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CFD-DEM investigation of viscous solid-liquid mixing;:
impact of particle properties and mixer characteristics

Bruno Blais?, Francois Bertrand®*

%Research Unit for Industrial Flow Processes (URPEI), Department of Chemical
Engineering, Ecole Polytechnique de Montréal, P.O. Box 6079, Stn Centre-Ville,
Montréal, QC, Canada, H3C 3A7

Abstract

In chemical engineering, numerous processes require the suspension of par-

ticles in a laminar or transitional regime. For such operations, predicting the

fraction of suspended particles as well as their distribution and homogeneity is

a major concern. In this work, the unresolved CFD-DEM model introduced

by our group for solid-liquid mixing is used to investigate the mixing dynam-

ics of viscous suspensions. The techniques chosen to characterize the degree of

suspension, the homogeneity and the distribution of the particles are presented.

They are used to assess the efficiency of a pitched blade turbine with a clearance

of C =T/4. The impact of solid properties on mixing dynamics is investigated

by varying the Young’s modulus, the coefficient of restitution and the sliding

friction coefficient in the DEM model. Lastly, five alternative configurations
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of the mixing rig are investigated by varying the clearance of the impeller and

introducing baffles.

Keywords: multiphase flows; solid-liquid mixing; computational fluid

dynamics; discrete element method; CFD-DEM

1. Introduction

Solid-liquid mixing in mechanically agitated vessels is a widely used pro-
cess in a multitude of industries, including ore processing, pharmaceuticals and
cosmetics. Although it has been the subject of numerous investigations since
the pioneering work of Kneule [1] and Zwietering [2], it remains an active field
of research in which many questions remain unanswered. This is, at least in
part, due to the complex multi-scale solid-liquid physics of particle-particle and
particle-fluid interactions and the variety of flow regimes and unsteady flow
structures in agitated vessels. Most studies on solid-liquid mixing have focused
on the assessment of the minimum agitation speed (or just-suspended speed
Njs) required to suspend the particles in the turbulent regime. The resulting
correlations, such as the one proposed by Zwietering [2], perform poorly in the
laminar and transitional operation regimes [3, 4, 5]. We recently showed that the
underlying hydrodynamics involved in the suspension of non-dilute suspensions

are different in the transitional regime than in the turbulent regime [3]. We



took measurements using the pressure gauge technique (PGT) in an unbaffled
stirred tank equipped with a pitched blade turbine and found that the depen-
dence on the just-suspended speed of fluid viscosity p and particle diameter d,
were the opposite of what was predicted by the Zwietering correlation [2] and
other correlations, including those proposed by Nienow [6], Baldi [7], Rao et al.
[8], Takashi et al. [9], Armenante et al. [10], and Grenville et al. [11]. This
is not surprising given that these correlations were derived for the turbulent
regime. However, our results with respect to the influence of viscosity on ;s
showed that increasing ;1 decreases Nj,, which is in agreement with recent work
by Tamburini et al. [12], who investigated the impact of viscosity on N, for a
wide range of viscosities using an unbaffied stirred tank with a covered top.
Predicting IV;, is insufficient for some operations such as chemical reactors
with a solid catalyst, for food processing, and for crystallization processes. In
these cases, it is important that the concentration of particles be homogeneous
throughout the tank, which generally requires that the operating speed exceeds
Njs. However, little is known about the distribution and dispersion of parti-
cles in the laminar and transitional regimes. This lack of information on local
concentrations of particles is mostly due to the difficulties in measuring this

quantity. While optical, sampling, radioactive, and conductivity based meth-



ods exist to measure local concentrations of particles (see reviews by Kasat and
Pandit [13] and Tamburini et al. [14]), their accuracy is limited and, more im-
portantly, they cannot measure the velocity field and the particle concentration
throughout the entire vessel. The cloud height, for which Bittorf and Kresta
introduced a predictive model based on wall jets in the turbulent regime [15], is
an interesting concept, but is not a measure of the distribution of the particles
and gives no insights into the possible presence of dead zones.

Multiphase computational fluid dynamics (CFD) is a powerful and versatile
tool that overcomes the experimental issues mentioned above. We introduced an
unresolved CFD-DEM model [16] within the CFDEM framework [17, 18] that
combines Open VFOAM for the CFD [19] and LIGGGHTS [20, 21] for the DEM.
The underlying finite volume scheme was first verified using the method of man-
ufactured solutions [22, 23, 24, 25, 26] and combined with a new semi-implicit
immersed boundary method that we devised and validated in the context of
mixing [27]. The immersed boundary technique, which was integrated into our
CFD-DEM scheme, was used to study the fraction of suspended particles in an
unbaffled stirred tank equipped with a PBT with clearance of C' = %. A very
good agreement was obtained for both the particle flow patterns and the frac-

tion of suspended particles as measured by the PGT. During this investigation,



we noted that for N > Nj,, the concentration of particles in a conical zone
below the impeller remains considerably higher than in the rest of the tank.
However, since our aim was to validate the unresolved CFD-DEM model, we
did not extend our analysis to studying the dynamics of the mixing, distribu-
tion and dispersion of the particles in the tank or the role of solid properties or
solid-fluid forces. Our analysis was also limited to a single clearance. The goal
of the present work is to shed light on these issues.

First, we describe in detail the unresolved CFD-DEM model. We present
various techniques used to investigate the degree of suspension and the global
mixing of particles, and discuss their capacities. Notably, we revisit the mixing
index first introduced by Doucet et al. [28] and discuss some of its limitations.
We then perform a thorough analysis using various mixing metrics, and we
investigate the role of the Saffman lift force and the physical properties of the
particles to gain insight into the suspension mechanism in the tank. Lastly, we
discuss the impact of the impeller clearance and the presence of baffles. The
information obtained from these simulations is used to propose guidelines for

the design of mixing processes operating in the laminar and transitional regimes.



2. Model Formulation

The CFD-DEM approach combines the resolution of the fluid at a coarser
scale than that of the particles by using the volume averaged Navier-Stokes
(VANS) equations and the discrete element method (DEM) for the solid par-
ticles. The two schemes are coupled at regular intervals. The constitutive
equations of the models are presented briefly, and we refer to our earlier work
[16, 27] for a full description of the unresolved CFD-DEM scheme and the im-

mersed boundary method used to model the rotating impeller.

