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ABSTRACT —_—

Project Code: PDF/35/2540

Modeling and Simulation of Flows in Two-phase Fluidized Systems
Dr. Sunun Limtrakul
Department of Chemical Engineering, Faculty of Engineering, Kasetsart University

E-mal: fengsul@nontri.ku.ac.th

Prof. Dr. Wiwut Tantapanichagool
Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn University
August 1, 1997-Dec. 30, 1999

This present work aims to investigate the solids motion and fluid flow in a two-
phase fluidized bed via a discrete particle modeling and simulation. The motion of
individual particle is based on the fluid force acting on the particle and the contact force
between particles. The contact force is modeled by using the same analogy of spring,
dash-pot and friction slider. In addition, the mixing and segregation in beds containing
two types of particles with different densities and different sizes are also studies.
Moreover, the effects of superficial gas velocity and bed geometry on the solids
movements are also investigated. A solids circulation cell is found when the bed
reaches at steady state. The solids ascend at the center with high velocity and descend
with low velocity near the wall. The simulation solids flow pattern agrees well with the
experimental result obtained by Moslemian (1887). The solids distributions in the bed
containing the particles with the density ratios of 1.4 and 1.25 show good mixing. On
the other hand the bed with the particle density ratio of 2.5 shows segregating
behavior. Similarly, the beds containing the particles with the size ratios of 1.33 and 2.0
show mixing behavior and segregating behavior, respectively. These results obtained
from simulation were found to follow the mixing/segregation criteria obtained
experimentally by Tanaka et al. (1996). The solids mixing and segregation are not
significantly dependent on the superficial gas velocity. The findings of the simulation,
i.e., solids movement and distribution will be information for understanding the
hydrodynamics, mass and heat transfer leading to successfully design and operation
of the system. The knowledge of this modeling and simulation is applicable to study
the phenomena in the system concerned with granular materials such as multiphase
flow reactor and dryer.

Keywords: Modeling, Simulation, Fluidized Bed, Discrete Particle Simulation



Chapter 1
INTRODUCTION

A fluidized bed is widely used as a separator, a mixer, a dryer, and a reactor in
petroleum, petrochemical and biochemical processes. The solids flow patterns, solids
mixing and solids segregation are important fcr design and operation. If the size and/or
density distribution of solid particles is quite broad it usually leads to significant
segregation of particles in the bed. Solids mixing and segregating behavior the bed
influences rates of important for mass and heat transfer in the bed. In reality, the
process is stochastic in nature and is difficult to simulate because of the complex
interaction among the particles themselves and with the bed wall. Nevertheless, a
- number of researchers (Prichett et al., 1978 and Bouillard et al., 1989) have carried out
the simulation in a two-phase system based on the two fluid model which regards the
solids phase as a continuum. A large number of large particles in a fluidized bed
requires the model based on realistic assumptions such as the DEM (Distinct Element
Method) (1993). In this discrete particle model, the contact forces between the particles
are calculated by using the analogy of spring, dash-pot and friction slider. Recently,
Tanaka and his co-workers (1996) have experimentally shown that under suitable
conditions the particles in a fluidized system can be made mixable or non-mixable
depending on the size and density ratio of the particles. They have come up with
handy criteria to predict this mixing/segregating behavior. This research work aims to
elucidate the solids movement in cylindrical dimensional fluidized beds containing
particles with uniform size and with two different densities/sizes via the discrete

particle simulation.

1.1 Research Objectives
1.1.1 Develop an appropriate model for investigation of solids and fluid
movement in a two phase fluidized bed.
1.1.2 Develop a program to study the hydrodynamics, mixing and segregation in
the Fluidized bed.
*1.1.3 Simulation of flow pattern and solids distribution in the fluidized bed.

1.1.4 Verification of the simulation results by experimental results.



1.2 Scope of Research

The scope of the research is the investigation of the solids movement, solids mixing
and segregation in three-dimensional gas-solid fluidized beds containing uniform size
particles and different type particles via a discrete particle modeling and simulation.
Moreover, the effects of the operating conditions on the solids movement, mixing and

segregating phenomena are studied.




Chapter2
'MATHEMATICAL MODELLING AND SIMULATION
2.1 Mathematical Modelling
The model based on DEM (Distinct Element Method) for investigation of solids and

fluid movement in a two phase fluidized bed basically consists of the equation of

particle and the equation of fluid flow.

