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ABSTRACT

An Euler-Euler two-fluid model based on the second-order-
moment closure approach and the granular kinetic theory of
dense gas-particle flows was presented. Anisotropy of gas-solid
two-phase stress and the interaction between two-phase stresses
are fully considered by two-phase Reynolds stress model and
the transport equation of two-phase stress correlation. Under
the microgravity space environments, hydrodynamic characters
and particle dispersion behaviors of dense gas-particle
turbulence flows are numerically simulated. Simulation results
of particle concentration and particle velocity are in good
agreement with measurement data under earth gravity
environment. Decreased gravity can decrease the particle
dispersion and can weaken the particle-particle collision as well
as it is in favor of producing isotropic flow structures.
Moreover, axial-axial fluctuation velocity correlation of gas
and particle in earth gravity is approximately 3.0 times greater
than those of microgravity and it is smaller than axial particle
velocity fluctuation due to larger particle inertia and the larger
particle turbulence diffusions.

INTRODUCTION

Dense gas-particle turbulence flow plays an important role
in particle transportation, chemical process and clean
combustion application etc. it is important for us to clearly
understand the mechanism of particle-fluid system under
microgravity space environments for human beings to explore
the potential deep space energy resources[l-6].Microgravity
environment can be obtained by the ground-based falling tower
test, but it limited to the expensive expenditure, too short
falling time and complicated accurate measurement approach.

Therefore, numerical simulation technology to predict
hydrodynamics of particle-fluid system under microgravity
conditions is very importance. Certainly, validation must be
performed by ground-based test under earth gravity. Compared
with the up-flow fast fluidized bed riser, downer reactors of
fluidized bed have many advantages such as good gas-solids
contact, less gas and solids back-mixing, a short contact time
and more uniform residence time distribution[7-17].
Computational fluid dynamics (CFD) with an Euler-Euler two-
fluid modeling approaches has been widely used to predict
hydrodynamics in circulated fluidized bed.

Since the particle-particle collision is of great importance
in two-phase turbulence flows, the constitutive relation for
particle-particle collision are obtained from the kinetic theory
of granular flow proposed by Lun and Savage[18]and Ding and
Gidaspow[19]. It is similar to an analogy between the dense-
gas kinetic theory and the particle random fluctuation due to
particle collision, where transfer of particle momentum and
produces particle pressure and viscosity are produced. Particle
pressure and particle viscosity depend on the magnitude of
small-scale particle fluctuations, which can be described by
particle thermal energy from particle stress and dissipation
through  particles inelastic  collisions. Savage and
Gidaspow[20,21] presented the full equations of kinetic theory
for granular flows. Sinclair and Jackson [22] firstly applied it to
build a laminar gas-phase and laminar particle-phase model for
simulating fully developed flow in vertical pipes. Considering
effects of gas turbulence, Bolio and Yasuna[23] accounted for
both gas turbulence using k-¢ model and particle fluctuation
due to particle collisions. Lu et al.[24,25]simulate the gas-
particle flow in riser reactors using the kinetic theory, in which
the gas turbulence is modeled using large eddy simulation. All
of these studies considered that the particle flow is laminar
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flow and is not turbulence flow. Thus, large-scale fluctuation
from particle turbulence is neglected. So, Zhou et al.[26-28]and
Liu and Zhou[29] proposed a k-e-k, model, a SGS-USM model
to simulate sudden expansion gas-particle turbulence flows.
This model can fully consider both the anisotropy of gas-solid
two-phase stresses and the interaction between two-phase
stresses using two-phase Reynolds stress model using two-
phase Reynolds stress incorporated with the transport equation
of two-phase stress correlation correlations. Cheng and
Guo[30] proposed a k-g-k,-® dense gas-particle two-phase
flow four equation model. Those of simulated results are well
agreed with experimental data, which demonstrates this idea is
reasonable for small-scale fluctuations due to particle-particle
collision and large-scale fluctuations due to particle turbulence.

To date, particle dispersion behaviors in downer under
microgravity environments have never been reported. In this
paper, an Euler-Euler two-fluid model based on the second-
order-moment closure approach and kinetic theory of granular
flows of dense gas-particle flows was used to study the
hydrodynamic characters of dense gas-particle flows under
microgravity conditions.

2. CONSERVATION EQUATIONS OF TWO-PHASE
TURBULENCE FLOWS

In the framework of two-fluid model, the conservation
equations of two-phase turbulence flows with constitutive and
closure relations are as follows.

