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Abstract

Flow behavior of gas and agglomerates is numerically investigated in the riser based
on a transient two-fluid model. The gas phase is modeled by the LES model, and the
solid phase uses a kinetic theory model developed from the molecular model coupling
the gas-agglomerates interaction and the agglomerates-agglomerates interactionf[1].
We assumed that the ultrafine particles move as natural agglomerates rather than
single particles in the riser. The energy transfer and dissipation by the instantaneous
collisions between the agglomerates of ultrafine particles and gas phase and between
agglomerates-agglomerates are considered. The diameter of agglomerates is estimated
based on the force model by Li and Tong[2].The distributions of velocity, concentration
and diameter of agglomerates, are numerically obtained. The influence of flow and
agglomerates in the different operating conditions is also analyzed. The results show
that the large agglomerates are rich in the bottom section of the bed. Thus the Fast
Fourier Tranform (FFT) is used to get the fluctuated character of the agglomerates in
the riser and find the dominant frequency of the agglomerates fluctuation is 0.03-
1.26Hz.
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1. Introduction

Ultrafine particles are in the Geldart-C group
(cohesive powders) [3]. They have many
attractive properties to industrial applications
since these powders have advantages of high
reaction rates and uniform microstructures,
but are easily agglomerated. Many
researchers investigated the fluidization
particles by

behavior of  ultrafine

experiments[4-6]. The flow behavior of

* Corresponding author: zhengjianxiang@gmail.com

different ultrafine particles in the Wang et
al[7]experiments have been divided to four
types: channeling flow, similar Geldart-A
group flow, similar Geldart-B or D group
flow and transitional type flow, and the flow
of ultrafine particles is difficult. Some
methods that are wused increase the
flowability of ultrafine particles. Mawatari[8]
obtained the optimum flow condition of

cohesive particles in the vibrated fluidized
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bed. Liu[9] and Zeng[10] study the flow
behavior of ultrafine particles mixture in the
magnetic fluidized beds. Liu[9] found the
flow behavior of mixture of cohesive
particles in the combine of sonic fluidized
bed and magnetic fluidized bed.

Experiments observed that the ultrafine
particles will exist in a state of natural
agglomerates and a state of fluidized
agglomerates in a fluidized bed. About the
agglomerates of ultrafine particles, the
pioneer researchers observed and estimated
the growth and break between the ultrafine
particles-the ultrafine particles or
agglomerates-agglomerates. Li et al
[2]studied the size of agglomerates in the
riser by the method of force balance. Xu and
Zhu[l11] estimated the diameter of the
agglomerates in the fluidized bed based on
the energy balance.

Regarding the simulation of the flow
behavior of the ultrafine particles, a few
works have been done. Helland et al. [12]
simulated the flow structure of cohesive
powders in a riser based on an Eulerian—
Lagrangian approach. Jung et al. [13] used
the two-fluid model with results from the
kinetic theory of granular flow coupled with
an empirical cohesive force model to
simulate the fluidizing structures of cohesive
particles in bubbling fluidized beds. Sunun et
al. [14] simulated the flow behavior of the
different size cohesive particles in the
vibration fluidized bed based on the
Lagrangian model. Saiki et al. [15] simulate
the flow behavior of cohesive particles in a
fluidized bed by DEM Coarse Grain Model.
In this work, the flow behavior of gas and
agglomerates 1s simulated by transient two-
fluid model. The gas model is based on the
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LES model, the agglomerates model is
modified from the molecular model and the
model proposed by Arastoopour et al [1]. We
use the natural agglomerates as the single
ultrafine particles in the simulation of flow in
the riser. Then the diameter of the fluidized
agglomerates in the flow is estimated by the
force balance model proposed by Li [2]. The
simulation results are compared with
experimental data of Li [2]. The distribution
of  wvelocity and  concentration  of
agglomerates are numerically obtained. The
effect of operating condition and the Power

Spectrum Density are analyzed.