2.1. Governing equations for the solid-phase (DEM)

In soft-sphere DEM, the governing equations for the translation (v;) and

rotational (w;) motion of particle ¢ are [20, 29, 30]:

dui

miﬁ:Z(fc,ij)+Zflr,ik+fpf,i+.fg,i (1)
j k

7 Bpi =3 (Myy; + M,.y) (2)

2 dt - t,27 7,07
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where m; is the mass of particle i, I; is the moment of inertia of particle i,
fe,ij is the contact force between particles ¢ and j, fi ;1 is the sum of the non-
contact (long-range) forces between particles ¢ and k, fps, is the sum of the

particle-fluid interaction forces, f,; is a body force (i.e. gravity), and M, ;;



and M, ;; are the tangential and rolling friction torques acting on the particles.
Since large particles are considered in the present work, non-contact forces are
ignored. The expression for the particle-fluid interaction forces (drag, lift, etc.)
are discussed in Section 2.3.

The contact forces between two particles are split into normal (fep,i;) and

tangential (fe ;) [29] components:

fejij = fenyij + Ferij = —kn,ijOnij — Yn,ijOn,ij — kiijOeij — Vij0ua;  (3)

where ky, ;; and k. ;; are the normal and tangential stiffnesses, v, ;; and v; ;; are
the normal and tangential damping coefficients, d,;; and d;,; are the normal
and tangential overlaps, and 5n,ij and 5t7ij their derivatives with respect to
time.

In the present work, the model proposed by Tsuji [31] for the normal force is
combined with the Mindlin model for the tangential force [32, 33]. This is done in
order to relate the stiffness and the damping coefficients to the Young’s modulus
of the material (Y'), the Poisson ratio (v) and the coefficient of restitution (e,.)
using the equations in Table 1. The tangential overlap §;;; is truncated by

Coulomb’s law to ensure that ferij < —pis,ij | Fen.ijl w:—ljl



Table 1: Equations for the DEM model

Parameter Equation

. 4 *
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2.2. Governing equations for the liquid-phase flow (CFD)

Form A of the incompressible volume-averaged Navier-Stokes (VANS) equa-

tions is solved for the liquid phase [34] and is given by:

Oe

87;+V.(€fu):() (4)
0 \V, F
%Jrv-(pfefu@w:—ﬁfvlﬂ- T — Fyf (5)

where €y is the void fraction, py is the density of the fluid, p is the pressure,

and u is the velocity of the fluid. The viscous stress tensor 7 is defined as:

T =€ ((Vu) +(Vu)" - % (V- u) 516) (6)

where g is the dynamic viscosity and dy, is the identity tensor.
The momentum exchange term from the particles to the fluid F),; is defined

as:
1 &
For =Xy > fori— Fopi— foori = Fac (7)
1
fori =Ffai+ fopi+ fori+ favi + fomi + FBi + Fsafii + friags (8)

where n,, is the number of particles and f,y,; is the sum of all the fluid-solid in-
teraction forces involving particle i: drag (fq,), pressure gradient force (fvp,i),
viscous force (fv.r ), Archimedes force (far,;), virtual mass force (fym,:), Bas-

set force (fp,i), Saffman lift force (fsam;) and Magnus lift force (fuag,i). The



pressure, viscous and Archimedes forces are removed from Fj; since they are
included directly in the continuous expression of form A of the VANS equations.

These equations are solved using a pressure implicit with splitting of opera-
tors (PISO) scheme [35] that we extended for the VANS equation and that we
verified using the method of manufactured solutions [22]. The PISO-IB method,
a semi-implicit immersed boundary method developed earlier by our group [27],
is used to take the rotating impeller into account. This method integrates a
forcing term directly into the momentum equation of VANS equations within

the semi-implicit PISO scheme that imposes the velocity of the rigid body.

2.8. Gowverning equations for the solid-liquid coupling

The expressions for drag, pressure, viscous stress, and the Saffman lift forces
are given in Table 2.

The virtual mass, Basset, and Magnus lift forces are not taken into account
due to the low particle relaxation time caused by the high viscosity of the fluid

considered.
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Table 2: Expressions for the solid-liquid forces

Force Equation
Pressure gradient - fy,; [29] —V,Vp
Viscous force - fy.r; [29] -V,V-1

Rong drag model - fq ; [36]

2—B(es R
ECpd2ps lu — vi| (u — v;) ¢ Bes Rep)

4.8

2
7)
B (ef, Rep) = 2.65 (€5 + 1) — (5.3 — 3.5¢5) €7e™

dp|lu—v
and Re, = 2152222 plu=v]
o

with Cp = (0.63 +

(1.5710g RePQ)

2

Saffman lift - fsag,:

McLaughlin model [37]

1 1
* 2,2 . w
J*1.614p7 pf (u — v;) X !
0.287(Ju—v;|?)
B [w]

with J* =1

and w =V xu

3. Evaluation of the quality of the mixing and the fraction of sus-

pended solids

Mixing is an intuitive concept related to the reduction of the inhomogeneities

of a quantity (in the case of solid-liquid mixing, the concentration or volume

fraction of particles) both globally and locally. However, no unique mathemati-

cal definition of it has been proposed, despite the large body of work discussing

this issue, such as the book by Ottino for laminar mixing [38].

Euler-Lagrange models, such as the unresolved CFD-DEM, suffer from the

generation of a considerable amount of data (i.e. the position and the veloc-

ity of all particles at all desired times) that is hard to post-process efficiently.
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While visually appealing, animating the motion of the particles does not give
quantitative information on the state of the mixing. A quantitative assessment
of the quality of the mixing simulated by Euler-Lagrange simulations requires
strategies to extract the essential information from the particle positions.

In this section, we present various approaches for measuring both the degree
of homogeneity (or mixing) of the particles as well as the fraction of suspended
particles (Xsusp). We discuss their limitations and strengths, but we do not
distinguish between the dispersion and distribution of the particles. This is not

an exhaustive presentation and not all the methods are reviewed.

3.1. Measuring the homogeneity and the overall mixing efficiency

8.1.1. Void fraction analysis

An intuitive way to evaluate the distribution of the particles is to project
their volume onto the Eulerian CFD mesh. This is already inherent to the
unresolved CFD-DEM model since the void fraction (ef) is part of the VANS
equations. The same projection can be also used on the velocity (translation or
rotational) of the particles to extract a cell-averaged particle velocity.

The Eulerian cell-averaged representation of the Lagrangian data can be used

to obtain statistical information on the distribution of the particles, including

12



histograms of the void fraction. This information can also be used to establish

the steady-state concentration profiles using phase averaging.

