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Abstract: Computational fluid dynamics (CFD) have been extensively used to simulate the hydrody-
namics of multiphase flows (MPFs) in rotating machinery. In the presence of a granular dense phase,
the Kinetic Theory of Granular Flow (KTGF) is usually coupled to Eulerian multi-fluid models to ob-
tain tractable computational fluid models. In the present work, the hydrodynamic behavior of a three
dimensional, industrial scale, and rotating drum granulator with gas–solid flows is assessed using the
Eulerian–Eulerian approach coupled with the k-ε standard turbulence model. A Eulerian–Eulerian
Two-Fluid Model (TFM) is used with the KTGF model for the granular phase. The sensitivities to
different operating parameters, including the rotational speed (8, 16, and 24 rpm), inclination degree
(3.57◦, 5.57◦, and 7.57◦), and degree of filling (20%, 30%, and 40%) are studied. Moreover, the impact
of the drag model on the simulation accuracy is investigated. The flow behavior, regime transitions,
and particle distribution are numerically evaluated, while varying the operating conditions and
the drag models. The rotational speed and filling degree appear to have greater influences on the
granulation effectiveness than on the inclination degree. Three drag models are retained in our
analysis. Both the Gidaspow and Wen and Yu models successfully predict the two-phase flow in
comparison to the Syamlal and O’Brien model, which seems to underestimate the hydrodynamics
of the flow in both its axial and radial distributions (a fill level less than 35%). The methodology
followed in the current work lays the first stone for the optimization of the phosphates fertilizer
wet-granulation process within an industrial installation.

Keywords: granulation; Euler–Euler approach; process intensification; kinetic theory of granular
flow; process optimization

1. Introduction

The main objective of the industrial processing of phosphate minerals is the production
of granular fertilizers that are soluble and directly assimilable by plants. One of the unit
operations in the manufacturing process of fertilizers is wet granulation [1]. The granulation
essentially aims at forming agglomerates of a well-defined size that is generally larger
than the initial particle size. The process also targets specific physico-chemical properties
for the phosphate fertilizer grains: the particle size distribution, density, porosity, solidity,
and residual water content [2].

The wet-granulation process is based on different technologies with different designs
and mechanisms depending on the physico-chemical properties of the input product [3,4].
A wide range of granulation devices is found at the industrial scale, including fluidized bed
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granulators [5], high shear mixer granulators [6], rotating drum granulators [7], and pan
granulators [8] (cf. Figure 1).

Fluidized bed High Shear mixer Rotary drum Pan granulator

Figure 1. Wet-granulation technologies. Inspired from Saleh and Guigon [3].

Due to their economical aspects and their easy manipulation, rotating drums are
widely used for the wet granulation of fertilizer particles. In this process, a slurry that
results from (i) the neutralization of dilute phosphoric acid solution with ammonia [9]
and (ii) the crystallization of the product is injected into a rotating drum granulator [10].
This process has the added advantage of including drying, which reduces the humidity
ratio [7,8], and coating, which improves the effectiveness of the products depending on the
soil characteristics [11].

Despite the wide employment of rotating drums in the phosphate fertilizer industry,
these are still challenging equipment that require a complex adaptation of the operating
conditions to the quality of the raw material feeding the process [12]. Depending on the
operating parameters, the physical properties of materials, and the geometrical designs,
rotating drums can show different flow regimes for the particle dynamics [13]. The flow
regime significantly affects the quality of material processing in terms of mixing, grind-
ing, size enlargement, etc. Experimental studies conducted by Arntz et al. [14] showed
that rotating drums can exhibit seven flow regimes: Sliding, surging, slumping, rolling,
cascading, cataracting and centrifuging [15]. Each regime is characterized by its specific
hydrodynamics [16].

