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Abstract Computational fluid dynamics-discrete element method (CFD-DEM) coupled approach was employed
to simulate the solid suspension behavior in a Rushton stirred tank with consideration of transitional and rotational
motions of millions of particles with complex interactions with liquid and the rotating impeller. The simulations
were satisfactorily validated with experimental data in literature in terms of measured particle velocities in the tank.
Influences of operating conditions and physical properties of particles (i.e., particle diameter and density) on the
two-phase flow field in the stirred tank involving particle distribution, particle velocity and vortex were studied.
The wide distribution of particle angular velocity ranging from 0 to 10> rmin”" is revealed. The Magnus force is
comparable to the drag force during the particle movement in the tank. The strong particle rotation will generate extra
shear force on the particles so that the particle morphology may be affected, especially in the bio-/polymer-product
related processes. It can be concluded that the CFD-DEM coupled approach provides a theoretical way to under-

stand the physics of particle movement in micro- to macro-scales in the solid suspension of a stirred tank.
Keywords stirred tank, solid suspension, particle rotation, computational fluid dynamics, discrete element method

1 INTRODUCTION

The suspension of solids in a stirred tank has
drawn more and more attention owing to its wide
applications in crystallization, cell cultivation, leach-
precipitation, adsorption, pharmaceutical and food
industries, etc. For a better understanding of the com-
plex two-phase flow in the stirred tank, advanced laser
instruments have been employed in the relevant re-
searches. For example, laser Doppler velocimetry
(LDV) was used to evaluate the liquid flow field and
turbulence intensities in stirred vessels [1, 2]. Recently,
the fluorescent particle image velocimetry (FPIV), a
novel technique that combines PIV with digital image
analysis, was applied for simultaneous velocity meas-
urements in a stirred reactor [3]. For some opaque sys-
tems, computer automated radioactive particle tracking
(CARPT) technique [4] was used to study the flow
field of solids in dense liquid-solid suspensions and
the electrical resistance tomography (ERT) technique
was applied to measure the solid concentration pro-
files and the degree of mixing homogeneity [5]. How-
ever, the measurements generally focus on the liquid
velocity and overall distribution of solids, while little
attention has been paid to the movement of single par-
ticles and interactions between particles for the re-
strictions of measurement techniques.

The computational fluid dynamics (CFD) method
has been applied to simulate the liquid-solid system in
stirred tanks. Most of these simulations were based on
the Eulerian-Eulerian model, with the solid phase
considered as a continuous phase [6-12], so that the
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behavior of single particles could not be disclosed.
Another methodology for the CFD simulation of liquid-
solid system is the Eulerian-Lagrangian model, e.g.,
coupled with the CFD and discrete element method
(CFD-DEM), where the particle-scale physics can be
predicted. In this model, both particle-particle and
particle-wall interactions are solved by Newtonian
equations of motion, while the particle-liquid interac-
tion is considered via the inter-phase exchange term.
However, few researches employing the DEM method
in a stirred tank have been reported [13-15] due to the
complexity and difficulty in the CFD-DEM simulation.
Recently, Sakai et al. [16] employed a Lagrangian-
Lagrangian method for the simulation of a solid-liquid
flow in a cylindrical tank without impellers.

In addition to the translational motion of particles,
the rotation behavior is also important for its potential
influence on the deformation and breakage of the par-
ticles, and even the heat transfer and the reaction in-
side them. For example, the Magnus force induced by
particle rotation itself is an important factor affecting
the particle movement [17]. In a stirred tank with an
impeller rotating at high speed, the particle rotation is
more complex due to frequent particle-impeller colli-
sions as well as particle-particle contact and lig-
uid-solid interaction. It is extremely difficult to meas-
ure the angular velocity of particle by the techniques
available. As a consequence, the particle rotation has
been seldom considered in literature.

This work aims to apply the CFD-DEM coupled
approach to study the solid suspension behavior in a
3D stirred tank. Compared with the experimental
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Figure 1 Forces acting on particles during collisions

measurements and CFD simulations based on Eule-
rian-Eulerian scheme, CFD-DEM simulation can pro-
vide more information for the flow field in the stirred
tank, such as the concentration distribution, clustering,
collision and rotation of particles.