2.1.1 Particle Motion

The particle movement is evaluated by the Newton equation of motion considering
the effects of gravitational force, contact force, and fluid force. Equations of transitional

and rotational motions are:

+
Qi

(D)

2
=}
]

(2)

e
[}
~ |~ 3 |

where the acceleration of particles (ag) is a function of the sum of forces acting on the
“particle (F) and angular velocity of the particles (2g) depends on the torque (T)
caused by the contact force and the moment of inertia of particles (7). The force
acting on the particles consists of the particle contact forces ( ) and the force exerted
by fluid (fp ).

F=fc+fp (3)

The contact force between two spherical particles can be predicted by the simple model
as shown in Figure 1 which was first proposed by Cundall and Stack (1979). The model
estimates the contact forces using the analogy of spring, dash-pot and friction slider.
Thus the model depends on the parameters of stiffness, dissipation and friction
' coefficients which can be obtained from the physical properties of the particles. The
sﬁffness can be calculated by the Hertzian theory as an empirical function of young's
.modulus and Poisson ratio (Tsuji et al., 1992). The dissipation and friction coefficients
Ea_n be obtained from the coefficients of restitution.

+ The normal and tangential contact forces as shown in Figure 1 are given as:



-

.fcn = —knf" _ﬂn‘;ﬂ (4)
}::: = _krft _ﬂ:x'.-: (5)

O

; T
dash-pot spring
O dash-pot

Figure 1. Models of Contact Forces (a) Normal Force (b) Tangential Force

where X,and X, are the particle displacements in the normal and tangential
directions, respectively; k is the stiffness of the spring and x is the coefficient of

viscous dissipation.

2.1.2 Fluid Flow

The flow field of fluid can be calculated from the following equations:

The equation of continuity:

ok -
E+V-(€u)—0 (6)

The equation of motion :

+iVei=-Ve+f (7)

. where 4 is the gas velocity; ¢ is the void fraction (porosity); p is the fluid density; p is

the pressure; 7, is the fluid drag force exerted to the particles.
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2.2 Simulation Algorithm

The solids movement and the fluid flow field are simultaneously calculated by the
equations (1)-(7). The steps of calculation is shown in Table 1. The numerical method,

SIMPLE method developed by Patankar was used (1980).



Table 1. Simulation Algorithm

]

Input of Initial Conditions
and Parameters

;

Calculation of
Fluid Motion

!

Calculation of
Inter-Particle Contact Force

¥

Calculation of
Wall-Particle Contact Force

l

Calculation of
Fluid Force Acting on Particles

|

Calculation of Particle
Velocity and Acceleration

}

Calculation of
Particle Position
I

t +At

\]

[ Output Save ]

1
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Chapter3

SIMULATION RESULTS AND DISCUSSION

The simulation program based on the appropriate models was developed and applied
to simulate the hydrodynamics, mixing and segregating of a two phase fluidized bed.
The solids and fluid phenomena in forms of solids movement, solids vector plots,
solids velocity profiles, solids distribution, and fluid vector plots in a two phase
fluidized bed were obtained. Qualitatively verification of the solids flow pattern
obtained from the simulation was performed by the experimental results obtained by
Moslemian (1987). Furthermore, the mixing and segregating behavior of the particles
in cylindrical dimensional fluidized beds containing particles with uniform size and with
two different densities/sizes via the discrete particle simulation. The verification of the
criteria of mixing and segregating behavior obtained from the simulation was carried

out by the experimental results obtained by Tanaka and his co-worker (1996).

3.1 Fluidized Bed and Simulation Conditions

The investigating fluidized beds is a gas fluidized bed with the column diameter of
0.152 m in which the gas phase is upwards injected through two type of gas
distributors, a perforated plate and a cone as shown in Figure 2. With a cone distributor,
the fluidized bed is also called as a spouted bed. The radial gas distribution passing
through the perforated plat is shown in Figure 3. The gas velocity is maximum at the
center and decreases near the wall.  The physical properties of the particles and the

conditions used in the simulation are listed in Table 2.