2.1 Continuity and moment equations

The continuity equations for gas (k=gas) and particle
(k=particle) are:
0 0
o (akpk)+ ox,
where oy is the volume fraction of phase k, uy; the velocity
vector of phase k, and p; the density of phase .

The momentum balance equation for the gas phase and
particle phase are:
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Where S, =0,p,g and S, =a,p,g is the gravity source term for
gas and particle phase, g is the gravity acceleration, p the
thermodynamic pressure, f the interface momentum transfer
coefficient, respectively. 7, and 7, are gas phase and particle
phase viscous stress tensor, their closure are

2.2 Interphase moment exchange

Coupling of momentum transfer between gas and particle
phases, a reasonable drag force model is required. When
porosities is less than 0.8, the pressure drop due to friction
between gas and particles can be described by the Ergun
equation. When porosity is greater than 0.8, Wen and Yu[31]
equation was used:
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2.3 Reynolds stress equations of gas and particle phase
The gas Reynolds stress equation is

o P
a<agpg ugiug/’)+ NG Pyt 'ugiug/)
ot ox,
P,+I,,-¢€,,+G

g £8P

“Pat )

where the terms on the right-hand side of Eq.9 stand for the
diffusion term, shear production term, pressure-strain term,
dissipation term and gas-particle interaction term, respectively.
They are closed as follows:
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The particle Reynolds stress equation is
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where the terms on the right-hand side of Eq.15 stand for the
diffusion term, shear production term, pressure-strain term,
dissipation term and gas-particle interaction term, respectively.
They are closed as follows:

0 k, —oulu
D .= Ca,o—u u  —= (16)
P axk pFp p pk™ pl 6x,
—_bu, —ou,
P ; =—ap . u/ u'. pt +u' u/i i (17)
psij p/~ p Pk pj axk Pk~ p axk

&
H _Hpt/l +I1 UZZ_C lappp

"k, (18)
(”pt o 3kp§tjj (P Pé‘j
_2 S
Epij _E i %o Pp€)p (19)
Gp,gp,ij = 'B(u u + up/upl - 2“1;1'”;71) (20)

For dense gas-particle flows, pressure-strain term and
dissipation term caused by particle pressure P, and particle
viscosity shear stress g,; for particle-particle collision. The
redistribution and dissipation of particle Reynolds stress in
every direction are produced. Thus, particle temperature is
incorporated into second-order-moment model.
2.4 Dissipation transport equations of turbulent kinetic
energy

Dissipation transport equations of turbulent kinetic energy
for gas and particle phase are:
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As for the interaction correlation term of gas-particle
turbulence, Zhou and Chen[27] established the simply closed
correlations using a non-dimensional analysis, and Kkinetic
energy is always greater than zero. But, it is found that it
always smaller than gas and particle kinetic energy in many
experiments. That is it means the negative existing. Therefore,
it is reasonable that this term will be dealt with a turbulence
dissipation term for gas-particle phase. Mohanarangam and
Tu[32] proposed the correlation transportation equation based
on the isotropic turbulence kinetic energy (scalar quantity).
Only the shortcoming is that the closed transportation equation
cannot reflect the anisotropic turbulence flows. In this study,
interaction correlation term indicating anisotropic gas-particle
two-phase turbulence flows can be modeled by the following
transport equation:
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where the terms on the right-hand side of Eq.(25) stand for the
diffusion term, shear production term, pressure-strain term,
dissipation term and gas-particle interaction term, respectively.
They are closed as follows
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2.5 Particle temperature equations with frictional stress
model

The conservation equation of particle fluctuating energy or
translational granular temperature is

3 a(appp0)+a(apppupk0) :i Coa,p ﬁ +

2 ot ox, ax\ " e,

0 FP% o ou N ou,, |Ou, (32)
Ox, Ox, Ox, 0Ox, )Ox,

_ —\2
—Ou 2 ou
+ -~ oyl —Z LB
Hpyép, =P ax[ ( p 3/“17)( axl Vo
where k, 1is the conductivity -coefficient of granular
temperature, it is as follows
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The translational fluctuation energy dissipation rate is
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The bulk solids viscosity is
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The radial distribution function g, can be seen as a measure for
the probability of inter-particle correlation

a 1
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Where d, is the particle diameter, e the coefficient of particle
restitution, €,max is the particle maximum volume fraction at
random packing.

