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EVALUATION OF DIFFERENT MATHEMATICAL
MODELS IN THE CFD-DEM SIMULATION OF
CONICAL SPOUTED BED FLUID DYNAMICS

Article Highlights

¢ A conical spouted bed, applied to drying operations, was simulated by CFD-DEM

» Different particle rotation conditions, turbulence, and drag models are evaluated

¢ Analysis of particle rotation indicates its importance in CFD-DEM simulation

o Koch-Hill and Gidaspow drag models showed better agreement with the experimental
data

e The standard 4-¢ turbulence model showed a greater agreement with experimental
data

Abstract

The input parameters, empirical, and semi-empirical models significantly influ-
ence the responses obtained by CFD-DEM simulations. In this work, the
effects of three turbulence models, three conditions of the particle rotation, and
five drag models, on the fluid dynamic behavior of a conical spout bed applied
fo the drying of sorghum grains were evaluated. Experimental data on the
solids pressure drop, height, and shape of the fountain were used to validate
the simulations. Results showed the importance of including the particle rot-
ation in the model to approximate the results simulated with the experimental
behavior. Compared with experimental data, considering the particle rotation
by the Dennis et al. model, the deviation was 2% for the fountain height and
9.18% for the pressure drop. Whereas, for the model without the particle rot-
ation, the deviations were 106.33 and 42.31% for the fountain height and
pressure drop, respectively. For the analyzed case, the standard k- turbu-
lence model showed a greater agreement with the experimental data. For the
drag models evaluated, the best fit with the experimental data was obtained by
the Koch-Hill drag model, followed by the Gidaspow model, with deviations
less than 10%.

Keywords: drag model, particle rotation, turbulence model, sorghum
grains.

The mathematical modeling of the fluid dynamic
behavior in spouted beds follows two main methods.
The first, known as two-fluid model (TFM), considers
the solid and fluid phases as continuous and
interpenetrating, and the properties of the solid phase
can be described by the kinetic theory of granular flow
(KTGF). This approach is widely used [1-4]. The
second, called computational fluid dynamics/discrete
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element method coupled (CFD-DEM), considers the
fluid phase as continuous, while the solid phase is
treated as discrete from the modeling of the individual
motion of each particle present in the system. Studies
that employ CFD-DEM are being conducted mainly to
evaluate fluid dynamics characteristics [5-8]. Through
this method, it is possible to obtain information on the
particle scale, such as the forces acting between
particle-particle, particle-wall, as well as track the
particle individually. For the success of simulations
applying this approach, it is essential to determine the
DEM input parameters, which are divided into:
material properties (average equivalent diameter,
sphericity and specific mass) and interaction
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properties (restitution coefficient, static friction
coefficient, and rolling friction coefficient).

In the CFD-DEM coupled, many parameters and
models are applied to describe the behavior of the
solid and fluid phases, and these have a great influ-
ence on the simulated response. Rotation is a natural
feature of particle motion. Marchelli et a/. [9] mention
the importance of considering its effect, mainly in gas-
-solid flows involving particles with larger diameters.
The authors analyzed the influence of the rotational
drag force and the effect of neglecting the particle
rotation on the dynamics of glass spheres in a
pseudo-2D spouted bed. The simulated results
showed that in neglecting the particle rotation, there
was an imprecise prediction of the particle motion,
though this consideration did not affect the formation
of a central and linear spout channel, and oscillations
could be observed. Although its effect is important, in
many studies it is neglected.

Turbulence is an important point in CFD simul-
ations and can have a strong influence on the simul-
ated results. Turbulence models can be grouped into
three classes: direct numerical simulation (DNS),
large Eddy simulation (LES), and Reynolds-average
Navier-Stokes (RANS). Within the RANS modeling,
with regard to the two equation turbulence models,
the standad A& model is widely used, due to its
robustness, lower computational cost and reasonable
precision for a wide range of turbulent flows. Pro-
posed by Launder and Spalding [10], the A& model
describes the freestream flow regions. The SST Aw
model includes both a model for addressing the wall
regions and another for the regions with greater
turbulence, interspersing the standard model Aw and
the model A-g, respectively. This model was deve-
loped by Menter [11]. Regarding the use of turbulence
models in CFD-DEM simulations applied to spouted
beds, the most applied are: standard A« [5,12,13],
RNG A-¢[14], realizable 4¢£[15], and SST A~w|[16]. In
some studies, turbulence is not considered in CFD-
-DEM simulations [17,18]. Marchelli ef al. [9] inves-
tigated the effect of four turbulence models (standard
k£ model, standard A& model with an enhanced wall
treatment (EWT), realizable &£ model, standard k-w
model) and lack of a turbulence model (laminar case)
in spouted bed by CFD-DEM simulations. The
standard A€ and 4w models produce almost identical
results. Accord to Yang et al [19], an appropriate
turbulence model is necessary to predict the central
jet that penetrates the bed materials, since the lack of
knowledge of the turbulence results in the difficulty to
model the spout-annulus interface in the spouted bed.
However, it should be noted that there is no con-
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sensus on the most appropriate model to describe the
turbulence in spouted beds using CFD-DEM simul-
ations.