Currently, the increase in computing capabilities makes numerical simulation afford-
able to study the particle dynamics in rotating drums. Several studies have proven the
Computational Fluid Dynamics (CFD) efficiency for granular flow assessment and analysis.
For these simulations, the Euler–Euler approach [17], Euler–Lagrange approach, Discrete
Element Method (DEM) [18,19] and Population Balance Model (PBM) are frequently used
methods for dense granular flow studies.

Coupled CFD-DEM [20], CFD-PBM, DEM-PBM [21,22], and CFD-DEM-PBM models
were developed for better prediction and understanding of the hydrodynamics and phase
interactions [23]. The Euler–Euler approach considers the fluid and solid phases as inter-
penetrating continua, coupled through interaction terms. The solid phase properties are
obtained using the kinetic theory of granular flow.

The relative computational efficiency of this approach with respect to the other ones
cited above, as well as the fast development in computational resources allow it to replace,
at least partially, experimental studies while providing a way to analyze phenomena that
are hardly studied experimentally. Yet, great attention should be given to the interaction
models. In particular, the interphase momentum exchange models are key components for
accurate multiphase CFD simulation. Several research works [24] have shown that the drag
model is the critical closure model to accurately predict the hydrodynamics in multiphase
gas–solid flows.
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However, none of these studies analyzed the flow behavior in a large scale, rotating
and three-dimensional model, such as a granulation drum. Moreover, the range of validity
for each model should be assessed. Accurate numerical prediction of the hydrodynamics
can then be used for optimization of the process key operating parameters on the light of
the regime transition theory [14,15].

In the present work, a CFD simulation of the multiphase flow within an industrial
rotating drum granulator is performed. The aim of this study is twofold: to analyze the
sensitivity of the rotating drum granulator to three operating parameters—namely, the
rotational speed, fill level and the inclination degree; and to evaluate their effects on the
hydrodynamics. The gas–solid two-fluid flow inside the inclined rotating drum granulator
is considered, and the Eulerian–Eulerian mathematical model describing the multi-phase
flow is presented in Section 2.

The three evaluated drag models (Gidaspow; Syamlal and O’Brien; and Wen and
Yu) are also presented. After presenting the physical and numerical parameters for the
simulation setting in Section 3, the flow predictions are discussed in Section 4, focusing on
the radial and axial particle distribution dependence to the granulator rotational speed (8,
16, and 24 rpm), fill level (20%, 30%, 40%) and the inclination degree (3.57◦, 5.57◦, and 7.57◦).
The accuracy of the hydrodynamics prediction is analyzed, and the validity range of some
effective parameters is proposed for the different operating conditions.

2. CFD Model Setup

As mentioned above, the Eulerian–Eulerian unsteady TFM is used in its general
formalism. The governing equations of fluid mechanics are solved by the CFD software
ANSYS Fluent 2020 R1 solver (CADFEM, AN2, Ben Guerir, Morocco) . In the framework of
TFM, both the gas phase and the solid phase are solved as continuous fluids interspersed
with each other. The dynamic characteristics of the solid phase are assumed to be the same
as those of the gas phase, and thus it can be described with the equation of conservation
of fluid mechanics. The solids stress terms are closed by the kinetic theory of granular
flow [25], and the interaction between the gas and solid phase is coupled through drag force.

2.1. Governing Equations and Fluid-Solid Interactions

Neglecting the effect of compressibility, the continuity equations for gas–solid mass
conservation are represented by the following equations:

∇ ·
(
αgvg$g

)
= 0,

∇ · (αsvs$s) = 0,
(1)

where the subscripts g and s stand for the gas phase (air) and the solid phase (particles),
respectively. In Equation (1), α, $, and v stand for the volume fraction, density, and velocity,
respectively, with αg + αs = 1. The conservation of the gas and solid momentum is given
by the following equations

∂
∂t
(
αg$gvg

)
+∇ ·

(
αg$gvgvg

)
= −αg∇p+

∇ · τg + αg$gg + αg$g

(
Fext

g + Flift
g + Fvm

g

)
+Kgs

(
vs − vg

)
,

(2)