D=0.152m

0 Co
OOO

=X F

Gas

@)

0.019m

(a) (b)

Figure 2 Fluidized bed with (a) cone distributor (b) perforated Plate

Figure 3 Radial gas distribution passing through the perforated plat
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Table 2. Phy.?s'i.cal properties of partit;ié__s and simulation conditions for a 0.152 m diameter column

Bed with
Uniform Bed with Different Densities Bed with Different Sizes
Size
Particle
Particle Diameter,
6 6/6 6/6 6/6 6/8 510
mm
Particle Number 20,000 10,000/10,000 | 10,000/10,000 | 10,000/10,000 | 10,000/4218 | 17,280/2160
Particle Density,
i 2,500 - 2,500/1,000 2,500/2,000 2,500/3,500 | 2,500/2,500 | 2,500/2,500
g/m
Minimum fluidizing
2.75 2.7511.74 2.75/2.46 2.75/13.26 2.75/3.18 2.51/3.55

velocity, m/s
Superficial gas | 4 54 sirg 3.00 3.00 3.54 3.50 3.90

velocity, m/s

Coefficient of 0.9 0.9 0.9 0.9 0.9 0.9

restitution
Coefficient of 0.3 0.3 0.3 0.3 0.3 0.3
friction

Stiffness, N m™ 800 800 800 800 800 800




3.2 Simulation results for the bed with uniform particles
The solids and fluid movement in the fluidized bed containing uniform size particles

calculated from the developed model can be shown in the forms of solids movement,

i solids flow patterns, solids distribution and fluid pattern as follow.

3.21 Solids movements

" The solids movement in a cylindrical fluidized bed containing 6 mm diameter uniform
particles as function of time is illustrated in Figure 4. The bed expands notably when
the bed is injected with gas phase. The solids distribution becomes well mixed after 4.2
éecond except at the area near the distributor. Due to the difficulty of the visualization
of the solids movement in the three-dimensional fluidized bed, the bed was axially
sliced and shown at various radial position as illustrated in Figure 5. The dead zone
occurs only at the area near the wall where the feed gas velocity is low. For the sake
of simplicity, all results will be therefore shown in the terms of axially sliced two-
dimensional solids distributions in the center region of the bed. Figure 6 shows the
axially sliced two-dimensional solids distribution in the bed at the center at various
tirhes. At the beginning of the fluidization (at t=0.3 to 3,6 second) , large bubbles or
slugs are generated, particularly, at the center of the bed where the strong stream of
gas is upwards introduced. The solids holdup is very low in this area. In the area near
the wall where the gas injection affects to the solids movement less, the solids holdup
-is high with Ioﬁ velocity (see Figure 8). The bubble size becomes smaller when the
bed approaches the steady state (after 3.6 second). The solids distribution in the bed

reaches good mixing behavior at this state.

3.2.2 Two-dimensional solids velocity vector plots

The instantaneous two-dimensional solids velocity vector plots at various times are
.. shown in Figure 7. At the beginning of the fluidization (at t= 0.3 to 3.6 second), the
slug induces the upward and downward bed moving with high velocities. After the bed
reaches the steady state, the solids flow pattern shows there is a circulation cell in

which the solids ascend in the center area and descend near the wall.
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3.2.3 Two-dimensional gas velocity vector plots

-. In addition to. the solids vector plot calculated from the simulation, the fluid vector plot

:".".":"can be obtained as shown in Figure 8. The gas flow pattern is different from the

solids one. At the lower part of the bed where the dense phase occurs, gas phase

flows upwards all along radial positions with higher velocity at the center and low

. velocity near the wall. The gas injection with enormous superficial gas velocity results

in extremely high local gas velocity near the center area leading to carrying solids
upwards with high velocity. The solids velocity in this area therefore is lower than the
carrying gas phase. Due to lower upward gas velocity and the effect of solids gravity,

the solids descend with low velocities near the wall. At the upper part of the bed where

’;-qnly gas phase occupies, the gas velocities are lower and their distribution depends on

the radial variation of the solids holdups at the lower part.

' - 3.2.4 Time-averaged two-dimensional solids velocity vector plots

Figure 9a shows the time-averaged solids vector plot during the period when the bed
reaches steady state, i.e., 3.6 to 6.0 sec. A single circulation cell along the entire
column is found where the solid particles ascend in the center area and descend near
the wall as also shown in Figure 10a. The circulation movement of solids causes the

solids are well mixed in the bed.