3.1.2. Mixing index

Doucet et al. (2008) introduced a metric (the so-called weak sense mixing
index) to measure the efficiency of mixing in granular and fluid flow systems
from Lagrangian trajectories [28]. Their method consists of using principal com-
ponent analysis (PCA) to measure the correlation between the positions of the
particles (z € IR?, where d is dimensionality of the domain) at time ¢ (2;) and
their initial position (x¢). If the PCA analysis results in asymptotically vanish-
ing eigenvalues, the system is deemed mixed in the weak sense. Concretely, this
means that no component (direction in IRd) can be identified, which explains
most of the motion of the particles. In the case of non-vanishing eigenvalues,
the vector corresponding to the highest eigenvalue can be used to extract the
direction of poorer mixing, thus allowing the investigator to isolate bottlenecks
more efficiently. Doucet et al. (2008) showed that this approach can be used
to provide an accurate measure of the degree of mixing for granular systems in
a cylindrical drum and in a V-blender as well as that of viscous mixing in a

Kenics static mixer.
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Furthermore, this metric can be augmented by including additional infor-
mation (¢), such as the size of the particles, to constitute an augmented initial
state vector (x¢ = [zl ({]) on which the PCA can be carried out. Doucet et
al. (2008) used this so-called strong sense mixing index to measure the mixing
efficiency of a cylindrical drum in the case of bidispersed particles and showed
that the segregation phenomena, which plague these types of mixers, can be
identified using this metric, whereas they are not detected using the weak sense
mixing index. The same method was used by Bouffard et al. [39] to study the
mixing of bidispersed solid particles in a spheronizer. In this case, the strong
mixing index was used to determine the impact of the angular velocity of the
bottom plate of the spheronizer on the segregation of the two sizes of particles.

To remain concise, we refer the reader to the tutorial of Shlens for the the-
oretical background on PCA [40]. PCA has limitations [40], which are not
discussed in [28] or [39], but which must be taken into account when using such
mixing indices. While the discussion that follows is centered on the weak sense
mixing index, the conclusions derived apply in a straightforward way to the
strong sense mixing index.

Let f be a function related to a process (i.e. mixing) that maps the particles
from their initial position x( to their position x; at time t. Given a PCA using

14



the state ¢, and the initial state @o, let A € RY*? be the resulting diagonal
matrix of the eigenvalues, \; the eigenvalues and R the corresponding matrix
of eigenvectors with r; the column eigenvector associated with A;. A major
assumption in PCA is that linearity frames the problem [40]. Consequently, if
the largest eigenvalue A\, = max ();) tends toward a constant value, a direction
Ty, exists that explains a larger portion of the variance than any other direction.
If this value is large, the system is considered ill-mixed because an axis obtained
after a linear change of basis represents f. However, if f is a non-linear function,
then Ay can decrease asymptotically to zero even if this transformation does not
lead to efficient mixing. In fact, an uncountable amount of functions exist that
lead to a vanishing mixing index, but that do not actually lead to efficient
mixing. Therefore, an asymptotically vanishing mixing index is a necessary,
but not a sufficient condition for a well-mixed system. That is, if the mixing
index decreases toward a non-vanishing large constant then the system is poorly
mixed. However, if the mixing index decreases toward zero, the system may or
may not be mixed. This critical issue was not discussed in [28] and will now be
illustrated using a simple, yet realistic, example.

Consider a circle filled with particles in the configuration depicted in Figure
lain a 2D (z —y or r — @) plane. Initially, the particles are segregated by their

15



color in the # and r directions. A time-independent Lamb-like vortex is then

applied [41] for which the velocity field w on domain I' = [—1,1] x [—1,1] is
given by:
w=[uy, up]” (9)
u=1[0, — (1= )" (10)
" br

where u, and ug are the radial and azimuthal velocities. Figures 1b and 1c
present the configuration of the particles after 200 s and 1000 s of flow. We can
see that the cyan-blue and the red-yellow particles are well mixed, but that,
since there is no radial flow, the system remains segregated in the r direction.
Clearly this system is poorly mixed. This is no surprise, since any 2D stationary
flow is incapable of achieving a mixed state [38].

We then study this system using the mixing index in the weak sense for long
periods of time using Cartesian coordinates = [z,y]7. The graphs in Figure
2 present the evolution of the mixing index and the associated eigenvector as
annotations. We can see that, while this flow is incapable of mixing the particles
in the radial direction, the mixing index decreases to a value close to zero (0.029).

This is because the Lamb-like vortex is a non-linear process that mixes only in

the 6 direction, which violates one of the prerequisites for such analysis, i.e.,

16



(¢) Configuration after 1000 s of mixing

Figure 1: Mixing using a Lamb-like vortex
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linearity.
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Figure 2: Evolution of the mixing index for a PCA analysis carried out in a © — y coordinate
system. The values in the brackets represent the eigenvectors associated with the current

value of the mixing index. The last value is the final value.

One way to make the mixing index more robust is to study the system in
a set of coordinates that naturally describes the corresponding process. For in-
stance, the motion in stirred tanks is well described using cylindrical coordinates
(r,0,z). If we perform the mixing index analysis using cylindrical coordinates,
we obtain the results in Figure 3 showing that the mixing index remains 1,
with the associated eigenvector being r. Thus, with the appropriate set of co-
ordinates, the mixing index can identify such an ill-mixed system. From this
analysis, we can conclude that while a decreasing mixing index is a necessary

but not sufficient condition for a well-mixed system, its performance can be aug-
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mented using an appropriate set of coordinates that more adequately describes

the position of the particles. Furthermore, when the mixing index converges to

a constant, non-zero value, it is an indicator of an ill-mixed system. As such, we

performed all the mixing index calculations discussed in the subsequent sections

using cylindrical coordinates.

1‘21 [1.00, 0.00 ] [1.00, 0.00 ] [1.00,0.00] |
o 1.2+¢ 1. ]
A 1 L oo
208} !
0.6 1
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0.0} | ‘ ‘ | ! 1

0 2000 4000 6000 8000 10000 12000
time [s]

Figure 3: Evolution of the mixing index for a PCA analysis carried out in a r — 6 coordinate
system. The values in the brackets represent the eigenvectors associated with the current

value of the mixing index. The last value is the final value.

8.2. Measuring the fraction of suspended solids

3.2.1. Pressure gauge technique

The PGT measures the fraction of suspended particles by the increase in the

apparent density of a suspension due to the presence of the particles.