∂
∂t (αs$svs) +∇ · (αs$svsvs) = −αs∇p +∇ps+

∇ · τs + αs$sg + αs$s

(
Fext

s + Flift
s + Fvm

s

)
+Kgs

(
vg − vs

)
,

(3)

where Fext
q (q stand either for g or s), Flift

q , and Fvm
q are the external body force, the lift force,

and the virtual mass force, respectively. τq are the phase stress tensors given by:

τg = αgµg
(
∇vg +∇vᵀ

g
)

τs = αsµs
(
∇vs +∇vᵀ

s
)
+ αs

(
λs − 2

3 µs
)
∇ · vsI

(4)
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Ksg is the momentum drag exchange coefficient between the phases. In the current
investigation, we assume that the system is isothermal, and only drag and gravity forces
are considered. Indeed, many research studies [18,24] concluded that the effects of the lift
and virtual mass forces are negligible compared to the drag force impact.

We confirmed this with three simulation cases. The momentum exchange coefficient
Ksg between the solid phase s and fluid phase g can be written in the following general form

Ksg =
αs$s fd

vs
,

where fd is the drag function and vs is the particulate relaxation time defined as

vs =
$sd2

s
18µg

,

where ds is the diameter of particles in the solid phase and µg is the air viscosity. The
definition of the drag function fd includes a drag coefficient Cd that is based on the relative
Reynolds numberRer defined as

Rer =
$ f
∣∣vg − vb

∣∣ds

µg
. (5)

For the Cd coefficient, different empirical and semi-empirical models exist, and some
will be presented in the next subsection.

2.2. Drag Forces

The principal closure model for the momentum exchange equation is the drag force.
The literature reports numerous drag models employed in CFD simulations of multiphase
systems containing a granular phase. Here, we aim to investigate the influence of the drag
model on the computation of the granular flow in a rotating drum granulator. Several
research works on drag models in fluid–solid systems give a recommendation of drag
models depending on the density of the granular phase [26–28].

The Schiller and Naumann [29] and Helland et al. [30] models are recommended for
thin and diluted systems. However, for multiphase systems with a dense granular phase,
three models are preferred and are retained for further investigation in the present study.
The first one was developed by Wen and Yu [31] and is given by

Ksg =
3Cdαsαg$g

∣∣vs − vg
∣∣

4ds
α−2.65

g (6)

where
Cd =

24
αgRes

[
1 + 0.15

(
αgRes

)0.687
]
. (7)

The second one was introduced by Gidaspow [32] to correct Wen and Yu [31]’s model
following the expression

Ksg =


3Cdαsαg$g|vs−vg|

4ds
α−2.65

g for αg > 0.8,
150αs(1−αg)µg

αgd2
s

+
1.75$gαs

ds

∣∣vs − vg
∣∣ for αg 6 0.8.

(8)

The third considered model is due to Syamlal and O’Brien [33], and it can be ex-
pressed as:

Ksg =
3Cdαsαg$g

4V2
r,sds

(Res

Vr,s

)∣∣vs − vg
∣∣, (9)
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where

Cd =

(
0.63 +

4.8
√

Vrs√
Res

)2

, (10)

with

Vr,s = 0.5
(

A− 0.06Res +

√
(0.06Res)

2 + 0.12Res(2B− A) + A2
)

, (11)

and

A = α4.14
g , B =

{
0.8α1.28

g for αg ≤ 0.85
α2.65

g for αg > 0.85
(12)

2.3. Solid-Solid Interactions

To model the particle–particle interactions, the KTGF is used to define the stress term
τ [34]. This theory is based on an analogy with the classical kinetic gas theory. For instance,
a term θs, representing the granular temperature, also called “pseudo-thermal”, accounts
for the kinetic energy associated with the particle velocity fluctuations [35].