The particle pressure represents the particle normal forces
due to particle-particle interaction. It is calculated as follows

P =a,p1+2(1+e)ax,g,]0 (37)

The equation of particle viscosity can be expressed as a
function of granular temperature of the following equations
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2.6 Boundary conditions and experiments

For boundary conditions, at the inlet, particle with a flat
uniform velocity profile and air with a parabolic velocity
profile are set. All velocity and volume fraction of both phase
were specified. Averaged inlet superficial gas phase velocity is
4.33m/s. Particle volume fraction is 0.02. The normal
components of Reynolds stresses are assumed to have an
isotropic inlet distribution and the shear stresses are determined
by eddy viscosity expressions. The turbulent kinetic energy and
its dissipation rate are taken by empirical expressions. At the
outlet, the fully developed flow conditions of two-phase are
taken. At the wall, no slip condition is used for gas phase
velocity and gas Reynolds stress are determined via production
term including the effect of wall function for near wall grid
nodes. %i) =0 (¢ = “g,p»"g,paué,p, ,,,,,, ) Particle phase used a
partial slip condition considering the wall roughness''. At the
near-wall grid nodes, the wall-function approximation is used.
At the axis, symmetric conditions are adopted for both the two
phase. The convergence criteria for gas and particle phase are
mass source 5.0x107.

Measured data by Wang et al.[33] is used to validate the
simulation results under earth gravity environment. The downer
is 5.8m high with as diameter of 0.14 m. Averaged gas inlet
velocity is 4.33 m/s and particles flow rates is Gs=65 kg/m’s.
The particle phase is Fluidized catalytic cracking(FCC)particles
with a size of 59um and material density is 1545 kg/m®. The
computational grid nodes are 141x351. The governing
equations are solved by a finite volume method. The
calculation domain is divided into a finite number of the
control volumes. At main grid points placed in the center of the
control volume, scalar quantity parameters such as the volume
fraction of particles, density and turbulent kinetic energy are
stored. A staggered grid arrangement is used and the velocity
components are solved at the volume surfaces. The
conservation equations are integrated in the space time and
space.

3. SIMULATION RESULTS AND DISCUSSION

The parameters of the geometry, particle properties and
computational mesh layout of CFB downer with initial
conditions are shown in Figure 1. Initially the downer column
was empty and the velocities of both phases were assumed to
be zero.

Independent of grid size sensitivity is validated by the
simulated particle concentration distribution(see  Fig.
2 ) .Although the distribution of concentration exhibit the same
trends along radial direction, the difference is also obvious,
where the most significant discrepancy is located in the center
region. An agreement results between medium and finer grid
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size is found. Therefore, the medium grid size is used to reduce
the computation times.

Figure 3 shows that comparison of simulated particle
concentration with measured data under microgravity gravity,
respectively. As we can see that predicted results under earth

uir+particle inlet

—]

Particle density 1545kg/m3
Parricle diameter = 53 1m
Downer diameter = (. 14m
Downer height = 5.8 m
Initial condition:
Pipe without particles
Tm Inlet conditions:
u,=4.33m/s
Gs=65ke/m's
Outlet conditions:
pis given
Cell number-141 =351
—= T

airtparticle outler

Fig.1 Scheme drawing of 2-D downer with inlet and initial conditions
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Fig.2 Independent of grid size sensitivity

Experimental (Wang et al.1992)
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Fig.3 Comparison of simulated particle concentration with
measured data under microgravity gravity

gravity are agreed well with the experimental data. The higher
particle concentration phenomena located in near wall region
with a peak value. Co-current two-phase flows with lower
particle concentration and flat profiles are in accordance with
measured results. Under microgravity conditions, all of peak
values can be observed at aberrancy position, where it deviates
from near wall region to some extents. Compared with

simulated and measured data under earth gravity, they are
smaller in the center region and they are larger in the near wall
region. However, they are smaller in adjacent wall. In addition,
their variation tendency is similar under different gravity. The
alternation of peak value position will affect greatly the heat
and mass transfer process, reaction time and designation of
setup. The explanation is that peak value indicated the
formation of maximum particle concentration. Particle-particle
collision effects are dominant in turbulence flows. It takes a
greater influence on gas-particle behavior due to the larger
energy dissipation and the larger energy transportation. In fact,
for the coexistence of single particle and clusters (higher
particle concentration), energy will be transferred to particles
and driven them break from clusters and move independently.
Although particles are going to form the cluster in downer,
cluster system is loose relatively due to gravity effects. With
decreases of gravity value, gravity effects are reduced step by
step. “Compacted cluster”, compared with “loose cluster” due
to gravity effects prevents the particles from escaping.