3.2.5 Time-averaged two-dimensional gas velocity vector plots

Figure 9b shows the time-averaged gas vector plot during the period when the bed

reaches steady state, i.e., 3.6 to 6.0 sec. At the lower part of column, the gas are
upward with large velocities in the center area but with low velocities near the wall. The

gas velocities are almost uniform at the top part of the column where there are no solid

~ particles as also shown in Figure10b. The magnitudes and distribution of the gas

velocities result from the solids distribution of the bed below this part. At the lower part
if bed, the time averaged solids distribution is low at the center and high at the wall. On
the other hand the gas velocities are high at the center and low near the wall. These
two different distributions cause the gas velocity distribution at the top bed are not

different across the section of the column.
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3.2.6 Comparison of the simulation result and the experimental result

The solids flow patterns obtained from the simulation are similar to the solids flow
patterns experimentally measured. Moslemian (1987) monitored the movement of a
single 1.9 — 2.1 mm diameter particle in a gas fluidized bed via the radioactive particle

tracking method and found that solids flow pattern shows a circulation cell along the

_,.;.’_t_:dlumn height. Figure 11 shows the solids patterns obtained from both experiments

and simulation are similar except the size of the circulation. This may be due to the

difference in the gas distributors from the distributors.

3.2.7 Effect of superficial gas velocity on solids movement

The effect of superficial gas velocity on the solids movement can be exhibited in
term of solids flow patterns as shown in Figures 12-14. At the slug stage, the bubbles
are significantly formed in the center region. The bubble size increases with increasing
superficial gas velocity from 3.0 to 4 m/s. On the other hand, at the steady state, the
bubbles become smaller as increasing feed gas velocity, leading to lower gas holdup at
high feed gas velocity (4 m/s). At low feed gas velocity, a smaller slug tends to be
generated . This leads a small circulation cell taking place in the bed as shown in
Figures 15 and 18. At high feed gas velocity, the bed behavior becomes more bubble
regime. Therefore a stronger circulation cell is introduced (see Figures 17 and 18).
The effect of superficial gas velocity on the time-averaged axial solids velocity at
various positions is shown in Figure 19. Axial velocity profiles exhibits a strong
dependence on superficial gas velocity, especially, in the center area. A change in
superficial gas velocity from 3 to 4 m/s significantly increases the axial mean solids

velocity near the centerline.

3.2.8 Effect of bed geometry on solids movement

The gas fluidized beds with different gas distributors generate different flow patterns.
Figures 20-24 show the solids flow patterns and the solids velocity vector plots in the
beds operated with a cone gas distributor (known as spouted bed) and a perforated

plate distributor. With the cone distributor, a circulation cell is found all the time where
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the solids ascend at the centerline with extremely high velocities and descend with low

velocities near the wall. It was found that with a cone distributor the bed reaches the

steady state (mixing state) more readily. With a perforated plate, a circulation cell was
found after the bed reaches the steady state. The magnitudes of solids velocities at the

center and the wall are similar.

3.3 Solids mixing and segregating behavior in a gas fluidized bed

containing two types of particles

A gas fluidized bed containing two types of particles is investigated to study the mixing
and segregating behavior of the bed. The system mixture contains two different

particle sizes / densities with various ratios. The physical properties of the particles

“and conditions used in the simulation are shown in Table 2.

- 3.3 Bed containing two different particle densities

The solids mixing and segregation in the fluidized bed obtained from the simulation can
be present in the form of solids distribution as a function of time. Figures 25 to 30
show the instantaneous solids distributions at various times for the bed containing the
rﬁixture of 2,500 kg!cm3 / 1,000 kgl’cm3 particles (density ratio =2.5), the mixture of
3,500 kg!cm3!2.000 kg!cma particles (density ratio = 1.4) and the mixture of 2,500

’i--_kgicm3!2,000 kg;’cm3 particles (density ratio = 1.25), respectively. With the density ratio

.o'f 2.5 starting with a well mixed bed, the solid particles in the bed become

segregated as gas fluidizing. In the final period, the gas velocity is gradually reduced

: = when the solids distributions show a segregated fixed-bed (see Figures 25 and 26) .

; On the other hand the bed containing the particle density ratio of 1.4 and 1.25 shows

mixing behavior after performing the fluidization. The bed behavior alters from the

segregating bed to mixing bed after changing from a fixed bed (t =0) to a fluidized bed.

- Finally, the mixed fixed-bed is obtained after gradually reducing the feed gas velocity

(see Figures 27-30).