The transport equation for the granular temperature is expressed as follows,

3
2

[
∂

∂t
($sαsθs) +∇ · ($sαsvsθs)

]
= (−psI+ τs) : ∇vs+

∇ · (kθs∇θs)− γθs − 3KsgΦgs,
, (13)

where (−ps I + τs) : ∇vs represents the resultant energy from the solid stress tensor,
∇ · (kθs∇θs) is the diffusion of energy, Φgs is the energy exchange between the fluid and
solid phases, kθs is the diffusion coefficient, and γθs is the collisional dissipation energy
given by [36]:

γθs =
12
(
1− e2

ss
)
α2

s $sg0θ3/2
s

ds
√

π
, (14)

and
θs =

1
3

u2
s,i, (15)

where ess is the restitution coefficient for particle collisions, taken as 0.95, and the radial
distribution function g0 represents the probability of interparticle contact. Neglecting the
convective and diffusive terms in Equation (13) allows reducing the transport equation for
the granular temperature to the algebraic form

(−ps I + τs) : ∇vs − γθs − 3KsgΦgs = 0. (16)

To estimate the viscosity of the solid phase µs, three terms are used:

µs = µfr
s + µcol

s + µkin
s , (17)

where µfr
s is the frictional viscosity, µcol

s is the collisional viscosity, and µkin
s is the kinetic

viscosity, which are modeled using detailed correlations that can be found in Schaeffer [37].

3. Numerical Model Setup

The numerical simulations are performed for a three dimensional domain with the
real industrial scale dimensions. The rotating drum granulator geometry and generated
mesh were developed using ANSYS Design Modeler and ANSYS mesher, respectively.
The granulator consists of a cylindrical inclined drum of diameter D = 4.5 m and length
L = 9.0 m. The cylinder is inclined from the lateral plane with 3.57◦ in the nominal
industrial conditions.

To perform the grid independence analysis, we created three meshes with different
grid refinement qualities. The meshing used tetrahedral hybrid meshes with a grid of
up to 2× 105 cells. The influence of mesh size on the rotating drum simulations is pre-
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sented in Section 3.2. The second order upwind scheme was adopted to discretize the
governing equations, while the QUICK scheme was employed for the volume fraction
transport equation.

For the pressure–velocity coupling algorithm, the pressure-based coupled SIMPLE
algorithm was adopted. The transient CFD calculations were performed, with the time
step size of 10−4 s and maximum of 20 iterations per time step. We defined 10−4 as a
time step value to allow the rotary drum to rotate for more seven complete rotational
cycles and to ensure convergence for all the rotational speeds and operating points without
then need to tune this parameter for each simulation. In order to match a local stability
criteria based on the Courant number (CFL) to achieve temporal accuracy and numerical
stability, the maximum allowed value of Courant number was 0.7. For all system equations,
the residual was set to 10−3.

3.1. Physical Parameters

The primary phase is defined by air, and the secondary phase is formed by the solid
fertilizer particles. The particle size distribution effect was neglected, and the averaged
particles diameter was set to 2 mm. The physical characteristics of the particles and air are
summarized in Table 1.

Table 1. Physical properties of the simulations.

Physical Property Value

Air density ($g) 1.255 kg/m3

Air viscosity (µg) 1.7894× 10−5 kg/m·s
Fertilizer particles density ($s) 1574 kg/m3

Fertilizer particles diameter (ds) 2 mm

The drum is initially filled with a fertilizer particle bed and is operated in batch mode.
The wall of the drum is rotating with a rotational speed set for each simulation. It is
assumed to be a non-slip wall that conveys the necessary shear traction to the granular
flow as shown by Figure 2. Generally, the products feed the granulator from the upper
zone (inlet) and leave from the lower zone (Outlet). In this simulation, the batch mode is
ensured by the definition of these boundaries as rebound periodic conditions.

(a) (b)

Figure 2. CAD and mesh of the simulation domain. (a) CAD Geometry. (b) Mesh of the geometry.