2 MATHEMATICAL MODEL AND NUMERI-
CAL SIMULATIONS

2.1 Mathematical model

2.1.1  Governing equations for liquid-phase flow
The governing equations for the liquid-phase
flow consist of the continuity equation, the momentum
equation and the turbulence model. The fluid is assumed
to be incompressible. The equations are as follows.
Continuity equation:

0

a(alpl)-"v(alplu):o €]
Conservation equation of momentum:

0

a(alplu) +V(apuu)=-Vp+V(ayuVu)+

pog—S (2)

where o is the volume fraction of relevant phase, § is
the source term from the particle-liquid interaction,
and subscript ‘I’ refers to liquid.

Realizable k-¢ turbulence model [18]:

g(alplk) +V(apuk)= V(al (,ul + iij] +
¢ o,
4Gy —apg 3)
0 Hy
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where parameters C, =144, C,=1.92, C,=0.99,
or=10ando,=1.2.

2.1.2  Discrete element model for the motion of par-
ticles

The transitional motion of a particle depends on
the sum of forces acting on it, while the rotational mo-
tion is controlled by contact torques.

)+FD,i+FM,i+Fb,i (6)

n,ij t,ij

dv, “
miE—mig+jZ:;(F +F,

n,

do.
I; dwl = Z(thj + Try) (7
=

Besides the liquid-solid interactions, drag force
Fp and Magnus force Fy,, the forces acting on particle
stem from particle-particle, particle-wall and parti-
cle-impeller collisions, which are illustrated in Figs. 1
and 2.
Particle-particle collisions

The contact forces and torques between two
spherical particles are based on the classical Hertz-
Mindlin model [19-21]. The normal force F, ; between
particles i and j is

4 * *
Fn,ij = EY VR 53,/112 - Fnclij (8)
5 Ine
F;= —2\ﬁ =[SV, )
PN e
Soi = 27" R*5n’ij (10)

where Y” is the equivalent Young’s modulus, m" is
the particle mass, R" is the equivalent radius, &, is
the normal overlap, S, ; is the normal stiffness, v, is
the normal component of the relative velocity, and e is
the coefficient of restitution.

The tangential force Fi; depends on the tangen-
tial overlap &,; and the tangential stiffness S;;, and
limited by Coulomb friction gF, ;, where g is the
coefficient of static friction and G* is the shear
modulus.
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thj = _5t,ijSt,ij - Ft(,izj (11)

5 Ine
Fj = —2\ﬁ—\/&,~m"vt (12)
Sy =8G" R*5w.j (13)

The torques generated by the forces can be writ-
ten as

Tt’ij = Lijnij X F“j (14)
@D,

Tr[j=_/urLij Fni/‘_lj (15)
\ i |a)lj|

where L is the distance from the center of particle i to
the contact plane with particle j, n; represents the
normal unit vector between two contacted particles,
and @j; is the angular velocity vector of the object at
the contact point.

Particle-wall and particle-impeller collisions

During a particle-wall collision, the forces and
the torques on the particle are similar to those in parti-
cle-particle collisions, as shown in Eq. (8) to Eq. (15).
For dilute particles in the system, the reverse effects of
particles on the tank wall and impeller are ignored in
the simulation.

Different from the particle-wall collision, the
particle-impeller collision is more complex owing to
the impeller rotation. The impeller blades move along
the tangential direction and affect the tangential be-
havior of particles, so only the velocity on the tangen-
tial direction is displayed. As shown in Fig. 2, at time
t1, the particle moves towards the impeller blade, and
collides with it at time #, with the tangential velocity
of v, . Then the tangential velocity of particle gradu-
ally ‘decreases to 0 at #;. After that, the particle
bounces back to the opposite tangential direction and
the collision finishes at time f#s. At each discrete

impeller blade
N . 1]
particle .1~ v, N
e —— _1l
1y
2 .¢ .,

Iy

Is

Figure 2 Asketch of particle-impeller collision

time-step during the collision, the forces and the
torques acting on particles are calculated based on
Eq. (8) to Eq. (15).

The time-step for DEM simulation is 1.5x107° s,
and the maximum impeller movement at its tip in a
DEM time-step is about 5x10°° m. This value is much
less than the particle diameter, so the simulation pre-
cision can be ensured with the physical model.

