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Rotating discs are usually used as granulators in many industrial processes. The efficiency of the
granulation process in this device is directly related to the particle motion behavior in different
flow regimes. In this work, the granular flow in a rotating disc was investigated experimentally
and numerically. The Discrete Element Method (DEM) was used in the simulations, while
Central Composite Designs (CCD) were employed to quantify the effects of DEM input
parameters and operating conditions (filling degree (FD), angle of inclination (Al), and rotational
speed) on the contacts between particles. The results showed that the particle—wall static friction
coefficient had the most significant impact on the studied response. Additionally, the effect of
operating variables on the collision force between particles, the angle of departure and particle
velocities were successfully investigated, with corresponding DEM simulation predictions. It was
also verified that the simulations performed with experimentally measured DEM input parameter
values were able to reproduce the flow regimes in the rotating disc.

Angle of departure
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1. Introduction

The granulation process is widely employed in different
industries, such as fertilizer, pharmaceutical, food, chemi-
cal, steel, and ceramics. This particle size enlargement
technique allows the production of useful structural forms,
modifies the material rheology, increases its flowability,
reduces material loss and dust emissions, and controls po-
rosity (Capes, 1980; Litster and Ennis, 2004).

Industrial granulators promote agglomeration through
particle mixing and collision. Compared to other types of
equipment, rotating discs stand out due to their pronounced
segregation ability and flexibility to operate different types
of materials (Litster and Ennis, 2004). Moreover, their ge-
ometry is relatively simple, consisting of a disc with a cer-
tain diameter (D), an angle of inclination (#) and a rim (L)
that rotates around its axis (Fig. 1).

Although rotating discs have been widely used as a gran-
ulator (Azrar et al.,, 2016; Ball, 1959; Chadwick and
Bridgwater, 1997), only qualitative descriptions of solids
flow have been usually made, with little quantitative infor-
mation on particle dynamics (Chadwick and Bridgwater,
1997). The effects of different operating variables, such as
rotational speed, filling degree (FD) and angle of inclina-
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tion (AI), on the motion and contacts of particles are still
not fully understood (Lima et al., 2022). Furthermore, as
granulation is a dynamic process, investigating both the
responses that are directly related to the granule formation
(i.e., particle velocity, and number and force of contacts
between particles) and flow regimes can also be a potential
tool to optimize the granulation process in rotating discs
(Gladky et al., 2021).

Depending on the operating conditions, different re-
gimes of solids motion can be identified in a rotating disc:
slipping, rolling, cascading, cataracting, and centrifuging,
each with a specific flow behavior. Detailed descriptions of
these flow regimes can be found in Mellmann (2001).

In the rolling regime, the granular bed can be divided
into two distinct regions: the passive layer, where the parti-
cles are dragged up by the disc wall as a rigid body, and the
active layer, where the particles roll over the bed surface
downwards. For higher velocities, a kidney-shaped curve
develops on the bed surface and a larger area of the disc is
used, corresponding to the cascading regime. Regarding
the granulation process, the rolling and cascading regimes
in particular have the advantage of promoting more effec-
tive contacts between particles than the others (Azrar et al.,
2016; Salman et al., 2006).

In addition to experimental studies, numerical simula-
tions have become a complementary tool in granular flow
analysis. Introduced by Cundall and Strack (1979), the
Discrete Element Method (DEM) has been extensively ap-
plied to investigate granular dynamics in different types of
equipment. In this method, each particle is described
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Fig.1 Schematic diagram of a rotating disc.

individually through the application of a balance of forces
and contact laws. The precision of the DEM model for
predicting the granular flow relies on the selected contact
model and the input parameters, which depend on both the
particle properties and the particle-contact properties.
DEM simulations provide microscopic results at the
particle level, such as trajectories of particles and forces
that act on them, making it possible to obtain important
information about particle dynamics. In this context, the
knowledge of the solids flow in rotating discs is crucial for
their design and applicability. However, there are a limited
number of studies on the fluid dynamics of rotating discs
using numerical analysis in conjunction with experimental
results. Thus, through the use of DEM simulations and ex-
perimental data the present work aims to investigate how
numerical parameters and different operating conditions
influence particle dynamics in a rotating disc. The flow re-
gimes and particle velocity distributions were also studied.