To investigate the fertilizer particle dynamics using the Eulerian approach, different
drag models were evaluated using different operating conditions. Three different values
of rotational speeds, filling degrees, and inclination degrees, for the three different drag
models, were evaluated as shown in Table 2. Hence, the total number of simulation cases
was 81. The average CPU time was 576 core-hours per transient simulation of physical time
200 s.
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Table 2. Details of the CFD simulated scenarios.

Parameter Tested Options

Rotational speed (rpm) 8 16 24

Inclination degree (◦) 3.5 5.5 7.5

Filling degree (%) 20 30 40

Drag model Gidaspow [32] Syamlal and O’Brien [33] Wen and Yu [31]

3.2. Mesh Independence Analysis

The assessment of mesh convergence was performed with three levels of mesh refine-
ment as shown in Figure 3.

Figure 3. Meshes for the mesh convergence study.

The computational domain was discretized using the three meshes containing 20,700
(coarse), 170,625 (medium), and 266,045 (fine) quadrilateral cells. The two-phase simula-
tion tfg considered for the grid independence/convergence analysis. For the wall layer
modeling and for the three mesh grid qualities, we ensured y+ in the range of 10–300 [38].
The y+ prediction also takes into consideration the rotating walls. An averaged value of
y+ < 100 in all internal domains, and y+ < 11 for near the wall cells were respected in the
meshing procedure.

For the initial instant (t = 0 s), the radial distribution of the two-phases can be observed
in Figure 4. The mesh refinement impact on capturing the interphase surface is clear.

αs
1

0

Coarse Medium Fine

Figure 4. Radial cross section at the initial time for the different meshes.

Figure 5 presents the velocity magnitude over the perpendicular line to the particle
bed in the simulation domain (x–y plane, y = 2.5 m, and z = 4 m).
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(b)
Figure 5. The velocity magnitude of particles (m/s) as a function of the distance (a) from the wall
and (b) zoom in close to the wall for the case (8 rpm, 30% filling degree, and 3.57◦ inclination degree).

Following these results, the difference between numerical predictions obtained using
the refined and the medium grids is negligible, and the medium grid featuring 170,625 cells
is retained to maintain reasonable computational costs.

4. Results and Discussion

Mass, heat, and momentum transfer efficiency within rotary drums depends on the
flow hydrodynamics. Thereby, the understanding of the flow regimes is fundamental to
determine the undesirable conditions to avoid when monitoring this unit operation. For
rotating drum models with a dense solid phase, the lift, virtual mass, and wall friction
parameters can be negligible compared to the gravity and drag model impacts on the solid
phase flow prediction [39].

We confirmed this for the present computational model with three simulation cases.
However, the global CFD model is sensitive to the drag model [24,40,41]. In the following,
an analysis of the flow hydrodynamics and the sensitivity to the drag models, rotational
speed, and filling level is performed to deepen our understanding of the dynamic behavior
of granular flow in rotating drums.

4.1. Drag Model Effect on Hydrodynamics Predictions
4.1.1. Effect on the Particle Velocity

The time-averaged results obtained on the line located at a radial cross section in (x–y
plane with y = 2 m and z = 4.5 m) of the drum are shown in Figure 6. The operating
conditions were 30% of the fill rate (which is equivalent to 0.675 m as the granular bed
depth), 3.57◦ inclination degree from the reference plan, and a rotational speed of 8 rpm.
For the three drag models, the fertilizer particle velocity profile had its highest value of
2.4 m/s at the bed surface and then decreased with the decreasing radial position to reach
its lowest value at the active–passive zone interface, and then a reverse of the flow took
place as a result of the drum wall.

The lowest particle velocity on the profile depends slightly on the drag model, and
Syamlal and O’Brien [33]’s correlation appears to overestimate it in comparison with the
other two drag models. Note that the used conditions ensure a rolling regime, which
generates a tumbling motion of solids within the rotary drum. The active region occupies a
large part ensuring a maximum exchange of intra-particles in the upper zone of the bed.
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Figure 6. The fertilizer particle velocity distributions predicted using the three drag models for a
rotational speed of 8 rpm and a 30% filling degree.

