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Abstract

The vast majority of solid-liquid mixing studies have focused on high Reynolds number appli-
cations with configurations and impeller geometries adapted to this type of regime. However,
the mixing of particles in a viscous fluid is an essential element of many contemporary in-
dustries. We used the CFD-DEM model previously developed in our group to investigate
solid-liquid mixing with close-clearance impellers in the laminar regime of operation. We

T™ “and

compared different geometries that is, the double helical ribbon, anchor, Paravisc
Maxblend”™ impellers. We investigated the impact of fluid viscosity and compared the re-
sults with those obtained with the pitched blade turbine, a more commonly used impeller,
based on power consumption for equivalent mixing states. This study highlights that the

higher the viscosity of the fluid, the more interesting it is to use close-clearance impellers for

their ability to generate a strong shear stress and a strong bulk flow in the entire vessel.

Keywords: CFD-DEM, non-inertial frame, solid-liquid mixing, laminar regime,

close-clearance impeller

1. Introduction

Mixing is an essential operation for optimizing interactions between phases, homogenizing
a system, or performing chemical transformations. This operation is at the core of many

physical processes, including adsorption, desorption, dissolution, and catalyzed reactions
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[]. This is why mixing plays a key role in numerous industrial sectors, including food
processing, pulp and paper, pharmaceuticals, water treatment, and petrochemicals [2]. Since
the pioneering work of Kneule (1954) [3], Hirkerson and Miller (1953) [4], and Zwietering
(1958) [B], our understanding of solid-liquid mixing has evolved constantly over the last 60
years. Suspending particles in a fluid to ensure an optimal contact area in order to increase
the mass transfer between the two phases is one of the main challenge of this process [0].
One of the most important parameters used to characterize a solid-liquid mixing operation is
thus the minimum agitation speed for complete suspension (V;;), which has been defined as
the minimum agitation speed at which all the particles are not in contact with the bottom of
the vessel for more than 2s [5]. The complexity of multiphase physical phenomena and the
multitude of parameters involved in such operations make it a challenging area of research.

Most research on solid-liquid mixing has been devoted to the study of the turbulent
regime. All the correlations developed to estimate N;,; have focused on this regime, as shown
by the work of Nienow et al. in 1968 [[], Baldi et al. in 1978 [§], Armenante et al. in 1998
[9], Ayranci et al. in 2013 [10], Tamburini et al. in 2014, [11], Grenville et al. in 2016 [12]
and, more recently, Choong et al. [13]. However, the limitations of Zwietering correlation
for determining N;, [14, 15, 16] show that the mixing dynamics are completely different in
the laminar regime.

Moreover, these studies led in the turbulent regime focused on the impact of geometrical
configurations such as the diameter of the impeller |11}, 12], the off-bottom clearance [[17, [L8,
19], and the influence of the baffle [20]. In addition, the same impeller geometries were often
used, such as the pitched blade turbine (PBT) or the Rushton turbine [21, 22, 23, 24].

When operating in the laminar regime, it is preferable to use close-clearance impellers
[25, 26]. Numerous single-phase studies with viscous fluids have been carried out with close-
clearance impellers, including the anchor [27, 28, 29], ribbon [? ? ], Paravisc™ [30, 81,
and Maxblend™ turbine [32, B3]. To our knowledge, only two experimental studies [34, 35

and one numerical study [36] have investigated the performance of close-clearance impellers



in solid-liquid mixing applications.

This can be explained by the challenge posed by numerically modeling mixing systems
with close-clearance impellers. Modeling rotating geometries, such as impellers is commonly
done using methods such as the multiple reference frame [37, B8], sliding mesh [39, 23, 24,
40, 41] or the immersed boundary [42]. In a previous study we showed that these methods
cannot be used straightforwardly for close-clearance impellers, which is why we developed a
new CFD-DEM model based on a rotating frame of reference approach that makes it possible
to study any axially symmetrical impeller [43].

The main objective of the present work is to compare the solid-liquid mixing efficiency in
the laminar regime of four different close-clearance impellers with the more commonly used
PBT impeller. We studied the anchor, double helical ribbon, Paravisc and, Maxblend close-
clearance impellers. The present paper is divided into four main parts. First, we present
the numerical model used in the study and the specifics required to cope with the extreme
complexity of the systems under study. Then, we introduce the different mixing systems
and a single-phase approach is used to analyze the power performance of each impeller
configuration. The third part is devoted to the solid-liquid mixing aspect with an analysis
of suspension dynamics using parameters such as Nj;, cloud height, and solid distribution.

Lastly, we describe the influence of pure-fluid viscosity on the behavior of each impeller.