2. Discrete element method

DEM uses a time-stepping algorithm where the model-
ing is repeated in each time interval. Each particle is
tracked contact by contact and its positions are updated
based on the results of the previous time step (Nascimento
et al., 2022; O’Sullivan, 2011). During each time step,
Newton’s second law is applied to determine the particle
trajectory, while the particle—particle and particle-wall
contact forces are evaluated based on the force—displace-
ment law (Brandao et al., 2020; Cundall and Strack, 1979;
Potyondy and Cundall, 2004). The motion of individual
particles is determined by Eqns. (1) and (2):

dv;
m—-=%"F; (1)
dt ;
dw;
PR @)
dt ;
where ¢, m, I,, v, and o, are the time, mass, moment of in-

ertia, linear velocity, and angular velocity of particle 7, re-
spectively, and F i and 7, are the force and torque between
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Table 1 Nonlinear Hertz—Mindlin model equations (Cundall and Strack,
1979; Di Maio and Di Renzo, 2005; Tsuji et al., 1992).

Normal force Sl 3)
F,= %E*x/R* o2

Damping normal force )
A= —ZEﬁ\ISnm* po!

Equivalent contact radius | N 1 %)
R" R R,

Equivalent mass 11 . 1 (6)
m m; m

Equivalent Young’s modu- L: 1-0v? . 1-v? (7

lus E' E E;
Normal stiffness ®)
S, =2E*\R*S,
Damping coefficient = Ine 9
VIn? e+ m?
Tangential force 10
g F=-55, (10)

Tangential damping force

_ (11
Al = —2\/§ﬂ\151m* =

Tangential stiffness (12)

Equivalent shear modulus 12—y . 250 (13)

particles i and j, respectively.

The contact model used herein was the nonlinear Hertz—
Mindlin. The main equations of this model are summarized
in Table 1.

The equations in the Table 1 involve normal and tangen-
tial overlaps (J,, 6,), normal and tangential relative veloci-
ties (vﬁ, v{a), restitution coefficient (e), and Poisson’s ratio

(v).

3. Materials and methods

Laboratory tests and numerical simulations were con-
ducted using a disc granulator made of stainless steel with
a smooth surface and diameter of 35 cm, length of 20 cm,
and variable angle of inclination. The granular material
used was glass beads with a diameter of 6.35+0.01 mm,
density of 2455 + 24 kg/m?, and sphericity of 0.99 = 0.01.

The DEM simulations were performed on the commer-
cial EDEM® software. To ensure the numerical stability of
the simulation, a time step of 4 x 107 s, which is equiva-
lent to 20 % of the Rayleigh time, was adopted. The simu-
lation conditions are listed in Table 2.
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3.1 Measurement of DEM input parameters

The restitution coefficient (e), which quantifies the en-
ergy conserved in shocks between solid bodies, can be
experimentally measured by the ratio between the relative
velocities after (¥,) and before (V) the impact of two col-
liding bodies (Lima et al., 2021; Machado et al., 2017;
Marinack Jr. et al., 2013), as shown in Eqn. (14):

e=—t (14)

Vo

To determine the velocity before and after collision, the
experimental apparatus described in previous studies was
employed (Bharadwaj et al., 2010; Hastie, 2013; Marinack
Jr. et al., 2013). It consists of a vacuum pump responsible
for a suction pressure that holds particles at a height of
50 mm from the plate. In this procedure, the pump is
switched off to allow particles to fall, while their trajectory
is filmed by a high-speed video camera (Fastec IL5—up to
44,000 frames/s).

In order to measure the static friction coefficient (ug), the
inclined plane method was applied (ASTM G115-10,
2013). In this method, the plane is gradually inclined and
the angle of inclination (@) from which the particles start to
slide is used to calculate the gy (Eqn. (15)).

ts = tan (%) (15)

To replicate the particle-wall interactions, the surface of
the inclined plane was covered with a stainless steel plate.
The particle—particle interaction behavior was studied by
covering the surface of the plane with a fixed granular bed
of glass beads (Brandao et al., 2020; Lima et al., 2021).