The drag is mainly responsible for the momen-
tum exchange between the phases in a gas-solid
flow. The literature reports several models to obtain
the drag coefficient. In TFM simulations, the
Gidaspow drag model [20] is widely used in spouted
bed simulations [3,4,21-23]. However, there is no
such agreement for CFD-DEM simulations. The drag
models most used in CFD-DEM simulations are: Wen
and Yu [24], Gidaspow [20] and Di Felice [25], deve-
loped through classical approaches (e.g., empirical
methods), and models proposed by means of Lattice-
Boltzmann simulations: Rong, Dong, Yu [26], Beet-
stra, Van Der Hoef, Kuipers [27], Koch and Hill [28]. In
order to evaluate the effect of these models in CFD-
-DEM simulations, several studies have been deve-
loped to identify the influence of the drag model in the
simulations. He et a/. [29] evaluated the influence of
Gidaspow [20], and Koch and Hill [28] drag models in
a rectangular fluidized bed with dry and wet granular
systems. The authors found better results simulated
by the drag model by Koch and Hill [28]. Zhang et al.
[30] analyzed the binary mixture segregation of glass
spheres (2.5 and 1.5 mm) in a rectangular fluidized
spouted bed evaluating different drag models
[20,26,31,32]. The results predicted by Rong, Dong,
Yu [26] presented smaller deviations (5.3%) com-
pared to the experimental. Pietsch et a/. [15] analyzed
the particle dynamics of a three-dimensional prismatic
spouted bed using the drag models of Beetstra, Van
Der Hoef, Kuipers [27], Di Felice [25], Gidaspow [20],
and Koch and Hill [28]. The drag models of Beetstra,
Van Der Hoef, Kuipers [27] and Koch and Hill [28]
predicted with greater precision the expansion of the
bed and the establishment of the spout regime.
Furthermore, Marchelli ef al. [13] employed the four
drag models described above, added to the Rong,
Dong, Yu [26], Tenneti, Garg, Subramaniam [33] and
Wen and Yu [24] to evaluate the fluid dynamics of two
spouted beds in different configurations (pseudo-2D
and 3D cylindrical). The authors observed that in the
simulations where the minimum fluidization flow was
applied, only the Gidaspow model [20] can predict the
fluidization, but for low air flow rates, the Beetstra,
Van Der Hoef, Kuipers [27] model was more suitable
for predicting the characteristic behavior of the
spouted bed.

The simulated results vary significantly with the
models used to calculate the drag force, turbulence,
and particle rotation, among others. In many cases,
models are used without justification. Generally, the
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simulated data is not validated with experimental
data, only a qualitative analysis is performed. Thus,
due to lack of agreement on which drag model is
more effective for the experimental data reproduc-
ibility, we assessed the influence of drag models of
Beetstra, Van Der Hoef, Kuipers [27], Di Felice [25],
Gidaspow [20], Koch and Hill [28] and Rong, Dong,
Yu [26]. In addition to the drag models, the effect of
standard A-¢, realizable k¢, and SST 4w turbulence
models were also analyzed, and the influence of the
particle rotation condition, considering the torque
equal to zero, calculating the rotational drag coeffi-
cient by the model of Dennis ef al. [34], and neglect-
ing the particle rotation, on the fluid dynamic behavior
of the conical spouted bed applied to drying operat-
ions, operating with sorghum grains through CFD-
-DEM simulations. Experiments were carried out to
validate the models analyzed.

EXPERIMENTAL METHODOLOGY

Experimental unit

The spouted bed used in the experiments was
constructed in acrylic, with a cylindrical column with a
height of 30 cm and a diameter of 14.2 cm, with a 60°
conical base with a height of 11 cm and a lower
diameter of 2.5 cm. A Venturi-type air distributor was
attached to the bottom of the conical base. Figure 1a
shows the dimensions of the equipment.