" Figures 31 -33 show the holdup distributions of gas phase, heavy solids phase, and

light solids phase and the ratio distribution of heavy holdup and light holdup. For all

cases, the profiles of solids holdups for heavy and light phase are similar which solids
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distribute less in the center area but more near the wall. Therefore the ratio of the
heavy phase to the light phase is close to unity. In contrast, gas holdup is high at the
center but low near the wall. At the mixable conditions of the density ratios of 1.4 and
1.25, the ratios of the heavy phase and the light phase at different bed heights have
less variation (see Figures 32 and 33) . On the other hand, at the segregatable
condition of the density ratio of 2.5, the ratios of the heavy phase and the light phase at

any different bed heights have more variation as shown in Figure 31.

These results were also experimentally found by Tanaka et. al. (1996). They

showed that conditions of mixing behavior are formulated by:

2
D
0.5{&]{@] < 2 (11)
D,y \ Ppay
The simulation conditions, (ﬂ}[ﬂ] of 1.4 and 1.25 are in the Tanaka's
p(4) /\Pp(ay

.r_egime of mixing. The simulation results were found that the different density particles

ére mixable in the bed as shown in Figures 27 and 30. On the other hand, Figures 25

2
D p
and 26 show the simulation at the Tanaka’s segregation condition, (—ﬂﬂ-}[—&] ;
p(4) /\Pp(4)

of 2.5.

3.3.2 Bed containing two different particle sizes

Figures 34 to 37 show the instantaneous solids distribution at various times for the bed
containing the mixture of 8 mm/ 6 mm particles (size ratio =1.33), and the mixture of

10 mm/5 mm particles (size ratio = 2.0), respectively.

With the size ratio of 2.0 starting with a well mixed bed, the solid particles in the bed
become segreagetd as gas fluidizing as shown in Figure 34. In the final period, the
gas velocity is gradually reduced when the solids distribution shows a segregated
fixed-bed (see Figure 35). On the other hand the bed containing the particle density
ratio of 1.33  shows mixing behavior after performing the fluidization. The bed

behavior alter from the segregating bed to mixing bed after changing from a fixed bed
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(t =0) to a fluidized bed. At the final, the bed becomes a mixed fixed-bed after
'éradually reducing feed gas velocity (Figure 37).

Figures 38 -39 shows the holdup distributions of gas phase, big solids phase, small
solids phase and the ratio distribution of big holdup and small holdup. For both cases,
"the profiles of solids holdups for big and small phase are similar which solids distribute
:iéss in the center area but more near the wall. Therefore the ratio of the big phase to
the small phase is close to unity. In contrast, gas holdup is high at the center but low
.near the wall. At the mixable condition of the density ratio of 1.33, the ratios of the
Iargé phase and the heavy phase at different bed heights have less variation (see
. Figures 39) . On the other hand, at the segregatable condition of the density ratio of
2.0, the ratios of the big phase and the small phase at any different bed heights have

" more variation as shown in Figure 38.

- The results of mixing and segregating behavior obtained from simulation were found to

follow the mixing/segregation criteria obtained experimentally by Tanaka.

2
D p
The simulation condition, (ﬂJ[ﬂJ of 1.33 s in the Tanaka's regime of

_ p(4) /\P p(4)
j mixing. In the other words, the different size particles are mixable at this condition. On

the other hand, Figure 38 shows the simulation at the Tanaka’s segregation condition,
) 2
" (D
[ﬂ]["!’ﬂ} of 05.
- \Dpy \Ppay

The effect of the superficial gas velocity on the solids segregation in the bed containing
~different density particles is shown in Figure 40-42. At gas superficial velocity of 2.1
m/s which is close to the minimum fluidization velocity of light particles (U,=2.13 m/s),
the large particles are hardly moved, therefore the small particles need longer time to
move up to the top part of column. However at this low gas velocity the big/small
" particles can be separated better as shown by the solids holdup ratio of the two density
particles (see Figure 43). At intermediate gas velocity of 2.5 (between U, of big and
* small particles, 2.13 and 2.75 m/s, the solids segregation can be obtained sooner but
_the separation efficiency is poorer compared to the phenomena at the lower velocity
" (see Figure 43 (a) and (b)). At superficial gas velocity higher than U, of the big

particle, the less segregation is obtained as shown in Figures 42 and 43 (c).

sl YT



] Figures 44-46 show the effect of superficial gas velocity on the solids segregation in the

.bed containing different size particles. Two size particles with Uy of 2.5 and 3.5 m/s
are used. In the range of the gas velocity of 3 to 3.75 m/s, the solids flow patterns
(Figures 44-46) show insignificantly different, However, Figure 47 plotting the profiles of
--;;I..-_-_the solids holdup ratio of big and small particles shows that at low gas velocity of 3 m/s,

.".:'".ihe solids can be more segregated. The lower part of the bed, contains more bigger
size particles, therefore the big/small solids holdup ratio is more than unity. On the other
- hand, at top part of the bed, small size particles are more located there leading the
"~ biglsmall solids holdup ratio is less than unity. At higher gas velocities of 3.5 and 3.75
f;i!s, the distributions of solids along the bed heights are less variation. Thus less

segregating is obtained.