To calculate the rolling friction coefficient (uy), a mea-
surement procedure based on that described in Lima et al.
(2022) was adopted. The particle was placed on the top of

Table 2 DEM simulation conditions.

Model Hertz—Mindlin
Time step (s) 4 %107
Poisson’s ratio (-)
Glass beads 0.22
Stainless steel 0.30
Shear modulus (Pa)
Glass beads 1 x 109
Stainless steel 7 % 1010

ho[

Fig.2 Rolling friction coefficient apparatus.

the launching device (Fig. 2) at a certain height (4,), and
then allowed to travel through the entire device. The dis-
tance traveled by the particle after leaving the launching
device until its resting point (D,) was subsequently mea-
sured. The rolling friction coefficient was calculated using
Eqn. (16):

o

/‘R:D

(16)
T

The experimental parameter values were used herein as
inputs to the DEM model. Brandao et al. (2020) showed
that the simulations performed with experimentally mea-
sured parameters were in good agreement with the experi-
mental responses.

3.2 Sensitivity analysis of DEM parameters

In order to quantify the effect of DEM parameters (i.e.,
restitution, static, and rolling friction coefficients) on the
contact between particles in the rotating disc, a fractional
Central Composite Design (CCD) (2%, with 2x6 axial
points and one central point) was used for the DEM calibra-
tion procedure. The CCD levels are shown in Table 3.

The CCD data was used to better understand the influ-
ence of the DEM parameters on the rotating disc simula-
tion. Therefore, the CCD can help in both the calibration
process and the development of new disc designs.

This CCD was applied to angles of inclination of 40°,
50° and 60°, and the rotating disc was filled with glass
beads (2 % per volume). The rotational speed was set at
10 rpm. The dependent variable (response) was the average
number of contacts between particles (Neyp)s since it is a
relevant parameter in the granulation process. The greater
the contact between particles, the more effective the granu-
lation process.

For each CCD run, the real-time simulation was 30 s.
The N, average was obtained in the last 10s of simula-
tion, since the rotating disc was operating in steady state.
The steady-state condition was considered when the granu-
lar bed reached a constant height.

Table 3 CCD levels used in the sensitivity analysis of DEM parameters.

Factor coding € € Hspp Hspry HRpp> MRpw
—a (-1.78) 0.054 0.005
-1 0.250 0.025
0 0.500 0.050
1 0.750 0.075
+a (+1.78) 0.946 0.095

Cop2 Cows Hspps Hspws Mrpp Hirpw correspond to the restitution, static,

and rolling friction coefficients, respectively. The subscripts pp
and pw indicate the particle—particle and particle-wall interac-
tions, respectively.
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Table 4 CCD levels used in the sensitivity analysis of operating condi-
tions.

Coded Factor FD (%) Al (°) RS (rpm)
—a (-1.47) 0.59 35.29 5.29

-1 2.00 40.00 10.00

0 5.00 50.00 20.00

+1 8.00 60.00 30.00
+a (+1.47) 9.41 64.71 34.71

*FD: filling degree, AI: angle of inclination, RS: rotational speed.

(a) Rolling

(b) Cascading

(c) Cataracting (d) Centrifuging

Fig.3 Analyzed flow regimes and angle of departure measurement.

3.3 Sensitivity analysis of operating conditions

Another CCD was applied to evaluate the sensitivity of
operating conditions on the number of contacts between
particles. For these simulations the DEM parameters were
kept constant following the values defined in Section 3.1.
The analyzed operating conditions and the corresponding
CCD levels are listed in Table 4.

3.4 Simulation of flow regimes

The flow regimes (i.e., rolling, cascading, cataracting,
and centrifuging) were numerically investigated and com-
pared with experimental results of our previous work
(Lima et al., 2022). The angle of departure (o) was defined
as the angle at which the particles detached from the equip-
ment wall; it was measured using the Meazure software
(Fig. 3).

The analyses were carried out at filling degrees of 2 %,
5 % and 8 % and angles of inclination of 40°, 50° and 60°.
The flow regimes were simulated using experimental val-
ues of DEM parameters.