2.1.3 Interaction between liquid and particles

The momentum sink § is a volumetric summa-
tion of the forces between the liquid and particles. Fp
is the force exerting on the fluid in a CFD mesh cell
and Ve is the cell volume. In this work, buoyant
force F,, drag force Fp and the Magnus force Fy
caused by the particle rotation are considered. Thus, S
is calculated as

n

D F, Z(FD,,. +Fy, +F,;)

S =4 (16)
Vcell Vcell
|
F, = —gndpplg (17)
Drag force

For the drag force Fp, the Di Felice drag model
[22] is used. It adds a correction term to the free stream
drag model to take into account the effects of
neighboring particles on the drag force. The model is
formulated as

Fy = FDOO‘;(/H) (18)

Fy, =gp1CDd§a§|u—v|(u—v) (19)

,B=3.7—0.65exp[—(1.5—lgRep )2/2] (20)
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Ch = 21
D 48 V2 (21
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Rep

_ appldp | — vl

H

e, (22)
Magnus force

The Magnus effect is induced when a spinning
object moves in a fluid, and the Magnus force perpen-
dicular to the line of motion is created by a whirlpool
of fluid around itself. The Magnus force Fy is calcu-
lated as [23, 24]

F =0.125nd; p, g—jq [(0-501 ~a, )x(u- v)] (23)
2

Re

C. =045+ (
Re,

= 0.45] exp(—0.05684Re{* Rel*)

24)
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Re, = dp (25)
H
0.50, — o
Re, = wdg (26)
H

where ) is the local vorticity of liquid and @, is the
angular velocity of particle.

2.2 Configuration of stirred tank

The experimental work in a Rushton stirred tank
using the CARPT technique [4] is used for the valida-
tion of numerical simulations. The simulated system is
a flat-bottomed Rushton turbine tank with diameter
T=0.2 m and equal liquid height (/). The tank is
equipped with four vertical baffles of 7/10 in width
and 77125 in thickness. Both the impeller diameter
and impeller bottom clearance are 7/3. The simula-
tions are conducted in a 3D domain. The vessel ge-
ometry is meshed with 564309 cells as shown in Fig.
3 (a). To investigate the particle behavior in local re-
gions, three planes (30°, 45° and 60°) between the
baffles and two planes (10° and —10°) around the baf-
fles are considered, as shown in Fig. 3 (b).

2.3 Numerical method

In the CFD-DEM coupled approach, FLUENT
6.3.26 and EDEM 2.2.1 are successfully coupled: the
equations of liquid flow are solved using FLUENT,
while the equations of DEM model are solved by
EDEM. To simulate the rotational motion of the im-
peller, the algorithm of multiple reference frames is
applied. The regions around the impeller are simulated
in a rotating frame of reference, while the other re-
gions in the tank are applied with a stationary frame of
reference. The no slip condition is applied at the tank
wall and the impeller, and the free slip condition is

(a) Grids of tank and impeller

adopted for the liquid surface. In each case, the sin-
gle-phase flow is simulated without particles for 5
seconds to reach the steady state. Then particles are
introduced to the whole tank randomly, and the time
releasing the first particle is considered as = 0. From
t=0 to 0.01 s, the particles are continuously released
to the whole tank uniformly.

2.4 Computational conditions

The DEM time-step TDEM is usually determined
by the Rayleigh time step. It is judged that all the en-
ergy is transferred by the Rayleigh waves [25]. As a
result, the Rayleigh time step, defined as the time for a
DEM simulation of a quasi-static particulate collection
in which the coordination number (total number of
contacts per particle) for each particle remains above 1,
can be calculated as [26]

1/2
7y =0.51d, (g"j %0.16310%0.8766) Q@7

In this work, gy 1S set as 1.5x10° s (40%R) to
ensure good performance for particle simulation. The
CFD time-step is set as 5.0x107 s (about 307pgy).
The continuum model of liquid is solved by the SIM-
PLEC method and its momentum equations are solved
by the second-order implicit time integration. The ex-
plicit time integration method is used to solve the
translational and rotational motions of particles in
DEM simulation. The physical properties of dilute
particles and the liquid employed in the simulation
and the simulation parameters, if not mentioned in
particular, are the same as those listed in Table 1.