Experimental procedure

Fluid dynamic tests were performed according
to the methodology proposed by Mathur and Epstein
[35]. The tests were carried out in triplicate, for 500 g
of sorghum grains. This method consists of obtaining
pressure drop curves as a function of air velocity for
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increasing velacities (fixed bed to stable spout reg-
ime) and decreasing velocities (stable spout regime to
fixed bed).

Sorghum grains characterization

In this work, sorghum grains were used as par-
ticulate material. The characterization of this material
was carried out in a previous work [5]. Therefore, the
physical and particle-particle interaction properties
were the same as in this work. To obtain the particle-
wall interactions, the methodology described in this
work was used, using an acrylic surface with the
same characteristics as the spouted bed wall (thick-
ness of 3 mm).

MATHEMATICAL METHODOLOGY

Mathematical modeling

Simulations were performed using the CFD-
-DEM coupled. The fluid phase was assumed to be
continuous, with its motion described by the Navier-
Stokes equations, since air is considered a Newton-
ian fluid. The particulate phase was treated as a
discrete phase and the particle motion was evaluated
using Newton’s second law.

Equations of governing fluid phase

The mass and momentum conservation equat-
ions for the fluid phase are presented in Egs. (1) and
(2), respectively:

2 (arpy) + V- (arpsiy) = 0 (1)
asprg 2)

where a;, py, V¢, Vp, and ?f are the volume fraction,
density, velocity, pressure, and shear stress of the

Figure 1. a) schematic illustration of the spouted bed; b) representation of the computational grid.
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fluid phase, respectively, and g is the gravitational
acceleration.

The fluid volume fraction (a;) in a computational
cell (V) can be estimated by Eq. (3) [36]:

1 v
ap=1-— %2 oV (3)

cel
where g; is the volume fraction of particle /in the fluid
cell.
Drag force. The volumetric fluid-particle interact-
ion force (F) can be obtained using the drag force,
according to Eq. (4):

F="1yk fa @)

where V,,, is the volume of the computational cell and
k., is the number of particles in the cell.
The drag force (f%) can be calculated using Eq.

(5):

2d _ VsiPfs (- -
fit = 1_—af(17f - ¥) ®)
where V,; and v, are the volume and velocity of the
particle, respectively. f; is the interphase momentum
exchange coefficient, obtained by:

asu
Brs = 5D (6)
where a; and d; are the volume fraction and diameter
of the particles, respectively, u, is the fluid viscosity.
D is the drag function; it can be calculated with
different drag models. Most of these models are of
empirical or half-empirical nature. In this study,
different drag models were investigated.

Gidaspow drag model

Through the Gidaspow model [20], D is
calculated by:

D = 18a;73% [1+0.15(asRe,) "], a;>08  (7)

= s Res
D =150 it 1.75 o 4 < 0.8 (8)
_ pfd5|175—1_5f|
Res === —F 9)
Di Felice drag mode/
For the Di Felice model [25], D is obtained as:
D = 0.75CpRega* X (10)
2
_ 4.8
Cp = (0.63 +W> (11)

_[1.5—log10(afRes)]z

Xpi Felice = 3.7 — 0.656[ 2 (12)

where C, is the drag force coefficient, and Re, is the
particle Reynolds number.
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Rong, Dong, Yu drag mode/

The Rong, Dong, Yu [26] model can be con-
sidered an enhancement of the Di Felice drag model
[25]; it uses the same drag function, and only varies in
the definition of y:

XRong =
_[1.5—log1o(afRes)]2

2.65 (ay + 1) — (5.3 — 3.5a;)a?e : (13)
Koch and Hill drag mode/

In the Koch and Hill model [28], the drag func-
tion (D) is calculated by:

D = 18a¢(F, + 0.5F,asRey) (14)
143 |%54235, In(ag)+16.14a

F, = Jrge " 2, <04 (15)
1+0.681a5—8.48a2+8.16a3

Fy = 12‘3“, ag > 0.4 (16)

F; = 0.0673 + 0.212a + 0.0232a;> (17)

Beetstra, Van Der Hoef, Kuipers drag mode/

For the Beetstra, Van Der Hoef, Kuipers model
[27], the drag function (D) is obtained by the equation:

D = 18a;Fj (18)

Fy = 10%+ a?(1+1.5/a,) +
S

0.413Re5>( 1 _0.343)
———|(—t3aras+8.4Re
( 2405% as [ s

(19)

Turbulence. The Reynolds stress tensor of the
fluid phase (7;) is expressed as follows:

= 2 > \F -
T = = (arprk + appruag,V - U) + apprug,(V9; +
Vi) (20)

For modeling the turbulence, two-equation
models are historically the most widely used turbu-
lence models in industrial CFD. Examples of such
models are the A& and A~w models in their different
forms. They solve two transport equations and model
the Reynolds stresses using the turbulent viscosity
approach.