2. A gas-agglomerates two-fluid model
with agglomerate-based approach

Ultrafine particles belong to Geldart C
particles. Two or more ultrafine particles can
be agglomerated by the action of collision.
The agglomerate is a group of ultrafine
particles bonded together and moving with
the same velocity. Arastoopour et al[l]
constitutive

developed equations  for

fluidizations of ultrafine particles by
considering the action of collision through
introducing the contact bonding energy Ec
which will 1mpact the growth of the
agglomerates in the fluidization of ultrafine
particles. The fluctuation energy of the
granular temperature of particles is also
related to the collision of agglomerates-
agglomerates. To establish the transient two-
phase fluidized model for the flow of gas and
agglomerates  phases, the following
assumption 1is set: (1), the particles are
sphere; (2) the porosity of the agglomerates
is assumed to be equal to the zero, £,=0. That
means the agglomerate is assumed to be the

spherical agglomerate with a closed surface.
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The gas flux through the agglomerates is
neglected, and the influences of the gas
velocity to particles agglomerates are
ignored. The concentration of gas phase &,
and the concentration of agglomerates ¢, is

equal to este, te~este,~1.

2-1. Conservation of mass for gas and
agglomerates phases

The mass balance equation of gas phase is
expressed as follows:

(P +V (P51 =0 )

For agglomerates phase, the mass balance
equation is:

0 -
o e )+V-(e.pii)=0 2)

2-2. Momentum equations of gas and
agglomerates phases

The momentum balance for the gas phase is
given by the Navier—Stokes equation,
modified to include an interphase momentum
transfer term

0 . .o
—(& u )+V-(¢ uu )y=—=c¢V
5 EP ) +V (8, Pyl )= =8,V 3)

+Ve-r, +te,p,9-pu, —u,)

where 7, is the viscous stress tensor of gas

phase:

. a2 ~
z, =ggyg[vug+vu;]—§ggygv-ug (4)
The effective viscosity of gas phase g, is the

sum of dynamic viscosity s, , and turbulent
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viscosity 1, . The gas phase turbulence is

modeled by the Sub Grid Scale (SGS) model,
and thus the gas turbulent viscosity can be

estimated as''%!

/ng :ﬂg,l+pg(0'lA)2(z—g :Tg) (5)
A = (AxAyAz)"” (6)

For agglomerates phase, the momentum
balance equation is

_V(Tk +Tc)

S epii )V (o, i,)-
ot
+e,p 8+ plu, —uy)

(7)
where f is the Drag force coefficients of gas—
agglomerates. Because we focus on
agglomerate contribution to flows, the
particle diameter used in the original
formulations of the kinetic theory of cohesive
particles flow in Arastoopour et alll is
replaced by the agglomerate diameter o . The
diameter of agglomerates o is established by
the force balance method proposed by Li[2].
The solid pressure Ps and the shear viscosity
Us represent the normal force by particle-
particle interaction. For agglomerates the
additional term ¢, (Rc) and & (R.) are

added to account for the momentum
exchange between agglomerates.
Where using the dynamics force 7, and

collision force 7', we get,

Tk = gspsegranl (8)
T2 S +2(0-1) ©)

1 1 ~
Sy'ZE(sz"'W;‘i)_E(V'us)dj (10)
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p,=pol+&,(R,)) (11)

p, = 1,1+ &,(R,)) (12)
EC

R, = m (13)

£ (R)=— | 1) (14)

) R*> R! R* R®
E(R)=——|e ™1+~ T [+ S 2 iR
l+e 2 32 4 16

8
+R“ (7+1jR yR“ 1
32 32 8 8

(15)

psO = 2(1+e)8s210sg00gmn (16)

4 }0 ran
lusO :ggspsgoo-(l-l_e) gT (17)

2-3. Conservation of the fluctuating energy
The conservation equation of fluctuating
energy of agglomerates can be expressed:

@ 349g 30
ran + V . — gran

-V (g, +.)-( +T.):va,

+ Nc(%mch &P (fdmg '6)

(18)
G - ep<c(%j> (19
de =9t 4e (20)

58

0 )
qd:—%agopsm/ —ltget (HlRf
3 V4 7
—QLR3+—3—RSJ+( 3 Rc—JéR:}nRC
28 448 224 28
—lRf + L.,.?’_ijf _iRCIO
56 56 448 448
21)

0
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15
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(22)

2-4. Drag force
agglomerates
Despite the great efforts made on the

coefficients of gas-

determination of interaction between gas and
particles phases, a full understanding of gas
drag acting on a particle in an assembly is
still lacking. For the simulations of Geldart A
particles in the bubbling fluidized bed, the
drag model is modified by a scale factor due
to the effect of the formation of agglomerates
in the bed[18]. They found that the value of
the scale factor between 0.2 and 0.3 gives
reasonable bed expansion measured in the
bubbling fluidized bed. Flow behavior of
particles is predicted with the cluster-based
approach[18]. The modified drag model is
based on the assumption that the solids move
in the circulating fluidized bed as
agglomerates rather than single, isolated
particles. The equivalent hydrodynamic
diameter of agglomerates is used to estimate
the drag coefficient in the simulations of
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fluidized beds.