232

Velocity (m/s)
6.00¢-001

4.81e-001

3.62¢-001

2.43¢-001

1.23¢-001

430e-003

(b)

X

Reference line

Fig.4 Determination of particle velocity distribution: (a) cross-
section representation parallel to the base of the rotating disc; and (b)
schematic representation for particle velocity measurement.

3.5 Simulation of particle velocity distributions

In order to determine the passive and active layers of the
rolling regime, the particle velocities were measured. Due
to the inclination of the rotating disc, these layers were lo-
cated in the inner part of the granular bed. Therefore, it was
necessary to perform a cross-sectional cut parallel to the
base of the rotating disc, as illustrated in Fig. 4(a).

The particle velocity was determined along the reference
line drawn in the middle of the granular bed (Fig. 4(b))
under different conditions (Delele et al., 2016; Resende et
al., 2017; Santos et al., 2013, 2015). The reference line was
discretized and normalized at evenly distributed points, and
at each point the velocity of five different particles was de-
termined.

The conditions used to investigate the velocity profiles
of glass beads in the rotating disc were filling degrees of
2 % and 5 %, angles of inclination of 50° and 60°, and ro-
tational speeds of 10 rpm, 15 rpm and 20 rpm.

4. Results and discussions
4.1 Sensitivity analysis of DEM parameters

A CCD (see levels in Table 3) was employed to evaluate
the influence of DEM parameters on the number of con-
tacts between particles (Ncpp) in a rotating disc. To this end,
a total of 45 simulations were performed for the rotating
disc operating at angles of inclination of 40°, 50°, and 60°,
a filling degree of 2 %, and a rotational speed of 10 rpm.
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The obtained results are depicted in Appendix A (Supple-
mentary material: Table A1).

From these results, it was possible to quantify such ef-
fects for each angle of inclination by regression techniques.
The prediction equations (Eqns. (17)—(19)) resulted in
correlation coefficients (R?) of 0.94, 0.95 and 0.95 for an-
gles of inclination of 40°, 50° and 60°, respectively.

NCpp—40° =1.17 —0.05x1 +005x12 +005x% —0.09X3

—0.36x, +0.16x7 +0.06x2 + 0.05x2 17

Nepp-soe = 1.18=0.05x, +0.06x7 +0.06x2 —0.12x;
+0.06x7 —0.40x4 +0.17x7 +0.07x2 +0.06x% —0.04x,x,
(18)

Neppegor = 1.19=0.05x; +0.06x7 +0.06x3 —0.13x;
+0.06x2 —0.41x, +0.18x7 +0.07x2 +0.06x2 —0.03x,x,
(19)

The DEM parameters of these equations are presented in
coded form as follows:

~0.50 ~0.50
X = Cpp Xy = €pw
0.25 0.25
= /USpW —050 _ /lspp —050
! 0.25 0.25
figgy —0.050 Hgpw —0.050
x5 - x6 -
0.025 0.025

where x, = particle-particle restitution coefficient, x,=
particle-wall restitution coefficient, x, = particle—particle
static friction coefficient, x, = particle-wall static friction
coefficient, x; = particle—particle rolling friction coeffi-
cient, and x, = particle-wall rolling friction coefficient, all
in coded form.

In Eqns. (17)—(19), only the statistically significant pa-
rameters were included. It was possible to observe that all
DEM parameters had a significant effect on N at a signif-
icance level of 5 %.

The coefficients of Eqns. (17)—(19) show that Cow (x, in
coded form), uy ,, (x5 in coded form), and Hgpy (X6 i coded
form) were only influenced by the quadratic term. On the
other hand, s, (x, in coded form) was the parameter that
most influenced N, with an effect four times greater than
that of yg,, (x; in coded form)—the second most relevant
parameter—and eight times greater than that of €
coded form). In addition, the change in the angle of inclina-
tion of the rotating disc practically did not influence the
intensity of the parameter effects.