4. CONCLUSIONS

The method of discrete particle simulation can be used to investigate the solids motion
and fluid flow in a two-phase fluidized bed. The solids movement, mixing and
segregation in the beds containing uniform particles and different types of particles were
studied. A solids circulation cell was found in a steady bed, which agreed well with the
experimental result. A good mixing behavior was found in the beds containing less
“different density or size. On the other hand a segregating behavior was found in the
béds containing much different density or size. These simulation results were found to

fellow the mixing/segregation criteria obtained experimentally by Tanaka et al. (1996)

5. NOMENCLATURE

acceleration of particle

as

F sum of forces acting on particle
m particle mass

g gravity acceleration of particle
ag angular velocity of particle

r torque

1 inertial moment of particle

contact force

;;'\I
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I fluid drag force

i stiffness

X displacement of particle

U gas velocity

& void fraction (porosity)
gas density

E Subscripts
n normal direction
= tangential direction
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Figure 34. Solids movements ul the mislly sliced two-dimensionnl center region,
superficial gus velocity = 3.9 m/y, particle size 10mm/5mm (d_/d = 2.0)
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Figure 35. Solids movemsnts st the axially sliced two-dimmsional cenler

region, gradusily redocieg of saperficlsl gas velochly from 3.9 o 2.0 m/s,
partiche size 1 Owan/Somm (d_/d = 2.0)
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Flgure 38, Sollds movessents ot the uxlolly sliced two-dimensional center region,
superficial gas velocity = 3.5 m/s, partice sire Smm/8mm (d_/d = 1.33)
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Figure 37. Solids movements al the axially sliced two-dimensional cenler
region, gradually reducing of superficial gas velocity from 3.5 o 2.5 m/s,
particle size 8mm/6mm (d, /d = 1.33)
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Figure 38 Holdup Distribution of System with 10 mm/5 mm particle
(d,/d,=2) (a) Big Solids Phase (b) Small Solids Phase (c) Gas Phase
(d) Big Solids Phase Holdup/Small Solids Phase Holdup



|

b

0.35 1

0.3

0.2 1

015 + -

0.1 1

0.05

0.35

0.25

0.2 4

0.15

0.1

0.05 4

0 T T T

1] 02 04 0.8 08 1 4] 0.2 0.4 0.6 o8 1

Dimensionless Radial Position (r/R) Dimensionless Radial Position (r/R)

(a) (©)

1

0 02 04 06 0.8 1 0 0.2 0.4 0.6 0.8 1

Dimensionless Radial Position (r/R) Dimensionless Radial Position (r/R)

(b) (d)

z=0.029 z=0.067 z=0.105 z=0.153

Figure 39. Holdup Distribution of System with 8 mm/6 mm particle
(d, /d, =1.33) (a) Big Solids Phase (b) Small Solids Phase (¢) Gas Phase
(d) Big Solids Phase Holdup/Small Solids Phase Holdup
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Figure 4 1. Solids maosements at the avislly shiced two-dimrnsional conter segion,
superficial gas velocity = 2.5 m/s, purticle density 2,500kg/m /1,000 kg/m’
(P = 23)
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Figure 42. Solids movements af the axiully sliced two—dimensional center region,
superficial gas velocity = 3.0 m/s, particle density 2,500kg/m’ /1,000 kg/m’