The predictive capabilities of CFD models in rotating drums has been assessed in
many experiments. Santos et al. [42] showed that the employed drag models do not
impact the CFD model prediction and, therefore, can be neglected. Other studies [28,43]
highlight the crucial role of the drag model in the flow hydrodynamics prediction. In our
study, the comparison results revealed that the particle velocity predictions were more
accurate with the Gidaspow [32] and Wen and Yu [31] models than the predictions of the
Syamlal and O’Brien [33] model. However, almost identical results were obtained using
the Gidaspow [32] and Wen and Yu [31] models. As other CFD modeling studies have
highlighted [44], we conclude that the Syamlal and O’Brien [33] drag model is not suitable
for large scale flows.

4.1.2. Effect on the Two-Phase Volume Fraction Distribution

As the drag model is a dominant element in the particle interaction prediction with
the priority to be defined in the CFD model over other CFD subcomponents (coalescence,
breakage. . . ) and to be combined with segregation model for robust further CFD simula-
tions allowing for better particle hydrodynamics predictions. In this section, we aim to
validate our observations on drag models effects and their ability to accurately predict
the particle phase. A projection of the drum on a transversal middle plane is considered
to quantify the axial dispersion of fertilizer particles at different simulation times (see
Figure 7).

At the beginning of the drum rotation (t = 5 s), the interface between air and a solid
bed conserves its initial flat pattern. Afterwards, at t = 10 s, a portion of the particles
reaches the top of the drum, and a fraction of particles adheres to the wall of the drum. On
the other hand, due to the drum’s inclination, most particles are stacked in the lower zone
and do not reach the top of the drum. The gravitational forces acting on particles in the
axial direction dominate the velocity axial component, and most particles accumulate near
the bottom of the drum. At t = 20 s, most particles from the active zone attain the higher
part of the drum and an S-shape surface appears on the cross section plane with significant
curvature announcing a transition from the rolling to the cascading regime.

Considering the effect of rotation, the bed is more expanded, which increases the
action of inertial forces on the fertilizer grains. However, granular layers with lower density
and higher surface velocity favor regime transition. From Figure 7, the effect of the drag
model on the evolution of the solid bed distribution is not significant. It is worth noting
that an important phenomenon occurs at this stage: the upper percentage of fertilizer
particles that reaches the top of the drum cannot resist a flow continuity indicating an
avalanche wave, and particles return to the granular bed, which directly impacts the mixing
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quality within the drum and, furthermore, favor inter-particle interactions for coalescence,
breakage, and other mechanisms.

αs

0.63

0.00

Gidaspow Syamlal and O’Brien Wen and Yu

t
=

5
s

t
=

1
0
s

t
=

2
0
s

Figure 7. Front view of a middle transversal plane of particle axial distribution with different drag
models at different simulation times with a 30% fill rate αs (particle volume fraction), a domain
rotational speed of 8 rpm, and an inclination of 3.57◦.

4.2. Flow Sensitivity to Operating Conditions
4.2.1. Rotational Speed Effect

In this section, the effects of rotational speeds on particle dynamics are investigated.
Rotational speed is a key parameter for controlling the particle dynamics inside the granula-
tor. The variations of the particles’ average velocity at the x–y middle plane with y = 2.25 m
in the drum are portrayed in Figure 8, for each drag model, for three rotational speeds of 8,
16, and 24 rpm, and for three filling levels of 20%, 30%, and 40%.

Figure 8. Particle velocity profile (d = 2 mm) for 8, 16, and 24 rpm rotational speeds with different
drag models tested, with a representative snapshot of the depth of the granular bed δ (distance from
the drum bottom to the interface between the granules and air).