IB = ¢gsﬂgs Ergun + (1 - (Dgs )'Bg‘g Wen& Yu (23)
&lu AT
Pl 1905554152 4, <08
(24)
B 3Cdgspg‘ug Ug| 265 e >08
85 \Wen&Yu B 40 g g

(25)

_ arctan[lSO X 1.75(0.2 — &, )]
7T

+0.5 (26)

gs
C, =24(1+0.15Re"*¥)/Re Re=1000 (27)

C, =044 Re >1000 (28)

Re = pggga‘iig —u,

4 (29)

Note that the drag force exerted on solids in
the present model is based on a
phenomenological consideration (i.e.,
agglomerating of particles). Therefore, a
more appropriate correlation for drag
coefficient would improve the performance

of the model.

2-5. Equivalent diameter of agglomerates

The agglomerated size predicted models can
be classified into two types: the force
balances [2, 19] and the energy balances
[4, 20, 21] In the present model, we
estimated the diameter of agglomerates ¢ by
the force balances model. The detailed
assumption is described in the paper of Li[2].
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-2.8

2 =2
(pa _pg)ga _[0'33pgug8g
vep. 4 (30)

+0.3986 =0
( k? 475°

)1/5](7+

2-6. Initial and boundary conditions

For gas phase, the surface of the wall adapts
without sliding boundary condition. Wall
particle velocity and temperature adapts the
equations listed below:

n.(o+o’ ).vi+(n.af.n) tan §
Vsl
, (1)
¢ \/gﬂ-psgsel/zvsl — 0
6gs,max |:1_(gs / gs,nzax )1/3}
n-(k,v0)= ¢ 3mp,e 0"
A 68S,max [1 _(85 / 8S,max )1/3}
(32)

\/gmes p. 07 (1 —e’ )
4e, a [1 — (gs ! E; )I/SJ

Where 7 is the unit normal vector from the
boundary to particle group; o 1is material
fiction angle, ¢ 1is the mirror reflection

factor, the value is 0.5 in the simulation; e
is elasticity recovery factor, v, is particle

sliding velocity, namely the difference
between the particle group velocity and the
wall velocity, v, =v -v,
3. Results and discussion

The simulation properties were based on the
measured result of the Li and Tong’s
[2]experiments. The ultrafine particles we
used are calcium carbonate (CaCQOs;). The
gas-particles properties and the other
information needed in the simulation are
listed Table 1.
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Fig. 1 shows comparisons of the simulated
concentrations  of agglomerates  with
experimental data of Li and Tong™ at two
superficial gas velocities of 1.89m/s and
2.52m/s, respectively. Both computed and
experimental concentration profiles show the
concentration of agglomerates is high in the
bottom of the riser. With a rise in the height,
the concentration of agglomerates decrease.
In the experiment, the particles are recovered
into the riser at one-side inlet from V-valve,
while gas and particles are fed to the system
from the bottom in the numerical
simulations. This causes the differences in
the flow patterns and pressure drop in the
bottom of the riser. Then, the discrepancies
between the simulated and measured result

are noticed.

Table 1. Parameters for simulations.

Hamaker Constant 4 1.198x10°"°J
Inlet Particle Concentration 0.15

Inlet Gas Velocity 1.89m/s
Temperature T 300 K
Height of Riser H 325m
Diameter of Riser 2R 0.075 m
Mesh 26X158
Constant Time Step At 10-5s

Total Simulation Time 50s

Particle Shape sphere
Particle Size d 4.3 um
Density of Particles p; 2200 kg/m’
Bulk Density of Particles p, 539 kg/m’
Restitution Coefficient e, 0.5
Restitution Coefficient e 0.5
Contacting Bonding Energy Ec | 3.0x10™" kgm?*/s”
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Figure 1. Profile of concentration of agglomerates in

the riser.
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Figure 2. Profile of diameter of agglomerates in the
riser.