(p, p,=23)
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Figure 43. Effect of superficial gas velocity on the solids holdup ratio (£, /&,) of binary mixture (p,/ p, =2.5)
(a)v=2.2m/s5 (b) v=25m/s (c) v=3.0 m/53
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Figure 44. Saluls movements a1 the suvially shiced rwo-dimensaonal center reghon,
superficial gus velacity = 3.0 m/s, particle size 10wen/5 min (d /d = 2.0)
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Figure 45. Solids movements st the muially sticed two-dimensional conter region,
superficial gas velocity = 3.5 m/s, particke siee 10mm/5mm (d_/d = 2.0)
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Figure 46. Solids movements al the axlolly sliced two-dimensional cenler region,
superficial gas velocity = 3.75 m/s, particle size 10mm/Smm (d /d = 2.0)
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SIMULATION OF SOLIDS MOTION IN A FLUIDIZED BED

SUNUN LIMTRAKUU, ATIVUTH CHALERMWATTANATN‘, KOSOL UNGGURAWIROTE'
WIWUT TANTAPAN!CHAGOOL?, Y TSU_JIS, AND T. KAWAGUCH’
'DEPARTMENT OF CHEMICAL ENGINEERING, KASETSART UNIVERSITY
ZDEPAHTMENT OF CHEMICAL ENGINEERING, CHULALONGKORN UNIVERSITY

‘. ’DEPARTMENT OF MECHANICAL ENGINEERING, OSAKA UNIVERSITY

ABSTRACT

The solids flow pattern in 2 fluidized bed is important for the design and operation of the bed.
However, the solids behavior in such bed is difficult to access due to the complex interaction of
particles in the bed. Therefore, this resesarch work aims to investigate the solids motion in a
two-phase fluidized bed via a discrete particle simulation. The motion of individual particle is
based on the fluid force acting on the particle and the contact force between particles. This
contact force is modeled by using the same concepts of spring, dash pot and friction slider. The
solids movement in term of solids distribution in a gas fluidized bed is obtained. The solids

distribution is very diluted near the center but high near the wall.



1. INTRODUCTION

¥ A flidized bed s widely used in
petroleum,  petrochemical and  biochemical
processes. The solids flow patterns in a fluidized
bed are important for design and operation.
However, the solids behavior in such bed is
difficult to access due to the complex interaction
of the particles in the bed. In sprite of the
complex flow behavior, some’ researchsfes"2
| tried to perform the simulation in a two-phase
fluidized bed based on the two fluid model which
regards the solids phase as a continuum. The
great number of large particles in a fluidized bed
requires the modeled based on realistic
assumptions such as DEM (Distinct Element
i\.;leth-od}a. in this discrete particle model, the
contaci forces between particles are calculated by
using the same concept of spring, dash-pot ang
 friction  slider. -This research work aims to
investigate the solids movement in a thres
dimensional two-phase fluidized bed via a discrete

particle modeling and simulation.

2. MATHEMATICS MODELING

2.1 Particle Motion
The particle motion can be tracked by ths

transitional and rotational motion as balow:

+
oql

(1)

Q
%]
I

(2)

2
ta
1
~ = S
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where the acceleratio; of particles (dg) is a.
function of the sum of force acting on the
particles {F).  The angular velocity of the
particles (&g) depends on the forque (7T)
caused by the contact force and the moment of

inertia of the particles (7 }.

The force acting on the particles consists of the

particle contact forces { fcl and the force

.. exerted by fiuid ( fp).

F=fc+fp. (3)

The contact force between two spherical particles
can be predicted by the simple model as shown
in Figure 1 which was first proposed by Cundall
and Stack (1979)". The model estimates ths
contact forces usin_g tf_:e' same concepts of spring,
dash-pot and friction slider. Thus the model
depends on the parameters of stiffness,.
dissipation and friction coefficients which can be
obtained from the physical properties of the

particles. The stiffness can be calculated by

4 - .
Hertzian theory as empirical function of young's

modulus and Poisson ratio. The dissipation and
friction coefficients can be obtained from the

coefficients of restitution,

The normal and tangential contact forces as

shown in Figure 1 are given as;

qun=_kE'n_u’—?n (4)
fa=-K —px,  (5)
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where X, and X, are the pa}tic!a the préssure; f'_, is the fluid drag force exerted

displacements in-. the normal and tangential to the particles; g is the gravity.acceleration. ;;
directions, respectively; & is the stiffness of the

spring and p is the coefficient of viscous 3. SIMULATON ALGORITHM

dissipation.