Standard k-€ mode/

The standard A& model for the dispersed phase
was used to simulate the turbulent nature of the bed
flow. The turbulent viscosity (u,) is computed as:

2
Hre = prCut (21)

where C, is a constant that was set to 0.09 in all
simulations. The parameters k and ¢ are the turbul-
ence kinetic energy and turbulence energy dissipation
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rate, respectively, which are governed by the follow-
ing transport equations:

d
50 (@rprk) + V- (apppvpk) = V- (“f%Vk)
k

d
a(afpfg) + V- (aypsipe) = V- (“f%vg
&
+“f£(616k — Cypr€) (23)

where ¢,=1 and o,=1.3 are the turbulent Prandtl
numbers for k and e, respectively. C;=1.44 and
C,=1.92 are model constants. G, denotes the gener-
ation of turbulence kinetic energy by the mean velo-
city gradient and is given by:

Realizable k-€ mode/

The turbulent viscosity (u;,) is calculated in the
same form as the standard k-€¢ model. But, in the
realizable k-e model, C, is not constant. It is com-
puted from:

1

C, = [ (25)
4.04+A ¢

U= ]SSy + Qi (26)

ﬁij = Qyj — 2¢&5,w (27)

Q;; = Q_z] — &k Wi (28)

where Q_U is the mean rate-of-rotation tensor viewed
in a moving reference frame with the angular velocity
wy- The constant A; is given by:

A; = V6cosg (29)
Q= icos'l( Vew) (30)
W= 2 (31)
$3= /S5, (32)
Sy = 5 (V) (33)

The modeled transport equations for kand €in the A&
realizable model are:

d
50 (@rprk) + V- (apppvph) = V- (afpg—'ka)
k

+apGy — agpre (34)

d S He,
a(afpfe) +V: (a'fpfvfe) =V (afJLfV£>

&€

2
taseC,S — aszpf%\/v_g (3%)

_ n
C, = max [0.43,71?] (36)
n=Ss= (37)

where ¢,=1.2.
SST k-w model

For the SST Aw model, the turbulent viscosity
(15,¢) is computed as:

K
Hpe = %m (39)
a¥aiw
F, = tanh(¢?) (40)
_ VE 50045
¢, = max |2 o.o9wy’pfy2w] (41)

where Sis the strain rate magnitude, and where yis
the distance to the next surface.

The turbulence kinetic energy, 4, and the spe-
cific dissipation rate, w, are obtained from the follow-
ing transport equations:

5t (arprk) + (aspsk) = V- |ag | g +

—HE Vi | + a,G, (42)
T2 I°Fp
Ik %k2

s (arpro) + V- (appBr0) = 7+ |ay | s +

Ll'f Vol + arG, (43)
T2 IRz

w1l w2

where:

F, = tanh(¢3}) (44)

_ 3 Vk SOOﬂf 4pfk
b2 = min [max <0-09wy' pryie’ tfw,zDZ’,yz)] (49)
Dj = max (2p; -2 Vkvw, 107 (46)
w,2

0,1=1.176, ¢,,,=2.0, 0, ,=1.0, 0,,,=1.168 and «;=0.32
are model constants. G, represents the generation of
wand is given by:

G, =2¢, (47)
Iif,t
where:
0.24+67[;;
o =a, 7t (48)
s,u.fw
@, = 0.55F, + 0.44(1 — F,) (49)
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More details about the turbulence models can
be seen in [37].

Equations of particle motion

A particle with mass m; and moment of inertia I;
has translational and rotational motions, described by
Egs. (50) and (51), respectively:

dﬂi - - -
m; :f = f*+ f5+ f° (50)
. ?:ﬂ("—”)sc 6.9 (51)
Lae 2 \2 @™

where ¥g; and @; are the translational and angular
velocities of particle /, respectively, ﬁg is the gravitat-
ional force, ﬁj is the coniact force acting on particle 7
by particle j or the wall, T is the torque, C, is the rot-
ational drag coefficient, and Q is the relative particle-
fluid angular velocity.