Fig. 2. illustrates the diameter of CaCOs
agglomerates in the riser at two superficial
velocities of 1.58m/s and 2.21m/s with the
experimental data of Tong and Li [6]. The
larger sized agglomerates appear near the
bottom in the riser. Along the riser height,
the diameter decreases. With the increase of
superficial velocity, the size of agglomerates
decreases at the bottom section. But in the
upper section in the riser, the diameter of
agglomerates changes due to the varying
velocity, which i1s opposite the size in the
bottom section. This is because the size of
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agglomerates is effected by the combined
action of velocity and the concentration.

r—— .

4
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Figure 3. Computed instantaneous concentrations of
particle agglomerates.

Figure 4. Computed instantaneous velocity of the
particle agglomerates.

Fig. 3 and Fig. 4 illustrate the computed
instantaneous  concentrations and  the
computed instantaneous solid velocity of
agglomerates at the times of 20.0, 30.0, 40.0
and 50.0 seconds at the superficial velocity
and particle mass flux of 1.89 m/s and
3.15kg/m’s,

agglomerates forms the annulus-core flow

respectively. The flow of
construct. The agglomerates in the riser
center flow up and the agglomerates near the
riser wall flow down. Near the riser bottom
agglomerates tend to accumulate and then
become dilute near the top of the riser, also
more agglomerates are found near the wall of
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the riser. Although the max concentration of
the agglomerates in the riser shown in Fig. 1.
1s less than 0.004, the distribution of
agglomerates is averaged relatively.
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0025 e
0.020-
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1—o—H=0.54m
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Diameter of agglomerates (cm)
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Figure 5. Time-averaged radial distribution of
agglomerates diameter in different height.

Fig.5. illustrates the radial distribution of
agglomerates diameter in different height at
the superficial velocity of 1.89m/s and the
mass flux of 3.15kg/mzs. The diameter of
agglomerates is low in the center and high
near the wall. Along the height of the riser
the diameter of agglomerates decreases but
the size becomes average. Further, in the
location of the outlet (H=3.12m, we set the
outlet on the left wall), the diameter of
agglomerates in the left is higher than in the
right, as H=3.12m 1is located in the outlet.
The direction of outlet turns left. The gas
velocity changes to slow for the direction of
velocity and the  concentration  of
agglomerates in this location is rich. The
collision between the ultrafine particles is
frequent and easy to agglomerate. So the
diameter of agglomerates to the left of
H=3.12m is bigger than the right.

Fig. 6. shows the time-averaged diameter of
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agglomerates as a function of superficial
velocity. The agglomerates with a larger size
appear near the wall in the riser for the
function of gravity, buoyancy and drag and
collision. With the comprehensive influence
of this force balance, the lower gas velocity
and the
agglomerates near the wall the size of

richer volume fraction of
agglomerates 1s small near the section of the
wall. However, the function of gravity is
shown to be more important near the location
of the wall. The size of agglomerates
increases with the function of gravity force
near the location of the wall. But in the
center of the riser, agglomerates break for the
function of shear force. So the diameter of
agglomerates is smaller in the center than
near the wall. With the increase of superficial
velocity, the size of agglomerates decreases.
The agglomerates are broken easily as a
function of the shear force.

0,038 —=—u=157ms
] —0— ug=1.89m/s
£ 0.036- *A*ug=2.20m/s
Q
§" ] —v— ug=2.52m/s
<
g 0.034+ Gs=3.15kg/m/s
S T H=160cm
28 0.032+
<
G J
o
8 0.030
(]
8 ]
.8
A 0.0284
\% < 7 X
0.026 T T T

T T T T T T

-0.4 -0.2 0.0 0.2 0.4
Dimensionless lateral Distance, x/D

Figure 6. Time-averaged radial distribution of

agglomerate diameter as a function of superficial
velocity.

Fig. 7. illustrates the radial distribution of
agglomerates diameter in the different mass
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flux of 1.229kg/m’s, 2.776kg/m’s and
3.15kg/m®s. The agglomerates diameter
increases with the increase of the mass flux
in the condition of the same gas velocity.
With the increase of the mass flux,
agglomerates grow up because more ultrafine
particles collide and stick, and the size
difference increases between the center and
near the wall with this increase. More large
agglomerates appear and pile up in the
bottom and near the wall.