At the start of a mixing operation, before the impeller is put in motion, the
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particles are at rest at the bottom of the tank and their weight is thus held
by the lateral and bottom walls of the vessel. As the speed of the impeller is
increased and the particles are progressively suspended, their weight gets held
more and more by the fluid flow (e.g., by the drag force) and, consequently,
the apparent density of the fluid increases. This increase in density translates
into an increase in hydrostatic pressure, which can be measured at the bottom
of the tank. Once all the particles are suspended, the apparent density of
the suspension reaches a constant value, as does the increase in static pressure
(APsyusp). However, changes in the impeller velocity also induce a change in
the hydrodynamic pressure, which needs to be taken into account. By fitting
a parabola to the pressures obtained once all the particles are suspended, the
dynamic pressure effect can be subtracted from the total pressure to isolate the
changes in static pressure and, to deduce the fraction of suspended particles.
This is illustrated in Figure 4. This method, which is called the pressure gauge
technique (PGT) [42, 43], can be used experimentally to obtain the fraction of
suspended particles. We recently showed [16, 44] that this technique can be
used in a CFD-DEM model by averaging the pressure at the bottom of the
tank and by applying the same procedure to correct for the dynamic pressure.
The results obtained with this method for the fraction of suspended particles

20



compared very well with the experimental data for the laminar, transitional and
turbulent regimes. However, this method can only be applied to flat-bottomed
and conical vessels, and requires simulations over a large range of impeller speeds
to capture the region where the dynamic pressure correction can be established.

This makes it computationally intensive.

3.2.2. Lagrangian suspended fraction analysis

The Lagrangian suspended fraction analysis (LSFA) recently introduced by
our group [44] can be used to calculate the fraction of suspended particles from
the positions of the particles. This method is intuitively linked to the original
definition of N, introduced by Zwietering that states that N, is the impeller
speed at which no particle remains motionless at the bottom of the tank for
more than 1 or 2 s. In the LSFA technique, the displacement of each particle
located in a region close to the bottom of the tank is monitored during a time
interval At;,. If a particle displaces by an amount larger than Az;, during this
interval, it is considered suspended. We investigated two different criteria based
on the displacement in the axial direction (LSFA-Az) or the overall displace-
ment (LSFA-Ax) and found that much better agreement was obtained between

the LSFA-Ax and the PGT (both numerical and experimental) results for the
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Figure 4: Evolution of the total pressure and static pressure using the pressure gauge tech-
nique. The parabola is the correction for the hydrodynamic pressure. Adapted from Blais et

al. [16]
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fraction of suspended particles. Defining the threshold values of the displace-
ment (Az;s) and the observation time (At;s) remained slightly subjective. We
reported [44] that there is good agreement between Zwietering’s original def-
inition and that the PGT results can be obtained by setting At;; = 2 s and
Azj, = dy. This choice was justified by the fact that d, is the characteris-
tic length pertaining to the motion and dynamics of the particles. The LSFA
technique is valid for any geometry and can be applied directly to a single sim-
ulation without requiring the investigation of numerous impeller speeds, unlike
the PGT technique. While there is a degree of subjectivity in the choice of At
and Axj,, this method can be used in a straightforward way to compare the

efficiencies of various geometries as long as the same set of parameters are used.

8.2.3. Decorrelated fraction analysis

The decorrelated fraction analysis (DFA) technique, which was also recently
introduced by our group [44], uses the mixing index of Section 3.1.2 to calculate
the fraction of suspended particles by measuring the degree of decorrelation
occurring in a system during a time interval Atj,.

At time to + Atj,, only a particle that is already suspended or that got

suspended during this time interval can have its position decorrelated from its

23



position at time tg. Otherwise, if a particle remains unsuspended, then its posi-
tion is practically unchanged and is perfectly correlated with its initial position.
Therefore, the value of the mixing index (A, the largest eigenvalue) should be
linked to the fraction of unsuspended particles. The only assumption behind
this approach is that once particles are suspended, they are also dispersed. In-
deed, if particles move as large clusters, a large correlation would be retained
among them. It remains to be determined whether this method can be applied
in the laminar and transitional regimes where the dispersion of the particles
usually occurs over a relatively long time scale.

We showed in earlier work [44] that the DFA technique can be used to
measure the fraction of suspended particles in a stirred tank in the turbulent
regime. We reported that the observation window should be sufficiently large
to allow for the full decorrelation of the system at high impeller speed. In the
case of the turbulent regime, we reported that, for At;, > 2 s, the results for
the fraction of suspended particles were less sensitive to At;s.

The mixing index analysis in the present study is based on cylindrical coor-

dinates ([e,, eg, e.]), as discussed in Section 3.1.2.
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Table 3: Dimensions of the mixing set-up

Symbol Name Dimension
T Tank diameter 0.365m

D Impeller diameter %

H Liquid level T

C Off-bottom clearance %

w; Blade width L

4. Methodology

4.1. Mizing system

The mixing rig studied consists of a 0.365 m diameter (T) flat-bottomed,
cylindrical transparent vessel equipped with a T /3 diameter (D) down-pumping
pitched blade turbine (PBT) rotating in the clockwise direction. The height
of the liquid is set to that of the tank diameter (H=T). The particles are glass
beads (10% w/w) with a Sauter (d) 32) diameter of 3.02 mm in a glucose solution
with a viscosity of 1 Pa.s. The set-up is shown in Figure 5.

The present study is separated into two parts. The aim of the first part is
to characterize the mechanisms and dynamics of the suspension of the particles
as well as the influence of the DEM parameters used for the simulations. We
use the set-up described by Lassaigne et al. [3], with a clearance of C' = T'/4.
The dimensions of the mixing rig for this part of the study are summarized in

Table 3.
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Figure 5: Experimental set-up

The aim of the second part of this work is to study the impact of the geo-

metrical configuration (impeller clearance and presence of baffles) on the ability

of the stirred tank to suspend and distribute the particles. In the present work,

the clearance is set to three different standard C' values (T7'/5, T/4, and T'/3).

The set-ups are studied with and without four baffles of width W=T/10.

4.2. Simulation set-up

The simulations were performed using the CFD-DEM model presented in

Section 2. The model parameters used in the simulation are presented in Table

5. The parameters are based on the work of Di Renzo and Di Maio [45], Di
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Table 4: Physical properties of the fluid and the particles

Symbol Name Value

pf Density of the fluid 1390 kg.m 3
I Dynamic viscosity of the fluid 1 Pa.s

Pp Density of the solid particles 2500 kg.m 3
dp Range of particle diameters 2.66-3.5 mm
dp, 32 Sauter diameter 3.02 mm

T Mass fraction of solid 10 %

€s Volume fraction of solid 58 %

Renzo et al. [46], and Shao et al. [47] for glass beads suspended in a liquid.
The same mechanical properties were given to both the walls and the particles.
The sensitivity of the model to variations of the DEM parameters (E, e,, ftf)
is discussed in Section 5.5. To reproduce the size distribution of the particles
that was measured experimentally, 10 different diameters were used. A total
of 148 700 particles were required to reproduce the mass fraction of 10%. The
model used for the simulations includes all the hydrodynamic forces presented
in Section 2.3. The Saffman lift force is included in this model, but was not in a
previous investigation [16]. The impact of this force will be assessed in Section
5.1 by comparing the results obtained in the present study with those from the
earlier investigation [16].