3 RESULTS AND DISCUSSION
3.1 Validation of CFD-DEM simulations

The CFD-DEM simulations are validated by

HR A
0.90.750.5 0.3 }

90°
baffle

60°

300 A
10° 0° -10°

(b) Planes between baftles

Figure 3 An overview of the stirred tank adopted for the CFD-DEM simulation
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Table 1 Physical properties and simulation parameters

Particle diameter Particle density Liquid density Liquid viscosity Number of Young’s modulus Shear modulus (G")
(dp)/mm (o,)/kg-m™ (o)/kg-m™ (14)/Pas particles (Y")/GPa /GPa
0.3 2500 1000 0.001 4000000 0.11[27, 28] 0.04 (Y'/G" =2+ 20)

Coefficient of Static friction

Poisons ratio (o)

Rolling friction CFD time-step DEM time-step

restitution (e) coefficient (1) coefficient () (7crp)/s (Toem)/s
0.25[27, 28] 0.9 [27, 28] 0.3 [27, 28] 0.1 [26] 5x107° 1.5x10°°
02 02
0.1 F 0.1 F
5 ol 5 ol W
=) =)
-0.1+ -0.1+
-02+ -02+
-03 1 1 1 1 -03 1 1 1 1
0 0.3 0.6 0.9 0 0.3 0.6 0.9
(r=R)/(R-R) (r=R)/(R-R)
(a) z/T=0.075 (b)z/T=0.25
02 02
0.1 F 0.1 F
Q: 0 Q: OF eo—s—u—9-g99 o o a3
=) =) e
-0.1+ -0.1+
-0.2+ -0.2+
-03 1 1 1 1 -03 1 1 1 1
0 0.3 0.6 0.9 0 0.3 0.6 0.9
(r-R)/R-R) (r-R)/R-R)
(c)z/T=0.34 (d) z/T=0.65

Figure 4 Radial profiles of solid radial velocity in the stirred tank (solid holdup of 1% at 1000 r'min™")

m simulation; @ experiment

experimental measurements [4] in terms of the profiles
of particle velocity. The comparisons of radial profiles
of radial velocity, tangential velocity and axial veloc-
ity of particles are shown in Figs. 4-6, where all the
velocity data are normalized by the impeller tip speed
Usp. Four axial planes, z/T=0.075 (tank bottom),
z/T=0.25 (below the impeller), z/T=0.34 (impeller
height) and z/7=0.65 (midway between impeller and
liquid surface), are chosen to validate the simulation
results. The numerical simulations are in reasonably
good agreement with the experimental measurements
[4], though some errors can be justified. The radial,
tangential and axial velocity profiles of particles are
dependent on the spatial positions in the stirred tank,
especially affected by the relative position to the im-
peller, since the impeller generates the flow field in
the liquid-solid stirred tank.

3.2 Particle distribution in the stirred tank

3.2.1  Axial distribution of particles
Figure 7 shows the transient liquid flow pattern

and spatial distribution of particles at different axial
planes. The particle clustering phenomenon is more
evident at the tank bottom than at the top. At the axial
plane z/T= 0.05 near the tank bottom, particles move
along the liquid streamlines. In particular, the hetero-
geneous flow structure and low axial velocity in the
bottom region lead to high-density clusters of particles.
At the plane z/T'=0.35, particles move along different
rings, due to the strong turbulence and high liquid ve-
locity in this region. At z/T= 0.8 near the tank surface,
particles are more uniformly dispersed, due to the low
axial and radial velocities. The 2D field data at these
planes all illustrate the dependence of particle distri-
bution on the liquid flow field.

The particle concentration C in specified region
is characterized by the number of particles per unit
volume. Hence the value C can be defined based
on the comparison to the whole tank C,, (6.4x10°
particles'm™):

C _ Plocal /Vlocal _ NP]
C

av

e

ocal X

NPtotal v NPtotal x Vl

(28)

ocal



1074

Chin. J. Chem. Eng., Vol. 21, No. 10, October 2013

0.2

0.1

U/Ug

0.2

0.1

U/Ug

Figure 5 Radial profiles of solid tangential velocity in the stirred tank (solid holdup of 1% at 1000 r-min™")
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Figure 6 Radial profiles of solid axial velocity in the stirred tank (solid holdup of 1% at 1000 r-min"")
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Figure 7 Snapshots of liquid flow pattern and particle concentration distribution at different axial planes in the stirred

tank (1=25s)
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Figure 8 Axial profiles of solid concentrations in the
stirred tank at 1000 r-min™
mls, @15s; A2s; v1-2s