Rotation is a natural characteristic of particle
motion. To evaluate the effect of the particle rotation
in the fluid dynamics of the spouted bed, simulations
were performed neglecting the particle rotation
(where Eq. (51) is neglected), considering the torque
equal to zero (7 = 0), and calculating the rotational
drag coefficient by Eq. (52), developed by Dennis et
al. [34]:

6,45 32,1
Cw = \/E a (52)
Qlaz
Re,, = —"{'m'f (53)

where Re,, is the rotational Reynolds number.

In the soft-sphere approach, the particles slightly
overlap during collisions, considering the unit vector
é, and the overlap (9) of two colliding particles 1 and
2, defined by Egs. (54) and (55), respectively:

S (X=%y)

€12 = 1z, 20 (54)
where %, and X, represent the particle position vec-
tors 1 and 2, respectively.

=%, =Xl = (rn —12) (55)

where r; and r, represent the radii of particles 1 and
2, respectively.

The spring-dashpot collision law requires the
definition of a spring constant (K), as in the spring
collision law, along with a coefficient of restitution (1)
for the dashpot term:

Fy = —F, = (K8 + v (¥1,.812))é, (56)
in which:

floss = W T+ anT] (57)
Mmyz = ,:111_:122 (58)
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teou = fross % (59)

y = —2 a2l (60)
teoll

1712 = l_7)2 - 1_7)1 (61)

where f,, is a loss factor, m; and m, are the masses
of particles 1 and 2, respectively, m,, is the so-called
“reduced mass”, t.,; is the collision time scale, 7, and
7, are the velocities of particles 1 and 2, respect-
ively, ¥, is the relative velocity, and y is the damping
coefficient.

The friction force between the particles was
based on the Coulomb friction law:

ﬁf‘riction = (us + #R)ﬁnormal (62)

where ; is the static friction coefficient, u; is the rol-
ling friction coefficient, and ﬁmrmal is the magnitude of
the force normal to the surface.

Simulation setup and computational grid

To evaluate the models, CFD-DEM simulations
were performed for the air inlet velocity of 22 m/s and
a mass of 500 g of sorghum grains, which corres-
ponds to 21,300 particles. The simulations were per-
formed using the Fluent® software. The geometries
were constructed in Design Modeler and the grids
were generated using Meshing, which is available in
Ansys® Student version 19.1. The 3D computational
grid was constructed in accordance with the spacing
between nodes determined in the grid independence
test performed in our previous work [5]. The comput-
ational grid showed spacing between the nodes of
1d, in the Venturi air distributor. On the conical base,
the spacing between nodes was 1.35d; at the ent-
rance of the cone, and 8d; at the intersection with the
cylinder, and 8d,in the cylindrical region, totaling
1.680 cells. Figure 1b shows the computational grid
used in the CFD-DEM simulations.

The particle-particle and particle-wall interaction
properties employed in the CFD-DEM simulations are
shown in Table 1.

Table 1. Interaction properties

Interaction n Ug Ur
Particle-particle 0.46+0.02 0.79+0.09  0.70%0.10
Particle-wall 0.53+0.04  0.65+0.05  0.33+0.06

Table 2 shows the models and parameters of
the numerical solution used in the CFD-DEM simul-
ations.

In CFD-DEM simulations, some considerations
were made. The modeling assumes an isothermal
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condition, with the physical properties of the solid
phase constant (p; = 1300%,(15 =0,0032m,p =1),
and the air properties were also constant.

Table 2. Boundary conditions, models and numerical solution
parameters adopted in CFD-DEM simulations

Boundary conditions Inlet: inlet velocity

Outlet: outlet pressure
Wall: no-slip for the fluid phase

Solution methods Pressure-velocity coupling was

obtained using the SIMPLE algorithm
Spatial discretization:
Momentum: QUICK
Volume fraction: QUICK
Turbulence: First order upwind
Transient formulation: First order
implicit
Turbulence Turbulent intensity: 5%
Turbulent viscosity ratio: 10
1000 N/m

Convergence criterion ~ 1x10™

Spring constant (K)

Time step Fluid phase: 1x10™
Solid phase: 2x10®

Time step number 100,000

Max. iterations/time 200

step

Under-relaxation Momentum: 0.2
factors Volume fraction: 0.5

Discrete phase: 0.5

Drag models from Beetstra, Van Der Hoef,
Kuipers [27], Di Felice [25], Koch and Hill [28] and
Rong, Dong, Yu [26] were implemented to Fluent®
through UDF (user defined function). The Gidaspow
model [20] is available on Fluent®.