In the simulations, the pressure was monitored at the bottom of the tank

and was averaged using the procedure described in [16].
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Table 5: Parameters for the simulations of solid-liquid mixing

Symbol Name Value
Y Young’s modulus 100 MPa
er Coefficient of restitution 0.9

v Poisson ratio 0.25
Is,ij Coefficient of sliding friction 0.3

i Rolling friction 0.1
Atpgy DEM time step 5x 1076
Atcrp CFED time step 1x10*
At, Coupling time-step 1x107*

The background hexahedral mesh used for the CFD consisted of 33x88x60
(r,0,z) cells with additional mesh refinement in the swept volume of the impeller
(and close to the baffles, when present), for a total of 350k (400k with the baffles)
cells. We found that, for this geometry, mesh refinement past this level did not
lead to any measurable change in the torque (< 1%) or the velocity field [16].
The same time step was used for all the simulations. The Courant-Friedrichs-
Lewy condition was satisfied for all the simulations and was below 0.75. The
coupling time step At. was chosen to ensure stable solid-fluid coupling as per
our previous stability analysis [16]. The time step for the DEM particles was
below 15% of the characteristic time of Rayleigh waves (Atg,) ensuring the

stability of the DEM part. The expression for Atg, is:

II P 1
Atpe = —dp |22 11
Ra =%\ G (0.1631u+0.8766> (11)
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The dependency of the Rong drag model on the void fraction was relaxed to
ensure the stability of the explicit solid-fluid and fluid-solid coupling. We refer
the reader to the stability analysis performed in [16] for a thorough explanation
of this procedure.

The simulations were carried out on the Briaree cluster of Compute Canada
and Calcul Québec. Each simulation used 2 Intel Westmere processors, each
consisting of 6 physical cores with a frequency of 2.67 GhZ and 12 Go of memory
(24 Go total). All simulations were run until steady-state was reached for the
pressure measured at the bottom of the tank, which led to simulation times
between 100s and 200s depending on the impeller speed. The longest simulations

required around 50 days of computer time each.

5. Investigation of the mixing dynamics and suspension mechanisms

In this section, we first evaluate the role of the lift force. We then investigate
the dynamics of the solid-liquid mixing operation and evaluate the fraction of
suspended particles and the efficiency of the mixing using the approaches pre-
sented in Section 3, namely the LSFA-Ax, DFA, and mixing index techniques.
We then investigate the role of the particle properties in order to establish the

sensitivity of the model to the DEM parameters and to isolate the dominant
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particle-particle forces.

5.1. Validation of the model with lift forces

We recently studied the mixing system considered in this work without in-
cluding the Saffman lift force for the solid-fluid interactions [16]. However, given
the high viscosity of the suspension and the high shear forces at the surface of
the bed of particles, these forces could potentially influence the fraction of sus-
pended particles when in a partially suspended state.

The graph in Figure 6 presents the evolution of the fraction of suspended
particles as a function of the impeller speed, as measured by the PGT, with
and without the Saffman lift force, and compares it to the experimental data of
Lassaigne et al. [3].

It can be seen that adding the Saffman lift force increases the fraction of
suspended particles slightly for all impeller speeds, but does not affect the results
significantly. In both cases (with and without the lift forces), the model appears
to slightly overestimate the fraction of suspended particles for N < 400 RPM .
The impeller speed N = 425 RPM corresponds to Nj, since, according to the
experimental and numerical PGT results, all the particles are suspended.

We conclude from these results that the Saffman lift force plays a negligible
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Figure 6: Evolution of the fraction of suspended particles as function of the impeller speed,

as measured in the numerical simulations with and without lift forces, and in the experiments
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role in the suspension of the particles.

5.2. Flow patterns and solids distribution

The velocity profiles, the particle concentration profiles and the particle
dynamics are next considered. All the slices of the stirred vessel presented in
this section were obtained by averaging the quantity of interest over multiple
impeller rotations (at least more than 10) in the plane of the normal vector e,
(Py plane).

The slices in Figure 7 present the phase-averaged solid volume fraction (or
concentration) for three impeller speeds (150, 250, and 350 RPM), while Figure 8
shows the corresponding velocity profiles. Since the impeller is a down-pumping
PBT, fluid is ejected from the impeller and is stopped by the initially static par-
ticle bed. Then, as can be seen, the particles are only suspended in a region
below the impeller at low speed, leading to the formation of an umbrella struc-
ture below the impeller. Increasing the velocity leads to the onset of erosion
where the particles ascended along the lateral walls of the tank. As soon as
they are eroded along these walls, the particles are able to reach a considerable
height due to the high viscosity of the fluid. The particles become increasingly

distributed and dispersed as the impeller speed is increased.
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Figure 7: Phase-averaged solid volume fraction in the Py plane for impeller speeds of (A)

150 RPM, (B) 250 RPM and (C) 350 RPM
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Figure 8: Phase-averaged velocity magnitude in the Py plane for impeller speeds of (A)

150 RPM, (B) 250 RPM and (C) 350 RPM

Figures 9 and 10 show the phase-averaged solid fraction and velocity profiles
for higher impeller speeds of 450, 550 and 650 RPM, respectively. As can be
seen, at all these speeds, the PBT behaves much like a radial discharge impeller
since the fluid jets coming out of the impeller blades are directed toward the
lateral walls. For values of IV larger than N;; = 425 RPM predicted by the PGT
technique, a significant amount of particles accumulate in a dense conical region
directly below the impeller, as can be seen in Figure 9. An examination of the
pressure profiles (not shown here) revealed that the accumulation of particles

appears in part to be due to the negative dynamic pressure below the impeller
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caused by the high speed of the impeller rotation and the large rigid body-like,

angular motion of the fluid therein. It should be noted that the size of this

dense cone of particles tends to decrease slightly as the impeller speed increases

from N = 450 to N = 650 RPM.

(A) (B) ©)

Figure 9: Phase-averaged solid fraction in the Py plane for impeller speeds of (A) 450 RPM,

(B) 550 RPM and (C) 650 RPM.