0.036

0.034 —u— Gs=1.229kg/m’/s
E ’ —o— Gs=2.776kg/m’/s
8 —&— Gs=3.15kg/m’/s
£ 00324 ug:1.89m/s
g H=160cm
on
&
< 0.030
o
5 ]
o
£ 0.0284
@)
0.026 e
-0.4 0.2 0.0 0.2 0.4

Dimensionless diatance, x/D

Figure 7. Time-averaged radial distribution of
agglomerates.

A better interpretation of a transient signal is
possible by expressing the signal in the
frequency domain which is obtained through
the power spectrum density. The power
spectrum indicates how the energy is
distributed over the frequencies and provides
more detailed information on the gas—solid
flow process in the measured points[22]. Fig.
8 1illustrates the power spectrum density
(PSD) of
concentration at the height of H=1.6m
and H=2.64m. The result of the power
density 1s based on the Fast

instantaneous  agglomerates

spectrum
Fourier transform (FFT) method. It can be
seen that the PSD of the local instantaneous
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Figure 8. Power spectrum density of instantaneous
concentration of agglomerates.

agglomerates  concentration  fluctuation
exhibits a broad-band character with many
spikes over a wide frequency range. The
higher exchange of momentum and energy
between the gas and agglomerates occurs at
the location of x=3.58cm compared to the
profile of PSD at the center. With the
increase of frequency, the PSD decreases
slowly. Compared with Fig. 8(a) and 8(b),
the collision is more frequent in the location
of x=3.58cm (near the wall). The value of

PSD is bigger in the section of H= 160cm but
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in the section of H=264cm, the value of PSD
is relatively average for the lower
concentration of agglomerates. The dominant
frequency of the fluctuation emerges from
0.03 to 1.26. So fluctuation of the

agglomerates is the low frequency ripple.

4. Conclusions

Based on the hydrodynamic theory of dense
gas-solid flow and the kinetic theory of dense
gases, the kinetic theory of cohesive particles
flow and constitutive equations of cohesive
particles are established. The energy transfer
and dissipation by the instantaneous
collisions between the agglomerates of
cohesive particles and gas phase or between
agglomerates-agglomerates are considered.
The shear viscosity, pressure and collisional
granular heat flux of agglomerates are
derived. Thus, the kinetic theory of cohesive
particles flow is proposed.

Under the principle of force balance, the
collision of the agglomerates is considered as
the collision interactions between two
agglomerates. Whether the agglomerates will
separate or not after collision is decided by
the balance of the drag force, collision force,
cohesive force, gravity and buoyancy force
acting on the agglomerate. Thus the model of
agglomerate size estimation is proposed, and
used in the simulations.

Hydrodynamics of gas-solid two-phase flow
in a riser is simulated using the kinetic theory
of cohesive particles flow on the Cartesian
coordinate system. The distributions of time-
averaged  velocity of  agglomerates,
agglomerate size and concentration of
agglomerates are studied. Simulated results
show that no bubble is formed in the flow of

cohesive particles in the riser, and the core-
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annular flow structure was observed. The
calculated result of agglomerate size shows
that the large agglomerates favor the bed
bottom and walls. In the outlet regime, the
exit factor leads to the accumulation of
agglomerates. Different operating conditions
will directly influence the form and breakage
of agglomerates because of the change of the
collision force and other external forces. This
will also affect the overall flow in the riser.

Fast  Fourier = Transform  (FFT) of
instantaneous concentration shows that the
dominant frequency of the particle

fluctuation 1s 0.03-1.26Hz.
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Nomenclature
A Hamaker constant

D
e restitution coefficient of particles

diameter of riser

e,  restitution coefficient of particle and
wall

E. contact bonding energy

F force

g gravity

go  radial distribution function

G, solid massflux

H  height

1 unit tensor

k function of Poisson’s ratio and
Young’s modulus

n normal direction

P fluid pressure

64

P
Re

particle pressure

Reynolds number

time

gas velocity

particle velocity

transverse distance from axis
vertical distance

Greek letters

S drag coefficient

Y collisional energy dissipation

&  porosity in the agglomerates

&  porosity of gas phase

&  concentration of agglomerates

&:max Maximum concentration of solids

0 granular temperature

Ug  gas viscosity

g1 dynamic viscosity of gas phase

s turbulent viscosity of gas phase

Ls  shear viscosity

pa  density of agglomerate

ps  particle density

pe  gas density

o  diameter of agglomerate

T,  gas stress tensor

7,  particle stress tensor
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