The particle’s velocity decreases with increasing bed depth. On the other hand, it
considerably increases when increasing the rotational speed of the rotating drum. This is
due to the transfer of the energy from the drum to the granular bed. The overall particle
distribution within the granular bed can be explained by the fact that the thickness of the
active layer is more considerable when the rotational speed is higher and the bed depth is
lower; thus the fertilizer particles attain the highest mean velocity with a δ of 0.4 m (filling
rate of 20%) and a maximal rotational speed of 24 rpm. Simultaneously increasing the
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rotational speed and the depth of the granular bed leads to a decrease in the velocity of
fertilizer particles.

This is due to a higher thickness of the passive layer in the granular bed, which reduces
the fraction of particles in the active layer and slows the particle movement within the drum.
The present findings agree well with the study performed by Wu et al. [45]. Moreover,
at the different rotational speeds and fill levels, the predictions given by Gidaspow [32] and
Wen and Yu [31] models are similar. Syamlal and O’Brien [33]’s model gives a prediction
with a similar trend at low bed depths but deviates when increasing the bed depth.

We can conclude from these and Section 4.1 that, although we validated the observa-
tions from previous works [28] that recommended this drag model in non dense gas–solid
systems, such as fluidized beds, we must note the limitations of this models for dense solid
systems, such as rotating drums. The Gidaspow [32] and Wen and Yu [31] drag models are
more accurate for gas–solid (dense) flows in rotating drums.

The granular temperature represents a key parameter in the KTGF model, since it
allows measuring the degree of random particle motion (granular fluctuations due to the
continuous intra-particle and particle–boundary collisions). Therefore, it could be used
as a good indicator of the granular flow hydrodynamics in the rotating drum [46]. The
contours of the granular temperature, θs, of fertilizer particles is displayed in Figure 9.
The rotational speed seems to play an important role in the granular temperature. Indeed,
increasing the rotation speed leads to an increase in the repose angle and a decrease in the
mean circulation time of the particle, which improves the particles mixing in the bed.
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Figure 9. Axial snapshots of the granular temperature Θs (m2 · s−2) patterns in drums rotating at 8,
16, 24, and 32 rpm with the three studied drag models at the end time of 200 s.

The particles in the passive layer turn in the upwards direction in a nearly solid
body rotating fashion independently of the considered drag model. Note that the surface
of the granular bed flattened as the rotation speed decreased. The heat appeared to be
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transferred from the wall to the center of the bed, and the temperature showed concentric
gradients for higher rotation speeds. This is compatible with previous experimental [47]
and numerical [48] studies. The three drag models retained in this study give similar
granular temperature flow patterns.

4.2.2. Filling Degree Effect

The rotating granulator was set to different rotational speeds in order to analyze the
different regimes of solid motion. The results in Figure 10 show the transition between the
typical transverse bed motions (rolling, cascading, and cataracting) during the rotation of
the rotating drum. The configurations in Figure 10 represent the hydrodynamics in a radial
section in the middle of the rotary granulator for three filling rates: 20%, 30%, and 40% of
the solid granular phase. We present the results for a rotational speed of 8 rpm, which is
the nominal speed in the industrial process. The Gidaspow [32] drag model is retained.
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Figure 10. Volume fraction of the the granular solid phase for fill levels of 20%, 30%, and 40% for a
drum rotating at 8 rpm.

The surface of the granular bed features important deformations in its active layer
for filling rates of 20 and 30% but less deformations for the level of 40%. In this latter
case, the bed keeps a sliding flow regime during the simulation, therefore, hindering good
mixing in the granular bed and inhibiting the exchanges of mass, heat, and momentum
between the granules. The case of a 20% and 30% filling rate allows the granular phase to
easily follow the rotational movement of the granulator, and the active layer is thicker.