It is quite clear, however, that while the PGT technique indicates full sus-

pension, the system does not reach a fully suspended state even at an impeller
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Figure 10: Phase-averaged velocity magnitude in the Py plane for impeller speeds of (A)

450 RPM, (B) 550 RPM and (C) 650 RPM
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speed of N = 650 RPM. In fact, the cone of particles at the bottom of the ves-
sel is at least stable for N € [425,700] RPM and might remain stable at higher
impeller speed. Consequently, increasing the speed past N = 425 RPM does
not significantly increase the number of suspended particles and, as a result,
the hydrostatic pressure remains constant for N > 425 RPM. Thus, when the
dynamic pressure correction is applied to the PGT, the system appears to be
fully suspended at N = 425 RPM since the maximal value of the hydrostatic
pressure is reached at this velocity. However, it must be kept in mind that
approximately 5 to 10 % of the particle volume remains unsuspended or at least
isolated from the bulk of the flow for N > 425 RPM.

Based on these results, it appears that the PGT technique should be used
with care. It only provides a valid assessment of the fraction of suspended
particles if the system is able to reach full suspension. This is not the case for
the present mixing system.

Furthermore, at lower impeller speeds (N = 450 and 550 RPM), Figures 9
(A) and (B) reveal that toroidal zones devoid of particles appear at the top of
the impeller blade. Similar zones were identified previously by Lamberto et al.
[48] and Cabaret et al. [49] using colorimetric experiments with single phase
flow systems and various types of impellers. We recently showed [44] that this
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structure can also appear in a turbulent regime when baffles are present. At
a higher impeller speed (N > 650 RPM, Figure 9 (C)), the toroid becomes
unstable and disappears.

The cross-section in Figure 11 shows the logarithmic values of the particle
Reynolds number (Re, = W) for an impeller speed of 650 RPM. It can
clearly be seen that, with the exception of the regions near the impeller and close
to the lateral walls, the particle Reynolds number is very low, indicating that, in
the bulk of the flow, the particles behave like a passive scalar. Since the particles
follow the streamlines in the bulk of the flow, they are able to rise sufficiently
high in the liquid. This explains why the particles are well distributed in the

phase-averaged solid fraction profiles of Figures 9 (B) and (C).

5.8. Lagrangian analysis of the fraction of suspended solids

While the PGT predicts a fully suspended state (numerically and experimen-
tally) based on observations of the phase-averaged volume fraction, a portion of
the particles accumulate and remains unsuspended at the bottom of the vessel
below the impeller, even at high impeller speeds.

We used the DFA and LSFA-Ax techniques to analyze the fraction of sus-

pended particles based on their position.
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Figure 11: Phase-averaged particle Reynolds number (Rep) in the Py plane for N = 650 RPM.

Note that the scale is logarithmic.

The graph in Figure 12 shows the fraction of suspended particles obtained

with the LSFA-Ax technique. At low impeller speeds, LSFA-Ax appears to

overestimate the fraction of suspended particles compared to the PGT results.

This is due to the motion of the particles at the top of the particle bed, which

are considered suspended by the LSFA-Ax technique since they are in motion,

but which does not appear in the PGT measurements since their weight is still

partially held by the walls of the vessel or the particles underneath them. Better

agreement with the experimental measurements is obtained at higher impeller

speeds. However, even at higher speeds, the fraction of suspended particles
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X susp measured by the LSFA-Ax technique reaches a maximum of X5, = 96%
for Axzj, = d,, and Atj, = 2 s when N reaches 450 RPM, before leveling off to
a plateau at Xg,sp = 91% for Azjs = d, and Atj, = 2 s, indicating incomplete
suspension. This result is consistent with the void fraction profiles obtained
in Section 5.2 and indicates that the system is incapable of reaching a fully
suspended state. However, the presence of a maximum at N = 450 RPM with
the LSFA-Ax technique is surprising. This is possibly an artifact of the method
where some particles are considered suspended because they are in motion,
despite the fact that they are still in contact with the particles at the bottom of
the vessel. This LSFA-Ax result is not in agreement with the phase averaged
solid concentration of Figure 10 where the size of the cone appears to decrease
with an increase in the impeller speed.

The graph in Figure 13 shows the decorrelated fraction as a function of the
impeller speed for the DFA technique and three values of the time interval At;,.
It can clearly be seen that the DFA results do not coincide with the fraction of
suspended particles measured by the PGT or the LSFA-Ax technique in Figure
12. In a previous study [44], the DFA technique was used in the turbulent
regime. Thus, as soon as the particles were suspended, they were distributed
and dispersed, and were thus decorrelated. This method could thus be used to
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Figure 12: Evolution of the fraction of suspended particles as measured by the LSFA-Ax

technique and comparison with the PGT results
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directly assess the fraction of suspended particles in the turbulent regime. In
the present case, the flow is laminar or transitional and the dispersion of the
particles thus occurs over a much longer time scale (>> At;,) since there is no
turbulent eddies to contribute to their motion. It thus appears that the DFA
technique cannot be used with the laminar and transitional regimes to measure

the fraction of suspended particles.
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Figure 13: Evolution of the fraction of suspended particles as measured by the DFA technique

and comparison with the PGT results
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5.4. Mizing index

The results obtained with the solid concentration profiles and the LSFA-Ax

technique in Sections 5.2 and 5.3, respectively, show that the system does not

reach a fully mixed state since not all the particles are fully suspended. However,

it remains to be determined whether the particles within the cone below the

impeller circulate between the cone and the bulk of the flow or whether they

remain isolated.

The mixing index is able to measure the degree of mixing and thus can be

used to identify the presence of dead zones. The graph in Figure 14 displays

the value of the mixing index after 100 s of mixing as a function of the impeller

speed. As can be seen, the mixing index decreases before reaching a minimum

value at N = 450 RPM and then increases asymptotically to a positive value.

This is in agreement with the observed results of the LSFA-Ax analysis and

indicates that particles not only accumulate within the cone below the impeller,

but that they remain in this position indefinitely.

It is interesting to note that for all N > 450 RPM, the eigenvector corre-

sponding to the mixing index (\g) is rx = 0.8e,+0.5e. This vector corresponds

approximately to the vector normal to the cone of accumulated particles at the

bottom of the tank, as can be seen in Figure 9. This once again indicates in-
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Figure 14: Evolution of the mixing index for a period of 100 s as a function of the impeller

speed.

44



complete mixing since this direction is the one along which there is the highest

degree of correlation between the particles.

