Currently, these experimental data produced by
Tsuji et al. are the most comprehensive, involving differently sized particles, different mass loading
ratios and various superficial gas velocities. Moreover, not only the fluctuational velocities of both
phases were measured, but also their mean velocity. In order to examine our model thoroughly,
we will compare our simulation results with these data.

Tsuji et al. (1984) used polystyrene spheres with a density of 1020 kg/m? and diameters of 200,
500, 1000, and 3000 pm. The internal diameter of the pipe was 30.5 mm. The results were re-
ported for different particle-to-gas mass flow rates, or mass loading ratios, m, which are defined
via

_ fOR peour dr

f(f peror dr S
In our calculation, we take the gas density to be 1.2 kg/m?. Tsuji et al. conducted experiments up
tom=4.2.

It is difficult to find suitable coefficients of restitution for particle—particle, ¢, and particle-wall,
e,, collisons. Following Louge et al. (1991) and Bolio et al. (1995), we adopt e = 0.9 and ¢,, = 0.75.
The coefficient of restitution depends on the impact velocity, so it should not be treated as a
constant. Although this is the most delicate parameter in the kinetic theory of granular flow,
reasonable estimated constant values of e and e,, can give at least a first-order prediction when the
collisions are nearly elastic. In the final part of this paper, we give a sensitivity analysis of our
results to this coefficient of restitution.

Because there are no universally accepted models for a gas—solid two phase flow, even for
simple fully developed steady vertical pipe flow, we compare the results of solving different tur-
bulent kinetic energy balance equations, i.e. Egs. (28) and (29). The turbulence length scales will
be /, as in the pure gas flow, and /;, as given in Eq. (21). Moreover, the impact of the interstitial
turbulent gas on the constitutive equations for the solid phase will also be investigated. For the
sake of clarity, we identify four models for investigation:

Model 1. The gas turbulent kinetic energy equation is given by Eq. (29) and the turbulent char-

acteristic length scale is /;,.

Model 2. The gas turbulent kinetic energy equation is given by Eq. (28) and the turbulent char-

acteristic length scale is /.

Model 3. The gas turbulent kinetic energy equation is given by Eq. (28) but the turbulent char-

acteristic length scale is /.

Model 4. As Model 1, but the interstitial gas influence on the random motion of particles is not

accounted for.

The effect of the interstitial gas turbulence on the constitutive equations of the solid phase is
incorporated in the first three models.
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For fully developed steady flow in an axi-symmetric pipe, the governing equations reduce to
four coupled second-order, non-linear ordinary differential equations, and one algebraic equation,
as given in Eqgs. (24)—(29). Because the solution is very sensitive to the initial guess, the four
coupled non-linear equations are decoupled and linearised. A finite difference method is then used
to solve these ordinary differential equations, and convergence is rapidly reached by using an
over-relaxation method.

Louge et al. (1991) first adopted the kinetic theory of dry granular flow with a one-equation
turbulence model and used the same turbulence length scale as in pure gas flow. They produced
results which are in quite good agreement with the experimental data of Tsuji et al. (1984).
From our Fig. 1, we see that Model 2 cannot predict the observation that gas turbulent kinetic
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Fig. 1. Comparison of gas fluctuational velocity profiles for: (a) mass loading ratio, m = 1.3 or 0 with gas pipe-axis
velocity, v, = 13.3 m/s; (b) m = 2.9 with v, = 11.4 m/s; (¢) m = 3.4 with v, = 10.7 m/s. The particles are 500 pm
diameter.
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energy is enhanced with increasing mass loading ratios, m. Model 3, with a modified turbulent
length scale, evidently under-estimates the axial fluctuational velocity and also fails to predict
the enhancement of turbulent kinetic energy. Bolio et al. (1995) adopted Eq. (28) for a k—¢
model and added an extra term to account for the produced wake effect on turbulence en-
hancement. However, our Model 1 tests whether the work done by the drag force is responsible
for the enhancement of turbulent intensity, and whether the additional bounding inter-particle
space is responsible for the attenuation of the turbulent intensity. These results are in reasonable
agreement with the experimental data. More importantly, Model 1 predicts the enhancement of
gas turbulence with increasing mass loading ratio, and the turbulent intensity increase in the
core region and decrease near the wall. Our model assumes the flow is isotropic, but actual gas—
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Fig. 2. Comparison of gas fluctuational velocity profiles for: (a) mass loading ratio, m = 1.3 with gas pipe-axis velocity,
v. = 12.8 m/s; (b) m = 1.9 with v, = 11.9 m/s; (c) m = 3.2 with v, = 10.8 m/s. The particles are 200 pm diameter.
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solid flows are not isotropic, particularly near the wall. Consequently, we cannot reasonably
expect our predicted results to be in perfect agreement with the measured data, especially near
the wall. Both experimental measurements and our numerical simulations reveal the phenom-
enon that the profiles of gas turbulent intensity are more flattened due to the presence of the
particles.