Indeed, a total adhesion to the walls of the domain was observed around the wall
of the granulator until reaching the height threshold causing the avalanche phenomenon,
and the granular bed was placed back at the bottom of the domain by gravity effect. This
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effect was less accentuated when using a value of solid volume fraction of 20%, where the
resistance to gravity was clearer, and the granular bed was more compact, whereas the
critical flow regime of cataracting was reached. This is likely due to the fact that stronger
frictional forces are formed between the particles, which leads to an increase in the cohesive
force that can cause a transition from the rolling regime to the cataracting regime or to the
centrifuging regime with higher rotational speeds. This is not favorable in the case of a
reactive flow, for which certain exchange constraints between the phases must be respected.

The present results define a range of variation of filling rate to be respected with a
minimum of 20% and a rate not to be reached of 40%. We note that, following the present
results, the rolling regime is the most adequate to achieve good hydrodynamics within
the granulator.

4.2.3. Inclination Degree Effect

The tailored numerical model was employed to investigate the effects of the inclination
degree on the flow hydrodynamics along the rotating drum. Figure 11 represents the
fertilizer particles averaged axial velocity along the rotating drum for different operating
conditions, with a constant fill rate of 30%. It is clear that the particle axial velocity increases
gradually along the drum. As a result, the axial component of the particle velocity is
increasingly important by mass conservation.
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Figure 11. The axial particle velocity (m/s) distributions in three subdivision zones per drum length
(m) for 8, 16, and 24 rpm rotational speeds. (a) 8 rpm. (b) 16 rpm. (c) 24 rpm.

On the other hand, the effect of the inclination degree on particle dynamics is varying
along the drum length. By increasing the inclination slope, particles tend to occupy the
lower end of the drum, due to the gravitational force component in the axial direction.
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Figure 11 further displays that any increase in the inclination degree impacts the axial
and radial particle distribution along the drum, which will enhance the mass and heat
transfer mechanisms between the particles present in the active layer at the end part of the
drum. The rest of the particles defining the passive region can present a dead granular bed
depending on the fill rate.

Conjugated effects between the inclination degree and rotational speed are clearly
observed in Figure 11. By increasing the rotational speed and the drum inclination, the par-
ticle volume fraction decreases in the inlet zone. Moreover, as the rotational speed increases,
the effect of inclination decreases on the averaged velocity as expected. The impact of
inclination on the mean axial velocity variation along the drum is less significant with the
increase in rotational speed.

The variation in the axial velocity of particles along the rotating drum explains the
regime transition phenomena previously mentioned, particularly for the rolling-cascading
regimes by increasing the rotational speed with a 30% fill level. Similar observations were
highlighted by the experimental study of Li et al. [49] and proven in experimental and
simulation studies by Rogers et al. [50].

5. Conclusions

This paper investigated the impact of drag models on gas–solid simulation predictions
and the influence of the operating conditions on fertilizer particle dynamics behavior. A
two-phase three-dimensional CFD model of particle and fluid flows in rotary drums was
developed using ANSYS Fluent. The model is provided for research reproducibility. The
results of the present study proved that the drag model is a subcomponent that should
have special attention in CFD model development.

A considerable influence on the predictions of the granular bed behavior was observed
when testing the different drag models. Indeed, better predictions were obtained using Wen
and Yu and Gidaspow drag models in the different studied cases covering the parameters
range: rotational speed (8 rpm–32 rpm), filling level (20%–40%), and inclination degree
(3.57◦–7.57◦). The Syamlal and O’Brien drag model gives accurate predictions for limited
scenarios and, in particular, when the solid fraction is moderate (fill level � 35%).

Therefore, the Syamlal and O’Brien model is only suitable for rotating drums operating
with a lower solid fraction. The CFD model was applied to study the effects of drum
rotational speed, filling degree, and inclination degree on the multiphase flow and particle
dynamics. The results confirmed the CFD model’s ability to assess multiphase flow for
industrial scale rotary drum systems.

In light of the present work, new operating conditions combinations are proposed
for the industrial plant (for example: 16 rpm, 30%, 3.57◦). An experimental campaign
is planned on the industrial plant to further evaluate and compare the new candidate
operating points.
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