5.5. Role of the mechanical properties of the particles

In a recent investigation [16], we used a set of DEM parameters taken from
[45, 46, 47] for the properties of glass beads. However, in [16], we noted that the
roles of the solid properties, let alone the friction coefficients (s and p,.), the
coefficient of restitution (e,) and the Young’s modulus (Y'), and their impact
on the dynamics of solid-liquid flows were unclear. In particular, we questioned
the use of a coefficient of restitution based solely on rebound experiments in air
since the results reported by Gondret et al. [50] showed that the apparent coef-
ficient of restitution of a particle quickly decreases towards zero when the Stokes

number (St = ULT”, where 7, is the particle relaxation time, U the fluid velocity

and L a length scale) is low (St < 1). It is thus important to determine the

sensitivity of the results obtained previously to variations of the values of these

four major solid properties. The standard set-up presented in Section 4 and the

solid properties considered are given in Table 6. The effect of these parameters

is evaluated at four impeller speeds: N = 250, 375, 450 and 600 RPM. These

impeller speeds correspond to four distinct regimes (see Section 5.6): the for-
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Table 6: Sets of particle mechanical properties considered to assess their impact on flow

dynamics

Case s er Y L

std 0.3 0.9 100 MPa 0.1
soft 0.3 | 0.9 10 MPa 0.1
hard 0.3 | 09 | 1000 MPa | 0.1
inelastic 0.3 | 0.01 100 MPa 0.1
low p 0.1 0.9 100 MPa 0.1
high /1, 09| 09 | 100MPa | 0.1
no-tf (no tangential forces) | - 0.9 100 MPa 0.1
low i, 03| 09 100 MPa 0.01
high u, 0.3 0.9 100 MPa 1

mation of an umbrella of particles (N = 250 RPM), erosion above the impeller
(N =375 RPM), close to N;, measured via the PBT (N = 450 RPM), and at
high impeller speeds where the particles are well distributed (N = 600 RPM).

The graphs in Figures 15 and 16 present the evolution of the pressure at the
bottom of the tank at impeller speeds of 250, 375, 450 and 600 RPM for the
cases described in Table 6. As can be seen, reducing the coefficient of restitution
(std or inelastic) or changing the stiffness (std, soft or hard) of the particles at
all velocities have no effect on the dynamics of the suspension since all pressure
curves are superimposed on the std curve. Given the large changes applied to
the stiffness and coefficient of restitution in these cases, we can conclude that
the model is not sensitive to variations of these parameters and, consequently,

they do not require a fine calibration.
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The effect of the coefficient of sliding friction ps and of rolling friction pu,. is
more pronounced. At a low impeller speed (N = 250 RPM), where the eroded
particles are in the umbrella region below the impeller, changing these friction
coefficients does not alter the formation of this structure (not shown here),
indicating that this coherent and stable pattern is not due to friction forces or
particle/particle contacts.

At N = 375 RPM, as can be seen in Figure 15, the friction coefficients (both
pr and pg) play a significant role. Increasing one of the friction coefficients
increases the fraction of suspended particles as well as the speed at which the
particles are eroded. In fact, at such a speed, the PGT predicts 50% of the
particles are suspended in the std case (Figure 6). Allowing perfect slip between
the particles (us = 0) prevents the particles from being suspended. At an
impeller speed of 450 RPM, as can be seen in Figure 16, the friction coefficients
only affect the speed at which the particles are eroded, but does not affect the
status of the suspension at steady state. At an impeller speed of N = 600 RPM,
changing the value of the friction coefficients (us or p,) does not alter the
dynamics of the mixing in any fashion.

Based on the PGT measurements of Figures 15 and 16, it appears that the
coefficients of friction (us and pu,-) only alter the fraction of suspended particles
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at intermediate impeller speeds and the time it takes for steady state to be

reached. The coefficient of rolling friction u, appears to have a lesser impact on

the fraction of suspended particles, since increasing it by a factor of 10 leads to

an effect similar to that of increasing the sliding friction coefficient by a factor of

3. However, It is hard to compare the relative impact of changing the magnitude

of u, or ug since these two types of friction are governed by different mechanisms

and only a limited number of parameters (3 for p,., 4 for us) were investigated.

However, we can conclude from these results that pus and p, are the only DEM

parameters that require calibration for this type of viscous solid-liquid flows.

This is a significant finding since it implies that the other model parameters do

not affect significantly the particles and flow dynamics.
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Figure 15: Influence of particle properties on the pressure measured at the bottom of the tank
for N = 250 RPM and N = 375 RPM. Note the superposition of the std, inelastic, soft and

hard curves for both impeller speeds.
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Figure 16: Influence of particle properties on the pressure measured at the bottom of the tank
for N = 450 RPM and N = 600 RPM. Note the superposition of the std, inelastic, soft and

hard curves for both impeller speeds.
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5.6. Discusston on the suspension mechanisms

Some partial conclusions can be drawn from our analyses. First, four dis-
tinct regimes can be established for the solid-liquid dynamics that occurs in the

mixing rig investigated:

e At alow impeller speed (N < 150 RPM), only a gentle ”simmering” occurs

at the top of the particle bed, but no particles are suspended.

e For N € [150,275] RPM, the particles are drawn below the impeller and
remain therein, forming an umbrella, and as such, do not circulate in the

bulk of the tank.

e For N > 275 RPM, the umbrella of particles is still present, but the
particles begin to erode and are lifted in the bulk of the flow toward the

lateral walls.

e For N > 450 RPM, some particles remain unsuspended underneath the
impeller. Increasing the impeller speed increases the maximal height

reached by the particles.

We showed using flow visualization, the LSFA-Ax technique, and the mixing

index that at all impeller speeds, a dead zone is present in the center of the
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vessel below the impeller where the particles accumulate and are not allowed
to circulate in the bulk of the flow. Thus, the system in this configuration
cannot be fully mixed except possibly by greatly increasing the impeller speed
(N > 700 RPM).

Our investigation of the role of the DEM parameters also highlighted the fact
that the coefficient of sliding friction is the particle-particle collision property
that plays the key role in the dynamics of erosion of the particles. This is in
agreement with the experimental findings of Lassaigne et al. [3], who reported
that the suspension of particles seemed to behave like the erosion of a particle

bed, where the Shields number (¢ where 7 is the shear stress) is

— T
(pp—p5)9dp
the key parameter. Our results indicate that particles are indeed put in motion

by the shear stress linked to particle-particle collisions in the upper layer of the

particle bed.