From the comparisons of the results in Fig. 1, we now focus on Model 1 and investigate the
influence of the gas turbulence on the microscopic motion of the particle phase. In Figs. 2 and 3,
the particles are 200 um diameter, and mass loading ratios are m = 1.0, 1.3, 3.2 and 4.2, re-
spectively. The profiles of the gas fluctuational velocity are in reasonable agreement with the
measurements. The flattened core regimes are also predicted, although in the near-wall regime our
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Fig. 3. Comparison of solid fluctuational velocity profiles for: (a) mass loading ratio, m = 4.2 with gas pipe-axis ve-
locity, v. = 14.6 m/s; (b) m = 3.2 with v, = 10.8 m/s; (¢) m = 1.3 with v, = 12.8 m/s; (d) m = 1.0 with v, = 18.9 m/s.
The particles are 200 um diameter.
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models under-predict the turbulent intensity. We can distinguish the difference between Models 1
and 4: Model 4 predicts slightly greater fluctuations than Model 1. As Louge et al. (1991) say, the
particle relaxation time is much larger than the characteristic time-scale of the eddies so the
particle does not follow the gas turbulence. But this hydrodynamic relaxation time is at most one
order larger than the particle collision time, or nearly the same order in these cases, so the gas flow
affects the particles’ random motion, as seen in Fig. 2. In Fig. 3, the simulation results of Model 1
for the profiles of the axial fluctuational velocity of the solid phase generally fit well with the
measurements. The fluctuations are found to increase when the mass load decreases, except for the
mass loading ratios of 1.3 and 1.0. We also see the slight difference between the results of our two
models.

Figs. 4 and 5 compare the fluctuational velocity of the gas phase containing 500 and 1000 pm
particle spheres at different mass loading ratios. Generally, the gas turbulent intensity is en-
hanced by the large particles and the turbulent intensity profiles flattened. Also, for these larger

0.1

0.1
—— model 1 m=3.4
— - model 4 m=3.4 =
o008l = Tsuji et al. m=3.4 ] .
: 0.081 4
L]
0.06- 1 0.06} - J
r [] » [ ’
N u ©
BN >
N < -
> L] L] M .
0.04 1 0.04-
— model 1 m=2.9
— — model 4 m=2.9
0.02- 7 0.021 m_ Tsujietal. m=2.9
0 . . . . . . . . . 0 . . . . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
(a) R (b) R

— model 1 m=1.3
0.08) — - model 4 m=1.3 []
: = Tsujietal. m=1.3

0.06[

2%
T
1
1
1
L
ul
|
.|
)
|
! L]
1
1
1
[
[
1
1
J
1
L
\
I I

0.041

0.021

0 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(c) R

Fig. 4. Comparison of gas fluctuational velocity profiles for: (a) mass loading ratio, m = 3.4 with gas pipe-axis velocity,
v. = 10.7 m/s; (b) m = 2.9 with v, = 11.4 m/s; (c) m = 1.3 with v, = 13.3 m/s. The particles are 500 pm diameter.
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Fig. 5. Comparison of gas fluctuational velocity profiles for: (a) mass loading ratio, m = 3.0 with gas pipe-axis velocity,
v. = 13.2 m/s; (b) m = 2.0 with v, = 12.8 m/s. The particles are 1000 pm diameter.

particles, whether or not we include the influence of the gas turbulence on modelling the particle
phase constitutive behaviour has very little impact on the flows. The particle stress has two
components: the collisional part which is proportional to the particle diameter, and the tur-
bulent part which relates to the ratio of the particle relaxation time, #,, and the collisional
interval, #5. We find that # is nearly one order smaller than #},, which means that the random
motion of particles is mainly controlled by the collisions but the gas turbulence influence on the
particle turbulent stress should also be considered. However, this can only have a noticeable
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Fig. 6. Comparison of velocity profiles of the gas and solid phases for: (a) mass loading ratio, m = 1.1 with gas pipe-
axis velocity, v, = 9.65 m/s; (b) m = 3.4 with v, = 10.7 m/s. The particles are 500 pm diameter.

effect on the total stress if the particles are small. As a result, the effect can be neglected for the
larger particles here.