RESULTS AND DISCUSSION

Fluid dynamics analysis

Figure 2 shows the fluid dynamics curves
obtained experimentally for the 500 g of sorghum
grains; the results show a satisfactory reproducibility
between the curves. Through a qualitative analysis,
the typical spouted bed behavior is observed. For low
air velocities, the fluid just percolates through the bed,
without particle motion, as shown in Figure 3i. With
the increase in air velocity, the pressure drop also
increases, reaching a maximum value with the form-
ation of the internal jet and an increase in the arc of
solids (Figure 3ii). Then, with an additional increase in
air velocity, the internal jet becomes extended in rel-
ation to the compact arc of solids, reducing the pres-

sure drop, and the downward motion of the solids in
the annular region begins. Subsequently, the solids
are dragged into the central region, the bed expands,
further reducing the pressure drop. With an increase
in air velocity, the incipient spout is observed and
then the minimum spout condition is observed (Figure
3iii). After the minimum spout condition, the spout
becomes stable. The minimum spouting velocity is an
important operational parameter, the value measured
for the mass of 500 g was 17.10+£0.20 m/s.

1000
900+
800+

g
7004 &
2
g
=]
=]

e0De0OeD

600
500 -
400
300 :'51.#
200

100

0 T T T T T T T
8 10 12 14 16 18 20 22 24

AP (Pa)

Air velocity (m/s)

Figure 2. Experimental fluid dynamic curves for the 500 g mass.

After carrying out the experiments, simulations
were conducted at an air velocity of 22 m/s,
corresponding to the stable spout regime.

Effect of particle rotation

The results were obtained considering an aver-
age of 6 s of simulated real time. Figure 4 shows the
experimental flow pattern, simulated by CFD-DEM
using the Dennis et al. [34] model to calculate the
rotational drag coefficient (Eq. (52)), considering the
torque equal to zero, and neglecting the particle
rotation. Similar behavior can be seen when the Den-
nis et al. [34] model was used to calculate the rot-
ational drag coefficient and considering the torque
equal to zero; the behavior was similar to the expe-
rimental behavior. When the particle rotation was
neglected, a flow pattern different from the experi-
mental can be observed, with a high and diluted
fountain.

To quantify these observations, it was based on
fountain height and pressure drop, parameters char-
acteristic of the spouted bed. Table 3 presents the
simulated results for the different conditions of particle
rotation and experimental results for the fountain
height and pressure drop.
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N i v

iii)

Figure 4. Solids flow pattern: i) experimental; ii) Dennis et al. [34] model; iii) T= 0, iv) without particle rotation.

Table 3. Comparison between experimental data of fountain
height and pressure drop, and simulated by different rotation
conditions

AP Deviation

Condition - Deviation (%)

(m) (Pa) (%)
Experimental 14.54 238.27
Dennis et al. [34] 14.83 -2.00 216.40 9.18
T=0 13.80 5.08 206.90 13.16
Without particle 30 106.33  137.45 42.31
rotation

For both parameters, the deviations between the
experimental data and data simulated by the Dennis
et al. [34] model were lower than 10%. Although the
case in which the torque was equal to zero showed a
low deviation from the experimental value, this hypo-
thesis is less realistic, since the angular velocity is
assumed constant. The highest deviation observed
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when neglecting the particle rotation is coherent,
since the particle rotation is a phenomenon observed
experimentally. The deviations between experimental
and simulated data can be related to some simplific-
ation by the model used, as the angular velocity cal-
culation. For the simulations to evaluate the turbul-
ence models, the Dennis et al [34] model was
chosen, because this model had better agreement
with the experimental data.