The time-averaged particle concentration from 1
s to 2 s is measured by 100 sampling points, as shown
below

(LJ _
CaV 1-2s

(Nplocal )1.0ls + (Nplocal )1.02s teeet (Nplocal )2.003 14
100x NP 7

ocal
(29)

The axial profiles of particle concentration at 1,
1.5, and 2 s and the time-averaged one are shown in

otal

Fig. 8. The particles are not uniformly distributed
throughout the tank while the particle concentration
above the impeller (z/T= 0.33) is relatively low. At the
impeller height, there is a sudden increase of C/Cyy
due to the clustering of particles caused by the low
axial velocity between vortexes below and above the
impeller. The maximum particle concentration appears
near the tank bottom at low radial and axial velocities,
as indicated in Section 3.1. The time-averaged particle
concentration profile is similar to the transient ones,
showing steady statistics from 1 s to 2 s. Hence, all the
time-averaged parameters in the later discussion are
based on the averaged values from 1 sto 2 s.

3.2.2  Particle distributions at different vertical
cross-sections

Figure 9 shows the transient liquid flow pattern
and particle distribution at the vertical planes of three
angles (30°, 45°, and 60° as indicated in Fig. 3). The
particle clusters locate mainly in three regions. One is
right below the impeller, where the liquid velocity
magnitude is relatively small; one is at the impeller
plane, where the liquid axial velocity is lower between
liquid vortexes; and one is at the axial position of
z/T= 0.7, where the liquid axial velocity at the vortex
boundary is small. It can be concluded that the particle
distribution depends on the liquid velocity (or vortex)
distribution and more particles are easy to reside
around the liquid vortexes.
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Figure 9 Snapshots of liquid flow pattern and particle concentration distribution at different planes between the baffles (1= 2 s)
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Figure 10 Axial and radial profiles of phase-averaged particle concentrations on the planes between two baffles
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Figure 11 Particle concentrations at the front (10°) and back (-10°) of the baffle

m 10°;, @ —10°

Figure 10 illustrates the particle concentration at
local planes. At the radial position #/R= 0.3 and axial
position z/7>0.33, the particle concentrations at the
three observation angles are nearly the same. However,
at the impeller height z/T=0.33, C/C,, gets a sharp
increase at 60° and 30°, while the change at 45° is
slight. At z/7<0.33, C/C,, drops sharply at 60° and
increases slowly at 45° and 30°. At the radial position
r/R=0.5, the particle concentrations above the impel-
ler show consistent behavior at the three angles, while
the profiles of particle concentration are more com-
plex at #/R=0.75 and /R =0.9. For all the observation
angles, the highest concentration is 4.4 near the tank
bottom at 30° due to the low velocities in axial and
radial directions.

3.2.3  Particle distribution around baffles

In order to investigate the effect of baffles on the
particle distribution, the particle concentrations at the
front (10°) and back (—10°) of the baffle are consid-
ered, as shown in Fig. 11. At #/R=0.3 with the same
axial height, there is no distinct difference in particle
concentrations between the two planes. At #/R=0.5,
the concentration at the back plane is higher than the
front one at z/7<0.7, while there is no significant dif-
ference at z/7>0.7. At r/R=0.75, the particle concen-
tration of the back plane is lower with z/7>0.7, but the
tendency is reversed with z/7<0.7. At #/R=0.9, the
concentration at the front plane is higher than that at
the back plane for all the axial heights. The comparison
shows that concentration C at the front plane gradually
exceeds the back one with the increase of 7/R.