Sgrt
'

Input of Initial Conditions and Paramsters

o
2

v hd

dash-pot spring spring slider ; -
. i i Calculation of Fluid Motion

- slider
v
. dash-pot

Caleulation of intgr—Panicle Contact Force

() )
v
Calculation of Wall-Particle Contact Force
: Calculation of Fluid Force Acting on Particles
Figure 1. Models of Contact Forces l

{a) Normal Force (b) Tangential Force
: Calculation of Particle Velocity and Acceleration

2.2 Fluid Flow y
Caleulation of Particle Position

The flow field of fluid can be ealculated

Y

A4

from the following equations:

Output Save

The eqguation cf continuity:

e
:?:+V'(g")=o (6) Figure 2. Calculation steps of the

solids movement

The equation of motion :

6(5 E)+V'({; iiii)= —-%Vp+j:‘ +3(7) The solids movement and the fluid flow field are

& simultaneously calculated by the equations (1), (2),

(3), (6) and (7). The calculation steps are shown as

where # is the fluid velocity; € is the void o
a flow chart in Figure 2.

fraction (porcsity); p is the fluid density; p is



4. FLUIDIZED BED AND SIMULATION

CONDITIONS L

Table 1. Physical Properties of Particles

Physical Properties of Particle

Particle Diarheter. mm 6
Particle Number 20000
Particle Density, kg m" 2500
Coefficient of restitution 0.9
Coefficient of friction 03
Stiffness, N m’ 800

The investigating fiuidized bed is the gas fluidized
bed (spcuted bed) with the column diameter of
0.152 m in which the gas phase is upwards
injected through the cone with the superficial gas
velocity of 3.0 m/s The soiids particle density is
2500 kg.»'ma. Large solids particle with the sizes
of 68 mm are Iused to investigate the particle
movement. With the existing computer, the flow
movement of smaller size particles is currently
not studied due to the requirement of enormous
computer time and memory. The physical
properties of the particles used in the simulation

are shown in Table 1.

5. SIMULATION RESULTS AND
DISCUSSIONS

The solids movement on the fluidized
bed calculated from the developed model can be
shown in the form of solids distribution as a

function of time as shown in Figure 3.

113

Figures 4 shows the axially sliced two-
dimensionial "-gﬁlfds distribution in the bed at
various pos‘rtions. Figure 5 show the sliced solids
distribution in the center area 'of bed at various

times. The bed expands notably when the bed is

injected_with gas phase. At the initial time of

0.2 second, slugs or bubbles are generated
particularly, at the c;htsr of the bed where the
strong stream of gas is upwards introduced and
the solids holdup is very low in this area. In the
-area near the wall where the gas injection affects
to the solids movement less, the solids holdup
is high with low velocity. The dead zone occurs in

this area.

6. CONCLUSIONS

' This research work investigates the
salids movement in a gas fiuidized bed via a
discrete particle modeling and simulation. The
solids distributions as functions of positions and
times were obtained. The bed expands notably
when the bed is injecied with gas phase. The
solids distribution is very low at the center of the

bed but high near the wall.



Figure 3. Solids Movement in a Gas Fluidized Bed 0.152 m Diameter Column, 0.006 m Diameter Particles, Superficial Gas Velocity =$.’p

m/s, Particle Number = 20000

t=0.2s

t=025s

t=05s
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Figure 4, Two-Dimensional Solids Distribution at Various Positions at Time = 0.2 s. for 0.152 m Diameter Column, 0.006 m Particles,

Superficial Gas Velocity = 3.0 m/s, Particle Number = 20,000
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(a) Time =0.25 s ) (b) Time =0.5 s (c) Time =1.0s

Figure 5. Two-Dimensional Solids Distribution at Center of Bed for 0.152 m Diameter Column, 0.006 m Particles, Superficial Gas Velocity
= 3.0 m/s, Particle Number = 20,000 at (a) Time = 0.25 s (b) Time =0.56 s (c) Time =1.0 s
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7. NOMENCLATURE
i dPa v o B

G CERETRETI.

3. Cundall P.A. and Strack, O.D.L., Geotechnique,
v.29,p 47,1979, -

ag '-"}at:.celaration of particle - _ o 4. Tsuji Y., Tanéka, T. and Ishirda.l T Powder

F - sum of forces acting on pénicl_e .I Technology, v.71, p 239, 1992,
“ "m particle mass

g i Igravity acceleration of particle

s angular velocity of particle

7 torque

1 inertial moment of particle

fo contact force

7o fluid drag force

k stiffness

X displacement of particle

u gas velocity

€ void fraction {porosity)

P gas c:iansity

Subscripts

n normal direction

t tangential direction
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