In order to obtain accurate simulations based on the
DEM approach, a correct set of input parameter values is
required. Several studies have used the calibration process

(x, in

to determine such values (Cunha et al., 2016; El Kassem et
al., 2021; Marigo and Stitt, 2015; Nascimento et al., 2022;
Santos et al., 2016). One of the disadvantages of the cali-
bration process is the high number of simulations required
to find the parameter values. Therefore, the analysis of the
effects of DEM parameters becomes essential to quantify
the influence of each parameter on the rotating disc. As
Hspy has a much greater influence than the other parame-
ters, an alternative is to only calibrate this parameter, thus
reducing the number of simulations.

Another factor to be analyzed is that Hspy has a negative
effect, i.e., the number of contacts between particles de-
creases as the coefficient value increases. This information
is necessary for the design and optimization of rotating
discs, because depending on the interaction between the
granular material and the equipment wall, the contact be-
tween particles can decrease, thus hindering the granula-
tion process.

Rong et al. (2020) used a 3* factorial design to evaluate
the sensitivity of particle-particle DEM parameters in a
rotating drum. The authors found that the sliding friction
coefficient, when compared with the rolling friction coeffi-
cient and the restitution coefficient, was the determining
parameter on the mean power draw of the rotating drum.
With the increase in the sliding friction coefficient, more
power was required due to the increased resistance of par-
ticles when they come into contact with other particles.

Table 5 CCD used to analyze the influence of operating conditions on

Nepy:
Run FD (%)  AI(°) RS(pm)  Ng,
1 2.00 40.00 10.00 1.31
2 2.00 40.00 30.00 0.79
3 2.00 60.00 10.00 1.34
4 2.00 60.00 30.00 0.86
5 8.00 40.00 10.00 1.59
6 8.00 40.00 30.00 1.15
7 8.00 60.00 10.00 1.65
8 8.00 60.00 30.00 1.26
9 0.59 50.00 20.00 0.71
10 9.41 50.00 20.00 1.42
11 5.00 35.29 20.00 1.19
12 5.00 64.71 20.00 1.28
13 5.00 50.00 5.29 1.73
14 5.00 50.00 3471 1.03
15 5.00 50.00 20.00 1.29
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4.2 Analysis of the effects of operating conditions

Table 5 shows the results of the CCD used to analyze the
influence of filling degree (FD), angle of inclination (4/)
and rotational speed (RS) on Ng,, (see levels in Table 4).

The data in Table 5 were subjected to regression analy-
sis to quantify the effects of each independent variable and
its corresponding interactions on the response (NCpp)' The
variables F'D, Al and RS were coded as x,, xg, and x,, re-
spectively. The obtained equation (Eqn. (20)) has a cor-
relation coefficient (R?) equal to 0.97.

N, =1.27+0.19x, = 0.09x? +0.03x, —0.23x, +0.06x]

(20)
FD —5% Al —50°
where: X7 =——; Xg=——;
3% 10°
and x, = 1> —20tpm.
10rpm

All operating conditions analyzed had a significant effect
on N, ata significance level of 5 %. It is noteworthy that
there was no interaction between the variables, i.e., each
variable alone had a direct influence on N¢, ..

As it can be seen in Eqn. (20), the effect of FD was
positive, that is, the number of contacts between particles
increased as a function of the number of particles in the
rotating disc. An opposite effect was observed for rotational
speed, i.e., the RS increased with decreasing Ncpp. Accord-
ing to Capes (1980), during the granulation process the
particle residence time can be lengthened by increasing the
rotational speed. However, at high rotational speeds the
rotating disc tends to operate in the cataracting regime,
which can result in agglomerate degradation and breakage
depending on the agitation intensity. A strict control of the
rotational speed is then necessary for the rotating disc to
operate in the rolling and cascading regimes, consequently
improving the efficiency of the granulation process
(Pietsch, 1997; Salman et al., 2006).

The change in the disc inclination had little influence on
N, when compared to the other variables. This result
confirms what was observed in the sensitivity analysis of
DEM parameters.

Other variables such as size distribution of feed, liquid
content in the feed powder, and liquid surface tension can

Table 6 DEM parameter values obtained experimentally.

DEM parameters Values
@ 0.900
oy 0.690
Hspp 0.620
Hspy 0.330
HRpp 0.014
Hrpw 0.013

234

also influence the granulation process (Capes, 1980). Nev-
ertheless, Eqn. (20) can elucidate the granulation process,
assisting in the operation, design and optimization of rotat-
ing discs.