3.3 Particle collisions

Similar to the definition of particle concentration,
the particle collision frequency is expressed by the
number of collisions (NC). Particle collisions involve
particle-particle, particle-impeller and particle-wall
interactions. Fig. 12 shows the particle collision rate
normalized by the averaged value NC,, (2.61x10"
collisions'm™s™") in the whole tank. The particle col-
lision rate NC/NC,, near the tank bottom is about 5.3,
while the value near the impeller height is 2.2. In other
regions, NC/NC,, is less than 0.3. It is clear that parti-
cle collisions mainly take place in two regions, i.e.,
the tank bottom and the impeller height.

zIT

041

02F

0 1 2 3 4 5 6
normalized particle collision rate

Figure 12 Radial profiles of particle collision rate (z= 1-2s)
B NC/NC,y; @ re/reay
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To eliminate the effect of particle concentration

on the total number of collisions, the collision rate r,

is defined in terms of NC/C, and the value relative to
the averaged one r,, is defined as

o _ NC J C (30)

r NC,,/ C,,

c,av

The maximum r./r.,, is 2.1 near the tank bottom,
that is, higher particle concentration contributes to
more frequent collisions. At the impeller height, the
collision rate is 1.8, due to the high particle concentra-
tion and fast impeller motion. In other regions with
low C, the collision rate 7/, .,y is less than 0.5, showing
the dependence of collision on particle concentration.

3.4 Particle rotations

Generally, the Magnus force (Fy) caused by par-
ticle rotation is ignored in CFD simulations since it is
negligible compared to the drag force (Fp). However,
in the simulation of solid suspension in stirred tanks,
the ratio Fy/Fp should be considered since many par-
ticles rotate with high angular Velocrtres At the im-
peller speed N= 1000 rmin~', the time-averaged
F\/Fp for all partlcles is about 0.14. Statistics of all
the particles give the averaged FM/FD in different
scales: 00019 for @,=0-1 rmin , 0.021 for @,=
1-10 r-min”', 0.054 for a,=10- 100 r- ‘min”", 0.12 for
@, = IOO 1000 rmin”', 0.34 for a, = IOOO 10000
r-min”" and 1.20 for @, =10000-100000 r'min- ', This
indicates that F\/Fp increases with angular Ve1001ty
For particles with @, lower than 100 r'min , the
Magnus force is much lower than the drag force, but it
is in the same order of magnitude as the drag force
when @, is ranged from 100 to 10000 r'min . For
particles with @3,>10000 r- min', the averaged Magnus
force even exceeds the drag force. Hence, the Magnus
force cannot be ignored in a stirred system with high
impeller rotation speed.

The tendencies of curves in Fig. 13 are similar to
the axial distributions of particle concentration. The

1 1 1 1
0 500 1000 1500 2000 2500
o, /r-min™

(@

maximum Fy/Fp and @, appear at the impeller height
owing to higher particle concentration and more fre-
quent particle-impeller collisions. Another region with
relatively high F/Fp and @, is near the tank bottom,
because of the high particle concentration and colli-
sion rate, as explained in Section 3.3. However, the
value near the tank bottom is less than that at the im-
peller height, since the collisions between particles at
the tank bottom are weaker.

To illustrate the particle angular velocity distri-
bution along the axial height z/T in more details, we
define P as the local probability of particle angular
velocity and P,, as the probability in the whole tank.
The profiles of P/P,, in Fig. 14 (a) show that all the
particles with @, of 01 r-min”" are at the tank bottom.
Many of the particles near the tank bottom have the
angular velocity magnitude of 1000-10000 r-min '
because of the frequent collisions between the parti-
cles and the tank bottom. Owing to the intense colli-
sions between the impeller and the particles, most of
the particles with angular velocity magnitude of
10000-100000 r-min "' are near the impeller height. In
addition, the particles around the impeller regron sel-
dom have angular velocity less than 100 rrmin . It is
concluded that the high particle angular Ve10c1ty is
attributed to the strong collisions between the impeller
and particles.

3.5 Factors affecting particle distribution and
rotational motions

3.5.1 Impeller speed

When the 1mpeller speed decreases to 800
r'min”' and 600 r-min , many of the particles settle to
the bottom of the tank, with averaged particle angular
velocity decreasing to 503 rmin~ and 391 rmin_
respectively. This indicates significant effect of im-
peller speed on particle rotations. The axial profiles of
partrcle angular Velocmes at impeller speeds of 800
r-min”' and 600 r'min”", illustrated as the red and blue
lines in Fig. 13 (a), present consistent behavior as that
at N=1000 rmin ", with the maximum angular ve-
locities decreasing sharply. The decrease of maximum
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Figure 13 Axial distributions of particle angular velocity (a) and ratio of Magnus force to drag force (b)

B N=1000rmin'; ® N=800 rmin’; A N=600 r'min"
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Figure 14 Probability distributions of particle angular
velocity at different axial zones
Z/T: N 0.0-0.2; WM 0.2-0.4;
0.8-1.0

10.4-0.6; WM 0.6-0.8;

@, is owing to the less intense particle collisions
caused by lower particle transitional velocities, since
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0.6

z/T

C/C,

av

@

the stirring speed is reduced.