Effect of the turbulence models

There are several turbulence models reported in
the literature. The Aw model is known to provide
better results in the wall regions. However, for the
spouted bed simulated in this work, it can be seen in
Figure 5a that results for the standard A< and SST
k-w models are similar in the region close to the wall.
This result may be related to the fact that the comput-
ational grid employed in CFD-DEM simulations shows
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Figure 5. a) particle velocity for different turbulence models at the position of 0.173 m, b) solids flow paitern for different turbulence
models: [) experimental; ii) standard k-€; i) realizable k-€; iv) SST k-w.

high spacing between nodes, which may have mini-
mized the effects of the SST Aw model in the wall
region; a similar observation was found in [9]. Figure
5b shows the fountain shape obtained experimentally,
simulated by CFD-DEM using the standard turbul-
ence A-¢, realizable &~ and SST Aw models. Table 4
shows the fountain height and pressure drop, experi-
mental and simulated, for different turbulence models.
Qualitatively, these parameters showed that the best
fit was obtained for the standard A& model. Thus, for
the conditions simulated in this work, the standard A-¢
model was the most adequate.

Table 4. Comparison between experimental data of fountain
height and pressure drop, and data simulated by the different
turbulence models

Model H(m) Deviation (%) AP (Pa) Deviation (%)
Experimental 14.54 238.27

Standard &~¢  14.83 -2.00 216.40 9.18
Realizable & 13.26 8.80 209.70 11.99
SST kw 12.56 13.62 207.46 12.93

CFD-DEM simulations carried out with the
objective of evaluating the drag models were per-
formed using the standard 4-&, and the Dennis et al.

[34] model, since these models showed better agree-
ment with the experimental data.

Effect of the drag models

Figure 6a shows the experimental flow pattern
obtained by the different drag models for the inlet air
velocity of 22 m/s. It can be observed that there was
no particle drag for the models of Di Felice [25], and
Rong, Dong, Yu [26]; the bed of solids remained static
for both models. According to Marchelli et a/. [13], Di
Felice [25] and Rong, Dong, Yu [26] models produce
similar values for the drag force. Greater fountain
heights and a very similar behavior between the
models of Gidaspow [20], and Koch and Hill [28] can
be verified, which are in accordance with the experi-
mental flow pattern. Although the equations for calcul-
ating the drag coefficient are different, the two models
present different equations for the different fluid volu-
metric fraction ranges (porosity). The Beetstra, Van
Der Hoef, Kuipers [27] model underestimated the
solid drag, with a small and narrow fountain.

To quantify the simulated results, Table 5 pre-
sents a comparison between the fountain height and
pressure drop data, experimental and simulated, with
the different drag models. Both for the fountain height
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and for the pressure drop, it can be verified that the
Gidaspow [20], and Koch and Hill [28] models pre-
sented low deviations in relation to the experimental
value. As for the pressure drop, there is a smaller
deviation for the Beetstra, Van Der Hoef, Kuipers [27]
model, however, this model showed a high deviation
for the fountain height. High deviations were observed
for Di Felice [25], and Rong, Dong, Yu [26] models for
both evaluated properties.

Table 5. Comparison between experimental data of fountain
height and pressure drop, and data simulated by different drag
models

Model Hr(m) Deviation (%) AP (Pa) Deviation (%)
Experimental 14.54 238.27
Beetstra [21] 9.43 35.14 236.24 0.85

Di Felice [19] 0 100.00
Gidaspow [12] 14.83 -2.00
Koch and Hill [22] 14.55 0.07
Rong [20] 0 100.00

368.94 54.84
216.40 9.18
224.46 5.80
354.04 48.59

Figure 6b shows the axial solid velocity as a
function of the radial position for the five drag models
analyzed. The data were obtained at the position of
0.173 m (referring to the static bed height, positioned
at the intersection between the cone and the cylin-
der). It can be seen that the solids reach higher

a)

m)

velocities in the spout channel for the models of
Gidaspow [20], Koch and Hill [28], and Beetstra, Van
Der Hoef, Kuipers [27] models, respectively, causing
the larger fountain heights. This behavior is related to
the higher drag force values obtained by these
models. In spouted beds, drag is predominant in the
spout channel, justifying the observed profiles. Zero
velocity was observed for the models of Di Felice [25],
and Rong, Dong, Yu [26].