4.3 Simulation of flow regimes

DEM simulations were also used to predict the behavior
of flow regimes in a rotating disc. In these simulations, the
input parameters obtained from the experimental procedure
described in Section 3.1 were employed. Table 6 shows
the values of DEM parameters obtained by the respective
experimental measurement. To verify the validity of these
DEM input parameters, the numerical and experimental
results were compared. Two analyses were carried out: a
qualitative one, where images of the flow regimes were
confronted, and a quantitative one, where the angle of de-
parture values were compared.

Figs. 5 to 7 compare the images of the experimental and
simulated results for the different flow regimes in the rotat-
ing disc, operating at different angles of inclination (A47). As
it can be seen, the DEM simulations accurately predicted
each flow regime.

Regarding the quantitative analysis, Fig. 8 compares the
numerical and experimental angles of departure for the
studied disc inclinations. As observed, the experimental
and simulated results were very similar for the entire range
of flow regimes (i.e., rolling, cascading, cataracting, and
centrifuging). The average percentage deviation of the an-
gle of departure was less than 2 %. Therefore, both qualita-
tive (Figs.5 to 7) and quantitative (Fig.8) analyses
confirmed that the direct experimental measurements of the
DEM input parameters were able to reproduce the bulk
behavior of particles in the rotating disc. For this reason, it
was not necessary to perform the calibration of DEM pa-
rameters, allowing the preservation of their physical mean-
ings.

Barrios et al. (2013) verified that experimental measure-
ments of DEM parameters for a single particle proved to be
a viable alternative to estimate the parameter values of iron
ore pellets. According to the authors, the computational
effort is reduced since the parameter values are obtained
directly, without requiring a calibration process.

Brandao et al. (2020) used DEM Simulations to study
the mixing and segregation of materials in a rotating drum.
The authors measured the DEM parameters experimentally
and performed a calibration approach. They verified that
the parameter values obtained by the calibration process
were similar to the experimental ones.

From the validation of the DEM model it can be verified
that the DEM parameters successfully represent the evalu-
ated experimental results. Therefore, it is possible to ana-
lyze the influence of the experimental operating conditions
on the maximum collision force (£ ). To determine the
maximum collision force, all particles were tracked along
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AL(°) 40
FD (%) 5

Rolling

Cascading

Cataracting

Centrifuging

Fig. 5 Experimental and numerical results of the qualitative analysis of flow regimes for an angle of inclination of 40°.

AL (%)
FD (%)

Rolling

Cascading

Cataracting

Centrifuging

Fig. 6 Experimental and numerical results of the qualitative analysis of flow regimes for an angle of inclination of 50°.
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AI(°) 60
FD (%) 5

Rolling

Cascading

Cataracting

Centrifuging

Fig.7 Experimental and numerical results of the qualitative analysis of flow regimes for an angle of inclination of 60°.
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Fig. 8 Experimental and numerical results of the quantitative analysis of angles of departure for angles of inclination of (a) 40°, (b) 50° and (c) 60°.
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the simulation time.

A 3¥ factorial design was used to evaluate the effects of
the following operating conditions on F. . filling degree
(FD), angle of inclination (4/) and rotational speed (RS).
The levels used for the independent variables (FD, A1, and
RS) were the same as the experimental ones. This analysis
can be used to help prevent agglomerate degradation and
breakage.

Table 7 shows the conditions and results (¥
3k factorial design.

The effects of FD, Al and RS on F. . were quantified
by regression techniques using the experimental data in
Table 7. From Eqn. (21), which has a correlation coeffi-

cient (R?) equal to 0.82, it is possible to predict the maxi-

) of the

max

Table 7 3K factorial design used to analyze the influence of operating
conditions of a rotating disc on £

C,max"

Run FD (%)  AI(°) RS(tpm)  Fe,. (N)
1 2 40 10 1.10
2 2 40 30 1.52
3 2 40 50 1.98
4 2 50 10 1.21
5 2 50 30 1.33
6 2 50 50 1.62
7 2 60 10 1.18
8 2 60 30 1.72
9 2 60 50 1.93