The probability distributions of @, at N= 800
rmin"' and 600 r'min”' shown in Fig. 14 (b)-14 (c)
are similar to each other while they are quite different
from that at N= 1000 r-min"'. One distinct difference
is the peak values of P/P,, at @,= 10*10° r'min",
showing that almost all of the particles with high an-
gular velocities are at the impeller height when the
impeller speed is low. This indicates the more evident
contribution of particle-impeller interactions to the
high particle angular velocities at low stirring rates.
Another difference is that at N= 600 r-min", particles
with @, as low as 0-1 r-min”' appear in the above half
part of the tank, probably because at such low impeller
speed, the liquid velocity is so low that the particle
rotations are quite slow at this region.

3.5.2  Particle diameter

Particles with diameter between 100 pm and 250
pm are considered to investigate the effect of particle
diameter on the spatial distributions of particles. The
operating conditions are the same as that shown in
Table 1 with the number of particles changed to 10000,
and the impeller speed is 1000 r'min”". The axial pro-
files of particle concentration with different particle
diameters illustrated in Fig. 15 (a) show that the parti-
cles with smaller diameters distribute more uniformly
throughout the tank, since they are easy to move along
liquid streamlines and disperse uniformly. Moreover,
particle concentration C near the tank surface is higher
than the averaged concentration C,, for smaller parti-
cles. There is no significant difference among the axial
profiles of particle angular velocity with various parti-
cle diameters, as shown in Fig. 15 (b). Axial profiles
above the impeller are nearly the same. The differences
can be justified mainly in two regions: the impeller
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Figure 15 Axial profiles of particle concentration (a) and particle angular velocity (b) with different particle diameters at

impeller speed of N = 1000 r-min~*
dpy/um: m 100; @ 150; A 200; v 250
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height and the tank bottom. At the impeller height,
smaller particles have higher angular velocities be-
cause of relatively higher torques generated by parti-
cle-impeller interactions; while, at the tank bottom,
smaller particles have lower angular velocities owing
to the less frequent particle-particle collisions since
the particle concentration is lower.

3.5.3  Particle density

Particles with diameter of 300 pum and different
densities of 800, 1000, 1200 and 1500 kg'm_3 are
considered. Other conditions are the same as that
mentioned above. Fig. 16 shows that particle density
has certain effect on particle concentration distribution,
especially at the top and bottom of the tank. Particle
concentration at the tank bottom is lower while con-
centration near the liquid surface becomes higher with
decreasing particle density, since particles at low den-
sity tend to float near the liquid surface owing to rela-
tively high buoyancy.
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02F
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Figure 16 Axial distributions of solid concentrations with
different particle densities at impeller speed of N= 1000 r-min™
particle density/kg-m: m 800; ® 1000; A 1200; ¥ 1500

5 CONCLUSIONS

Solid suspension in a stirred tank was investi-
gated by the numerical simulation based on CFD-DEM
coupled approach. With the distinct advantage of the
Eulerian-Lagrangian modeling scheme, the particle-
scale physics, including particle motion, particle colli-
sion and particle rotation behavior, can be disclosed
dynamically in detail. The meso- and macro-scale sta-
tistics such as the spatial distribution of particle velocity
and concentration in Eulerian space were successfully
calculated. The following conclusions can be drawn
from the present work.

(1) CFD-DEM simulations are satisfactory, vali-
dated by the experimental particle velocities in radial,
axial and tangential directions in literature.

(2) The simulation results clearly show the clus-
tering phenomenon of particles in the liquid-solid
stirred system. Particle clusters easily form near the
tank bottom for the low axial velocity. At the plane
below and above the impeller, distinct particle clus-
tering phenomena also appear due to the vortexes.