As for the particle axial averaged velocity, simulated
results under earth gravity are in good agreement with
measured data (see Figure 4). But there is still a little
discrepancy with experiments. The reason is that particle
rotation and particle friction stress was neglected in particle
temperature model. This shortcoming is further to be improved
in the future research. Particle velocity of g=9.8 X 10°m/s*
gravity, it is the larger than any other gravities, which they have
the same variation tendency. The larger velocity represents the
smaller flow time or residence time. Hence, presented
mathematical model and calculating code are validated by
experimental data under gravity conditions. It may be used to
predict gas-particle hydrodynamics in downer under
microgravity conditions.

54 . [ ] " aa .
i b L]
£ " *
2 1 Experimental (Wang et al.1992)
8 = g=9.8m/s’
©
> 3 .
o Simulated results
£ g=9.8m/s’
I ) ——g=9.8x10°m/s?
- ---g=9.8x10"m/s’
+ g=9.8x10°m/s’
1 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless distance r/R

Fig.4 Comparison of simulated particle axial averaged velocity with
measured data under microgravity gravity

Figure 5 shows the contour of particle concentration under
microgravity environments. It can be seen that the all of the
particle concentrations are higher near wall zone and are lower
in center region in earth gravity. Under microgravity
conditions, the coherent structure is differed from core-annular
structure in a riser. Furthermore, all the distribution tendency of
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particle concentration is similar, which have a uniformity flow
structure. However, it decreases gradually to the center region.

Figure 6a and b show the simulated distribution of axial
particle fluctuation velocity at the height section of 1.1m and
5.8m, respectively. Under earth gravity, at the inlet, two peaks
can be found in Fig a. With the development of flow,
fluctuation intensity is strengthened as well as fluctuation
velocity is higher in the center and lower near wall region
finally. When 1/R is less
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Fig.5 Contour of particle concentration under microgravity
environments (a: g=9.8 m/s*; b: g=9.8X 10~ m/s ;c: g=9.8 X 10™
m/s* ;d: g=9.8X 107 m/s?)
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(b)
Fig.6 Profiles of axial particle fluctuation velocity under
microgravity environments

than 0.7, fluctuation intensity profile is flat with higher value.
Near wall region, fluctuation intensity profile is decreased with
a greater velocity gradient. Under g=9.8 X 10”°m/s* gravity,
peaks are disappeared and the profiles are uniform gradually.
Fluctuation velocity is lower in the center and is higher near
wall region, which they are less than those of earth gravity. For
g=9.8X 10™*m/s* and g=9.8 X 10°m/s” gravity, profiles are more
uniform than others and their value are smaller than earth and
2=9.8 X 10°m/s” gravity. Where a little higher value at near wall
region than in the center one in inlet region and the same value
are all the radial distribution.

Figure 7a and b show the simulated distribution of radial
particle fluctuation velocity at the height section of 1.1m and
5.8m, respectively. At inlet height=1.1m position, one peak is
observed for earth and g=9.8 X 10~m/s” gravity. In addition, the
higher value is near wall region and the lower value in center
region. The decreased gravity takes a little affects on
distribution. For g=10"m/s* and g=9.8 X 10°m/s” gravity, they
have the same value and variation tendency as well as their
value is no changed along the radial distribution. Both of them
are greatly smaller than those of earth and g=9.8x107°m/s’
gravity. At height=5.7m position, profiles are more flat and
uniform under microgravity than that of earth gravity.
Decreased gravity decreased the particle dispersion, which is
thoroughly differed from the up-flow dense gas-particle flows,
which Liu et al.’drew a conclusion that the particle axial and
radial fluctuation velocity under lunar-reduced gravity is
greater than that of earth gravity in packed bed. Compared
Fig.a to Fig. b, fluctuation velocity value in fully development
region is larger than that of inlet region ones. Therefore, gravity
condition and particle-particle collision are the important for
dense gas-particle hydrodynamics.
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Fig.7 Profiles of radial particle fluctuation velocity under microgravity
environments