10 5 40 10 1.24

11 5 40 30 1.46

12 5 40 50 231

13 5 50 10 1.21

14 5 50 30 1.43

15 5 50 50 1.80

16 5 60 10 1.45

17 5 60 30 1.91

18 5 60 50 1.72

19 8 40 10 135

20 8 40 30 1.74

21 8 40 50 291

22 8 50 10 1.55

23 8 50 30 1.49

24 8 50 50 1.68

25 8 60 10 1.52

26 8 60 30 1.50

27 8 60 50 1.75

mum collision force between particles (F- ,,) as a function
of the operational variables and quantify its respective ef-
fects. The independent variables FD, Al, and RS are pre-
sented in coded forms (x,,, x,, and x,,, respectively).

All operating conditions had a positive effect on F. . at
asignificance level of 5 %. F. . increased as a function of
both D (x,, in coded form) and RS (x,, in coded form),
with the latter affecting this variable three times more than
the former. This analysis highlights the care that must be
taken when operating rotating discs at high rotational
speeds, as this can result in degradation of the agglomerates
formed, thus impairing the granulation process. On the
other hand, A/ (x,, in coded form) had a negative effect on
F and although it did not affect linearly the collision

C,max’®
force, it interacted with other variables.

Fomae =1.61+0.10x;5 — 0.10x2 +0.33x;, — 0.12x,x,,

—=0.19x; x5 + 0.09x; x5 — 0.10x7,x,,

(21)
FD-5% . Al -50°
where X0 = Xy = ;
3% 10°
RS -30
and x, = > _22TPM
20rpm

The effect of operating conditions on F. . was similar

to that observed for the angle of departure and this result is
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Fig. 9 Velocity profiles of glass beads for an angle of inclination of
50°: (a) 2 % and (b) 5 %.
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Fig. 10 Velocity profiles of glass beads for an angle of inclination of
60°: (a) 2 % and (b) 5 %.

in agreement with the behavior observed by Lima et al.
(2022).

4.4 Simulation of particle velocity distributions

Due to the rotating disc inclination, the active and pas-
sive layers of the rolling regime were found to be located in
the inner regions of the granular bed. Therefore, they could
only be observed through simulations.

Figs. 9 and 10 display the particle velocity distributions,
where Vp is the particle velocity and 7 is the particle posi-
tion along the reference line (Fig. 4(b)). The variable r
starts from the disc wall and ends at the granular bed
surface. In this work, only the cases in which the rotating
disc was operating in the rolling regime were considered,
i.e., at angles of inclination of 50 (Fig. 9) and 60° (Fig. 10),
filling degrees of 2 and 5 %, and velocities of 10, 15 and
20 rpm.

The two different bed structure regions visualized in the
Figs. 9 and 10 demonstrate that as the value of » increased,
the particle velocities decreased until reaching a minimum
value (close to zero), evidencing the interface between the
passive and active layers. This behavior is typical of the
passive layer in the rolling regime, in which the particles
move as a solid body and are dragged up by the disc wall.
From the interface, the solids velocities started to increase
along r, characterizing the active layer. In this region, the
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Table 8 Analysis of active and passive layer thicknesses.

Angle of Filling Layer thickness [m] Ratio

inclination ﬁ’zﬁree Passive Active (A/P)
(P) ()

50° 2 0.040 0.029 0.714

5 0.063 0.046 0.727

60° 2 0.034 0.023 0.667

5 0.057 0.034 0.600

particles had a higher dynamics, moving in the opposite
direction to the passive layer. As observed, the highest ve-
locity values were found to be near the granular bed sur-
face.

It can also be seen that higher rotational speeds resulted
in greater velocities in both layers, but without changing
the interface position. When the rotational speed was kept
constant and the filling degree was increased, the particle
velocities also increased in both layers, and such effect was
higher in the active layer. Regarding the angle of inclina-
tion, it can be observed that the disc operating at 50°
achieved higher particle velocities in the active layer. In
this case, the granular bed reached a higher angle of depar-
ture, increasing the potential energy of the particles and
therefore their dynamics.