(3) The particle collision rate is determined by
the local distribution of particle concentration. Higher
particle concentration contributes to more frequent
particle collisions.

(4) The particle angular velocity obtained by the
CFD-DEM simulation has a wide distribution ranging
from 0 to 10° r-min"". For strong particle rotation, the
Magnus force on the particle cannot be ignored since
it has the same order of magnitude as the drag force
when @, ranges from 100 to 10000 r-min”" and even
exceeds the drag force when @,>10000 r-min~'. The
particle rotation and its wide distribution in speed may
introduce uncertain effect on some processes related
to the quality of particle product, the lifetime of cells
in a bioreactor due to the extra shear, etc. This topic is
rarely explored either in the academia or in the industry.

(5) The effects of operating conditions and physi-
cal properties of particles on particle concentration
distribution and angular velocity can be predicted rea-
sonably using the CFD-DEM model.

NOMENCLATURE
C particle concentration in specified region, m?
Cyv average particle concentration in the whole tank, m™
Cp drag coefficient
dy particle diameter, m
e coefficient of restitution
Fy; buoyant force on the particle i, N
Fpo drag force, N
Fp; drag force on particle i, N
Fu; Magnus force on particle i, N
F,; normal contact force between particles i and j, N
F“dv,', normal damping force between particles i and j, N
F, force exerting on the fluid in a CFD mesh cell, N
F; tangential contact force between particles i and j, N
Ftl,iv' tangential damping force between particles 7 and j, N
G shear modulus, GPa
Gy generation of turbulence kinetic energy due to the mean ve-

locity gradient, J
g acceleration of gravity, N-kg™
H liquid height, m
I; moment of inertia of particle i, kg-m’

k turbulence kinetic energy, J

Ly distance from the center of particle i to the contact plane with
particle j, m

m; mass of particle 7, kg

m" equivalent particle mass, kg

N impeller speed, r-min”"

NC number of particle collisions

NPiocal particle number in specified region

NPotal particle number in the whole tank

n; normal unit vector between contacted particles i and j

P probability distribution of particle angular velocity

P pressure, Pa

R tank diameter, m

R equivalent radius, m

Re, particle Reynolds number

r radial position in the tank, m

re particle collision rate, st

Fay average particle collision rate in the whole tank, s

S source term in the momentum equation, N'-m™

Snii normal stiffness between particles i and j, N-m™"

N tangential stiffness between particles i and j, N-m ™'

T tank height, m
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T torque between particles i and j generated by tangential forces,
N-m
T torque between particles 7 and j generated by radial forces, N-m
t time, s
U, radial velocity of solid, ms’
U tangential velocity of solid, m-s™"
U, axial velocity of solid, m-s”!
Usip tip speed of impeller, ms™
u velocity vector, m*s™'
vV volume of tank, m’
Veen volume of CFD mesh cell, m’
Viocal volume of specified region, m’
v transitional velocity of particle 7, ms™!
Vo normal component of the relative velocity between two contacted
particles, ms
v tangential component of the relative velocity between two
contacted particles, m's ™"
Y equivalent Young’s modulus, GPa
z height of axial plane, m
o volume fraction of liquid phase
a, volume fraction of particles
Oni normal overlap between particles i and j, m
Onij tangential overlap between particles i and j, m
e turbulent dissipation rate, W
o liquid viscosity, Pa‘s
e coefficient of rolling friction
s coefficient of static friction
L turbulent viscosity, Pa‘s
Pl density of liquid phase, kg'm™
Py particle density, kg-m™
o Poisons ratio
oy turbulent Prandtl number for k&
A turbulent Prandtl number for ¢
TCFD CFD time step, s
TDEM DEM time step, s
R Rayleigh time step, s
v kinematic viscosity, m?s™!
w; angular velocity of particle i, rad-s™
(o angular velocity vector of the object at the contact plane of
particles i and j, rad-s™"
o) local vorticity of liquid, rad-s™!
w, angular velocity of particle, rad-s™"
Subscripts
av average
c collision
D drag
i particle i
j particle j
k turbulence kinetic energy
1 liquid
M Magnus
n normal
P particle
R Rayleigh
r radial
t tangential
z axial
u viscosity
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