CONCLUSIONS

The simulations showed the influence of the tur-
bulence, drag, and particle rotation models on the
results obtained, highlighting the importance of the
appropriate choice of models for agreement with the
experimental data. For the evaluated properties (solid
flow pattern, fountain height, and pressure drop), the
results obtained through the drag model of Koch and
Hill [28], followed by the Gidaspow [20], were those
that presented the best agreement with experimental
data; deviations lower than 10% were obtained for
these models. For the drag models of Di Felice [25],
and Rong, Dong, Yu [26] there was no particle drag.
For the case presented in this study, the standard k-€
turbulence model and the Dennis et al. [34] model
were the most appropriate for calculating the rotat-
ional drag coefficient. The importance of considering

b)

Particle velocity (mvs)

spout channel

annular region

04

——Di Felice

annular region

Beetstra

Gidaspow
Koch-Hill
Rong

— T T T
-0.075 -0.050 -0.025 0.000 0.025

Radial position (m)

0.050 0.075

Figure 6. a) solids flow pattern for different drag models. i) experimental; ii) Beetstra, Van Der Hoef, Kuipers [21]; iii) Di Felice [19];
iv) Gidaspow [12]; v) Koch and Hill [2Z]; vi) Rong, Dong, Yu [20]; b) axial solid velocity for different drag models.
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particle rotation to obtain a realistic behavior was also
observed.
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Nomenclature

C1,C,, C, Coefficients in turbulence model

Cp Drag force coefficient

C, Rotational drag coefficient

D Drag function

dg Particle diameter, m

ﬁ-d Drag force on particle /, N

f;g Gravitational force on particle /; N

j? Contact force between particles /and j, N

F Volumetric force acting on particles by the
surrounding fluid, N/m?

Gy Production of turbulent kinetic energy,
JI(m*:s)

gJ Gravitational acceleration, m/s?

He Fountain height, m

ho Static bed height, m

I Unit tensor

I; Moment of inertia of particle / kg/m?

K Spring stiffness, N/m

k, Number of particles in the cell

m; Mass of particle /, kg

p Pressure, N/m?

Re; Particle Reynolds number

Re,, Rotational Reynolds number

T Torque, N'm

t Time, s

teoul Collision time, s

v Velocity, m/s

74 Volume, m3

Veenr Volume of computational cell, m®

Vs,i Volume of particle i, m®

Greek symbols

a Volume fraction

B Interphase momentum exchange coefficient

y Damping coefficient, kg/s

€ Turbulence energy dissipation rate, m?/s>

AP Pressure drop, Pa

o) Overlap, m

n Restitution coefficient

k Turbulence kinetic energy, m%/s?

Ur Fluid viscosity, Pa-s

Us Static friction coefficient

Ug Rolling friction coefficient

p Density, kg/m®

o; Fraction of volume of particle /that is in the
fluid cell

% Shear stress of fluid, N/m?

(0} Sphericity

X Function of a; and Re; in the Di Felice and
Rong models

Y Asymptotic range

; Rotational velocity of particle / rad/s

w Specific dissipation rate, m%/s®

Subscripts

f Fluid

i Particle /

j Particle j

s Solid/particle

w Wall

Abbreviations

CFD  Computational fluid dynamics
DEM  Discrete element method

2D Bidimensional

UDF User defined function
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VREDNOVANJE RAZLICITIH MATEMATICKIH
MODELA U CFD-DEM SIMULACIJI DINAMIKE
KONUSNOG FONTANSKOG SLOJA

NAUCNI RAD

340

Ulazni parametri, empirijski i poluempirijski modeli znacajmo uticu na odgovore dobifene
CFD-DEM simulacjjama. U ovom radu je procenjen uticaj tri modela turbulencije, tri
uslova rotacije Cestica i pet modela olpora na dinamicko ponasanje fluida konusnog
fontanskog sloja korisScenog za susenje zrna sirka. Eksperimentalni podaci o padu
pritiska Cvrstih materija, visini i obliku fontane koriSceni su za validaciju simulacifa.
Rezuliati su pokazali vaZnost ukijucivanja rotacife cestica u model radi aproksimiranja
rezultata simuliranih eksperimentalnim ponasanjem. U poredenju sa eksperimentalnim
podacima, uzimajuci u obzir rotaciju cestica po modelu Denisa i saradnika, odstupanje
Je bilo 2% za visinu fontane i 9,18% za pad pritiska. Za model bez rotacije Cestica
odstupanja su iznosila 106,33% i 42,31% za visinu fontane i pad pritiska, redom. Za
analizirani slucaj, standardni k-€ model turbulencije pokazao je vece slaganfe sa
eksperimentalnim podacima. Za procenjene modele oipora, najbolje uklapanje sa
eksperimentalnim podacima je dobijen Koh-Hilovim modefom otpora, a zatim modelom
Gidaspaua, sa odstupanjima manjim od 10%.

Kiljucne reci: model olpora, rotacija Cestica, model turbulencije, zrna sirka.
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