In contrast to the rotational speed, changes in the filling
degree and angle of inclination modified the interface posi-
tion, suggesting the significant impact of these variables on
the active layer thickness. The correct prediction of the ac-
tive and passive layers for a rotating disc operating in the
rolling regime is very important for the granulation pro-
cess. It is worth mentioning that the best particle interac-
tions, mixing and segregation, as well as the highest rates
of heat and mass transfer, occur in the active layer. Table 8
presents the thicknesses of the active layers and their ratio
to the passive layer thicknesses for angles of inclination of
50° and 60°.

For constant filling degrees, the change in the angle of
inclination from 50° to 60° resulted in a reduced ratio be-
tween the layers of 6.58 % and 17.47 % for filling degrees
of 2 % and 5 %, respectively, evidencing the movement of
particles to the passive layer region.

Santos et al. (2015) found similar behavior, when stud-
ied, numerically and experimentally, the velocity profile of
soybean particles in a rotating drum operating in the rolling
regime. They observed that, keeping the filling degree
constant and increasing the rotational speed, there was an
increase in the velocity of the particles in both layers (pas-
sive and active), and the point where a reverse of the flow
takes place was kept constant. On the other hand, when the
rotational speed was kept constant and the filling degree
was changed from 18.81 % to 31.40 %, the inflection point


https://doi.org/10.14356/kona.2024016

o

)
<

cm‘

M

4

L/

Rondinelli M. Lima et al. / KONA Powder and Particle Journal No. 41 (2024) 229-241

Original Research Paper

changed from 4 cm to 5.5 cm, respectively.

5. Conclusions

In this work, DEM simulations were performed to study
the influence of DEM parameters and operating conditions
on particle dynamics in a rotating disc.

The methodology used herein allowed to analyze and
quantify the effect of DEM parameters on the number of
contacts between particles, an important variable in the
granulation process. All DEM parameters had a significant
influence on the analyzed response, with Hspy being the
parameter with the greatest effect.

DEM simulations were also used to predict the behavior
of flow regimes in a rotating disc. In these simulations, the
input parameters obtained from the experimental procedure
were used and successfully predicted the experimental be-
havior of all flow regimes.

With respect to the effects of the operating conditions of
the rotating disc (i.e., filling degree, angle of inclination
and rotational speed) on N, and F ., it was observed
that the increase in the filling degree had a positive effect
on both responses. In contrast, the increase in the rotational
speed led to a reduction in N, but an increase in Fe. .,
which can impair the efficiency of the granulation process.
Lastly, in relation to the disc inclination, the change in this
parameter had little influence on N . Additionally it was
verified that greater angles of inclination led to a reduction
in the intensity of F .

In this study, it is also possible to verify the effect of the
operating conditions of the rotating disc on the particle ve-
locity distributions in the rolling regime. As the filling de-
gree and rotational speed increased, the particle velocity
was also raised in both layers, whilst the change in the an-
gle of inclination affected the active layer. The disc operat-
ing at 50° showed the highest ratio between the active and
passive layer thicknesses.
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Nomenclature

D diameter of disc granulator (m)

D, distance traveled by the particle (m)
e restitution coefficient (-)

E Young’s modulus (Pa)

E* equivalent Young’s modulus (Pa)
F force (N)

G shear modulus (Pa)

G* equivalent shear modulus (Pa)

hy, device height (m)

moment of inertia (m s2)

L rim height of disc granulator (m)

m* equivalent mass (kg)

m mass (kg)

N, number of contact (-)

R radius (m)

R* equivalent contact radius (m)

S stiffness (Pa m)

t time (s)

v linear velocity (ms™)

Vy velocity before impact (m s')

v, velocity after impact (m s71)

v, particle velocity (m s™')

Greek Symbol

o angle of departure (°)

B damping coefficient (kg s™)

0 overlap distance of two particles (m)

14 angle of inclination of disc granulator (°)

Uy rolling friction coefficient (-)

U static friction coefficient (-)

T torque (N m1)

v Poisson ratio (-)

] angle of inclination used in the friction coefficient mea-
surement (-)

® angular velocity (s™)

Indexes

C contact

d damping

iandj particle identification index

n normal direction

PP particle—particle interaction

pw particle-wall interaction

t tangential direction
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