Figure 8 shows that the simulated profiles of particle
temperature at the height=5.8m. We can see that the particle
temperature is lower near wall region and is higher in center
region due to higher particle concentration with the greater
energy decapitations under earth gravity. However, particle
temperature near wall zone is slightly less than that of center
region under microgravity conditions. This phenomena is
thoroughly differ form that of earth condition, which indicates
that the decreased particle temperature may be come from the
decreases gravity. As mentioned above in Figure 7, particle
dispersions are reduced by gravity decreasing and particles
collisions. Furthermore, particle-particle collision can be
weakened due to decreasing gravity. Compared Figure 7 to
Figure 8, it can be seen that particle temperature is smaller than
particle fluctuation both axial direction and radial direction.
Figure 9 shows the contour of particle temperature under
microgravity environments. Maximum particle temperature
value is observed near wall region under earth gravity (see
Fig.a) and no obvious maximum value can be found under
microgravity condition. Furthermore, distributions of the whole
field are entirely different. Compared to anisotropic flows
structure under earth gravity, isotropic structures are easier to
produce under microgravity conditions.

Height=5.8 m
g=9.8 m/s”

—_— g=9.8><10'3 mis®
——g=9.8x10" m/s®
0024 « g=9.8x10° m/s’

Particle temperature (m/s)?
°
8

T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless distance r/R

Fig.8 Profiles of particle temperature under microgravity
environments

Flow |

Fig.9 Contour of particle temperature under microgravity
environments (a: g=9.8 m/s2; b: g=9.8X10-3 m/s2 ;c: g= 9.8 X 10-4
m/s2 ;d: g= 9.8 X10-5 m/s2 )

Figure 10 shows profiles of axial-axial fluctuation velocity
correlation of gas and particle. The gas-particle fluctuation
velocity correlation is an important term in the second-order-
moment two-phase turbulence model, which represents the
turbulence interaction between the gas and particle Reynolds
stresses. Under earth condition, it is approximately 3.0 times
greater than microgravity. Thus, we can see than the decreasing
gravity reduces the interaction between gas phase and particle
phase. Comparison of Figure 6b, it can be seen that axial
particle velocity fluctuation u,u, is larger than those of u,u due
to larger particle inertia and the larger particle turbulence
diffusions.

Height=5.8 m
——g=9.8 m/s”
——g=9.8x10" m/s’
——g=9.8x10" m/s’
* g=9.8x10° m/s’

004 ‘W‘”N\V

T T T y
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless distance r/R

UpU (mis)®
°
3

Fig.10 Profiles of axial-axial fluctuation velocity correlation of gas
and particle

Figure 11 shows that the comparison of turbulent kinetic
energy of gas and particle phase under microgravity
environments. As we can see that particle kinetic energy is
almost larger than gas and peak value is found at about the
middle of downer under earth gravity(see Fig.a). As shown in
Fig.b, particle kinetic energy energy is larger than that of gas at
the outlet region. However, it is smaller than particle one at the
middle and inlet region. In Fig.c and Fig.d, particle kinetic
energy is smaller than that of gas at all the whole field section.
Thus, the roles of particle and gas kinetic energy in particle-
fluid system are alternated due to the decrease of gravity. Under
earth gravity conditions, both particle and gas kinetic energy

Copyright © 2010 by ASME



are grater greatly than those of microgravity conditions.
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Fig.11 Comparison of turbulent kinetic energy of gas and particle
phase under microgravity environments

4. CONCLUSIONS

The presented Euler-Euler two-fluid model closure with
second-order-moment of dense gas-particle flows considered

fully the anisotropy of gas-solid two-phase stresses and the
interaction between two-phase stresses are fully considered by
two-phase Reynolds stress model and the transport equation of
two-phase stress correlation. Hydrodynamics and particle
dispersion are predicted under microgravity environments.
Under microgravity conditions, profiles of particle fluctuation
velocity are more uniform than those of earth gravity. No
obvious peaks of particle concentration are formed in the flows
field. Decrease of gravity is easier to produce the isotropic gas-
particle two-phase turbulence structure. Particle fluctuation
intensity, particle temperature and axial-axial fluctuation
velocity correlation of gas and particle are reduced. The roles
of particle kinetic energy and gas kinetic energy in two-phase
system are alternated due to the decrease of gravity. Under
earth gravity conditions, both particle and gas kinetic energy
are grater greatly than microgravity environments.
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