6. Influence of mixer characteristics

Lastly, we investigated in this section the influence of the bottom clearance
(C) and the presence of baffles, on the solid-liquid dynamics, the fraction of
suspended particles and their distribution in the tank.

We consider three clearances ( C' = % I and %), with and without baffles.



The case where C = % and without baffles corresponds to the set-up studied in

Section 5.
The graph in Figure 17 shows the evolution of the fraction of suspended
particles measured using the LSFA-Ax technique with Axz;s = dp and At;s =

2s, for all six cases investigated.
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Figure 17: Fraction of suspended solids as a function of impeller speed for the six configurations

investigated

It can be seen that the baffled configurations are unable to suspend the par-
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ticles at the impeller speeds investigated. They perform very poorly compared
to the unbaffled configurations. The velocity profiles (not shown here) show that
the baffles greatly inhibit the axial flow produced by the PBT. This prevents
the erosion of the particle bed and greatly reduces the height reached by the
suspended particles. In fact, of baffles amplify the radial discharge when the
PBT is operated in the laminar or transitional regime.

As can be seen in Figure 17, increasing the clearance from T'/4 to T/3 is
detrimental to the suspension of the particles. As revealed by the solid fraction
profiles in Figure 18, a cone of particles similar to the cone formed at C =T/4
forms below the impeller. However, since the impeller is positioned significantly
higher, there is a larger zone below the impeller where there is no flow and a
negative pressure. This leads to the accumulation of a much larger amount of
particles.

Decreasing the clearance from C = T/4 to C = T/5 increases the frac-
tion of suspended particles at all impeller speeds, with perhaps an exception at
N = 450 RPM, for which X, is slightly higher for C' = T'/4. Figure 19 shows
the void fraction for the two clearances at N = 450 RPM. The accumulated par-
ticles are close to the bottom-vessel junction whereas most of the unsuspended
particles for the C' = T'/4 case are below the impeller.
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Figure 18: Solid volume fraction (¢; = 1 — €5) on the Py cross-section at N = 650 RPM for

(A)C=T/3and (B) C=T/4
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Figure 19: Solid volume fraction (¢, = 1 — €5) on the Py cross-section at N = 450 RPM for

(A) C =T/5 and (B) C =T/4
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At an impeller speed of N = 650 RPM, the C' = T'/5 configuration is able
to fully suspend almost all the particles, as can be seen in Figures 17 and 20,
whereas the fraction of suspended particle in the C' = T'/4 configuration does
not approach unity as the particles accumulate in the cone below the impeller.
This is because the cone barely existed for C' = T'/5. At such a low clearance,
the structure is not stable since the hydrodynamic interactions between the
impeller and the bottom of the tank are much more significant.

The cross-sections in Figure 19 show that the eroded particles reach a greater
height for C' = T'/4 than for C' = T'/5, indicating that using a lower clearance
slightly inhibits the distribution of the particles throughout the tank. However,
even for the lowest clearance, the particles are able to reach the top of the vessel
at higher impeller speeds, as can be seen in Figure 20.

Figures 19 and 20 show that toroidal zones that are depleted of particles are
present for both impeller clerances. For C' = T'/4, this zone is slightly above
the impeller blades whereas there are two zones for C' = T/5: a large one at
the same level as the blades and a smaller one below the blades. While this
structure broke down at an impeller speed of N > 600 for C' = T'/4, it remains

stable at an impeller speed of N = 650 RPM for C' = T/5.
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Figure 20: Solid volume fraction (e, = 1 — €s) on the Py cross-section at N = 650 RPM for

(A) C=T/5and (B) C =T/4
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7. Conclusion

The solid-liquid mixing of viscous suspensions is a challenging topic since
little is known about the laminar and transitional regimes in which it occurs. We
previously showed [16, 3] that a general understanding for the turbulent regime
cannot be applied in a straightforward way to the laminar and transitional
regimes.

In the present study, we used the unresolved CFD-DEM model previously
developed by our group [16, 44], which is based on the CFDEM framework, to
study solid-liquid mixing in a stirred tank (with and without baffles) equipped
with a PBT at varying impeller clearances.

We first showed that the Saffman lift force does not play a significant role
in the suspension dynamics. We then investigated the phase averaged solid
fraction and velocity profiles, and showed that the extent of erosion of the bed
of particles depends on the impeller speed. The flow patterns indicated that
the PBT mainly behaves like a radial discharge impeller in the laminar and
transitional regimes. It was only at higher impeller speeds that the particles
become suspended along the lateral walls and reach the bulk of the flow.

However, full suspension was never achieved as some particles accumulated
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in a static conical region below the impeller. We used the LSFA-Ax technique

and the mixing index to show that these particles never get suspended and are

not put significantly into motion, indicating that this cone is, in reality, a dead

zone.

The sensitivity of the model to the DEM parameters was investigated. It

was shown that amongst the four main DEM parameters (Young’s modulus Y,

coefficient of restitution e,, sliding and rolling friction coefficients, us and pu,.),

only the two friction coefficients had an impact on the mixing dynamics. In-

deed, changing the value of these coefficients modified the fraction of suspended

particles for velocities at which partial suspension was observed, and affected

the time it took to reach a steady suspended fraction of particles.

We investigated alternative geometrical configurations by varying the clear-

ance and by adding baffles, and found that the addition of baffles greatly inhibits

the axial component of the flow and prevents the suspension of particles. In-

creasing the clearance was detrimental to the suspension of particles and led to

the formation of an even larger cone below the impeller. However, decreasing

the clearance to C' = T'/5 allowed for the full suspension of the particles, at an

impeller speed of 600RPM and, overall, proved to be more efficient at suspend-

ing the particles than the C' = T'/4 clearance at all impeller speeds. The only
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exception is perhaps at N = 450 RPM where the behavior was slightly better
with C = T/4. In particular, the cloud height reached by the particles was
lower at C = T'/5 than for C = T/4.

Consequently, it appears that better suspension can be achieved by decreas-
ing the clearance when using a PBT in the laminar regime. Increasing the
impeller diameter, which was not investigated in the present work, would most
likely lead to the formation of an even bigger cone of particles and a larger dead
zone.

Our work showed that the unresolved CFD-DEM model developed by our
group can be used to help in the design of solid-liquid mixing operations and
in the choice of an optimal geometry in order to enhance not only the fraction
of suspended particles, but also the flow patterns and particle distribution.
Future investigation should examine other geometries, including close-clearance
impellers in the laminar regime as well as more traditional radial, mixed and
axial discharge impellers in the turbulent regime using the LES extension of this

model, which was introduced by our group in a previous publication [44].
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