Comparisons of the gas and the particle axial velocities are given in Figs. 6 and 7. Because
there are no simultaneous measurements of the velocity profiles of the gas and the particles, we
can only compare them for different cases. Evidently, the particle phase has a larger slip velocity
at the wall. For smaller particles, such as 200 um in Fig. 7, the gas velocity is lower than the
particle velocity close to the wall. This phenomenon has been experimentally observed by Tsuji et
al. (1984) and Lee and Durst (1982). It may be interpreted in terms of the particle shear stress
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Fig. 7. Comparison of velocity profiles of the gas and solid phases for: (a) mass loading ratio, m = 1.0 with gas pipe-
axis velocity, v, = 18.9 m/s; (b) m = 3.2 with v, = 10.8 m/s. The particles are 200 pm diameter.

(Louge et al., 1991). The gas velocity profiles are found to be more flattened than for pure gas
flow.

Finally, we examine the sensitivity of our results to the particle—particle coefficient of restitution.
As discussed in Louge et al. (1991), the particle—particle coefficient of restitution e = 0.9 could be a
close estimate. Although our model does not suffer from over-sensitivity to the restitution coeffi-
cient, as the work of Sinclair and Jackson (1989) and Pita and Sundaresan (1991, 1993) did for their
denser cases, this coefficient still plays an important role in the flow, as can be seen in Fig. 8. Here,
we keep ey, as 0.75 throughout and change e only. We can see that the fluctuational velocity of the
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Fig. 8. Comparison of fluctuational velocity profiles for: (a) the gas phase; (b) the solid phase. The particles are 200 pm
diameter with differing particle—particle restitution coefficients. Mass loading ratio, m = 3.2 with gas pipe-axis velocity,
v, = 10.8 m/s.

particle phase at the axis varies by up to 40% between e = 1 and e = 0.7 while it varies about 25%
for the gas phase. However, if our estimated coefficient of restitution is close to the real system-
averaged one, the deviation of the results could still be acceptable.
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5. Conclusions

The gas turbulence has an impact on the microscopic motion of the particles which cannot be
neglected for smaller particles in relatively dilute flows. However, it may have a negligible effect on
larger particles, even though the particle volume fraction is small. The turbulence modulation
model of Crowe and his colleagues can predict the gas turbulence modification due to the presence
of the particles reasonably well, and displays few problems of undue sensitivity to the particle—

particle restitution coefficient. It is our opinion that it should be investigated further for its
applications to granular-gas flows.
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Appendix A

From the work of Peirano and Leckner (1998), we adopt the following expressions for the
essential particle and gas flow properties. The collisional viscosity is given by

VZ:%821(1+6)<V‘2+d\/§> (A.1)

and the turbulent viscosity by

2 2 B
t_ [ =12 N —
Vy, = (3—t)lczk12+(1+82,{A)T>/<ﬁ1(2+t§>, (AZ)

where
2 1
A:§(1+e)(3e—l) and B:§(1+e)(3—e).

The interaction time between particle motion and gas fluctuations is

fy =61+ Cply) ™, (A.3)
where {, = 3|U,|*/2k; Cy is a constant; and the characteristic time-scale of the eddy is
ttl = Cﬂkl/S, (A4)
where C, is a constant. The particle relaxation time is
4d
P2 (A.5)

27 3p (Co) (Ju)

and the particle collision time is
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. d T
b= 2 (A6)

where y is the radial distribution function which, in this paper, is described by the expression of
Lun and Savage (1987), viz.

82 72,582,,,
r=11—— , (A.7)

where ¢,, represents the maximum possible particle fraction of the system, i.e. 0.645 in the cal-
culation. The collisional diffusion coefficient is given by

6 4 T

and the turbulent diffusion coefficient by

3t 9 D
ky = Jklz‘i‘(l+32XC)T]/(—+_)7 (A.9)
25, Sy,

where C = 3(1 + e)*(2¢ — 1)/5 and D = (1 + €)(49 — 33¢)/100.
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