2. Model description

We used a previously developed unresolved CFD-DEM model in a rotating frame of
reference [44, #3]. The model is based on the CFDEM platform [45], which combines two
open source software packages, i.e, LIGGGHTS [46] for granular dynamics using the discrete
element method (DEM) and OpenFOAM [47] for the computational fluid dynamics (CFD).
The CFD part is based on a cell-centered finite volume approach. In this section, we briefly
recall the essential elements of this model. For more details the reader is referred to papers

specifically devoted to the development of this model [43, 4§].



2.1. Equations of motion for the solid phase - Discrete Element Method (DEM)

DEM is a Lagrangian approach for modeling granular flows where each particle is consid-
ered as a discrete entity. The method integrates Newton’s second law of motion to calculate
the velocity and position of each particle at every time step of the simulation.

It specifically deals with collisions by allowing particles to overlap. The overlaps are
detected by comparing the distance of two particles to the sum of their radii. If two particles
overlap, a spring and dashpot model is used to compute a contact force that is decomposed
into elastic and dissipative components. Each of these components is then divided into a
tangential and a normal term.

Based on Newton’s second law of motion, the governing equations for the translational
(up,;) and rotational (w,,;) motions of particle ¢ in a non-inertial frame of reference can be

written as [46, 49, b0, 51):

du i
m; df’ = Z Jeij + ; Sirie + Jori + foi — ‘Qmiﬂvx up73_zmg % (Ez % qpvi), (1)
’ FCoriolis Fcent'rifugal
dwm
I = Z (My;; + M, ;) — (2 X w,;) @)
dt ,
TCo'riolis

where m; is the mass of particle ¢, {2 is the rotation vector of the frame of reference, g, ;
and u,,; are the position (from the projection point on the axis of rotation: g, ;- = 0) and
velocity vectors of a particle ¢, I; is the moment of inertia of particle ¢, w,; is the angular
velocity of particle i, f.;; is the contact forces between particles 7 and j, fi,;; is the non-
contact (long-range) forces between particles ¢ and k, f,7; is the particle-fluid interaction
forces, f,; is the gravitational force (f,; = m.g), and M, ;; and M, ;; are the tangential and
rolling friction torques acting on particle ¢ due to its contact with particle j. In the present
work, non-contact forces such as electrostatic or Van Der Waals forces in (lil) and Coriolis
torque in (E) were not taken into account due to the size and nature of the particles [44].

The contact forces between two particles are split into normal (f.,;;) and tangential



(feti) [52] components:

fc,ij = fcn,ij + .fct,ij = _kn,ijén,m Tn 17 6n K% kt K% (st K% Vt,ijét,ij (3)

where £, ;; and k;;; are the normal and tangential stiffness coefficients, v, ;; and 7, ;; are
the normal and tangential damping coefficients, d,,;; and d,,; are the normal and tangential
overlaps, and 5m] and St,ij are their derivatives with respect to time.

In the present work, we used a model proposed by Tsuji et al. [53] that is based on the
Hertz theory [p4] for normal forces. We used the Mindlin model [b5] for tangential forces.
These models were combined to couple the stiffness and damping coefficients to Young’s
modulus of the material (Y), Poisson’s ratio (), and the coefficient of restitution (e,) using

the equations given in Table m Tangential overlap d;;; was truncated using Coulomb’s law

8
to ensure that: fo;; < —pisij | Fenijl |5: Zj‘
Parameter Equation
Normal stiffness knjij = 3Y5; \/R nzj
Tangential stiffness kij = SG* \/ R0
Normal damping Vnii = ln _ner) knms;
4 \/ln (er)+m2
Tangential damping Veij = )
’] \/ 1112(er)—‘,-7r2
Coulomb friction force Setrii < ,us ij | Fensisl |§§ ljl
Torque by tangential force Mt,w X (fetij)
Rolling friction torque M, ;; = uT i | Fensijl |: ”| R
p,ij
Equivalent mass ml = mi mi
. . IR BT
Equivalent radius i
2 2
Equivalent Young’s modulus % = (1;1) + (1;] )
ij i J
Equivalent shear modulus GL = 2(2+V§2_(1_W) + 2(2+ij)_(17”]' )
iJ T J
Sliding friction coefficient u;ij
Rolling friction coefficient Hrij
Distance to contact point for particle i ;
Radius of particle ¢ R;

Table 1: Equations for the DEM model adapted from [4§]



2.2. Equations of motion for the liquid phase (CFD)

Volume-averaged Navier—Stokes equations (VANS) are commonly used in CFD-DEM.
In the particular context of rotating frames of reference, we previously showed that these
equations lead to a destabilization of CEFD-DEM simulations at t=0 [43]. The fluid model

was thus based on the Navier-Stokes equations (Eq@ and Eqa)

%(Pf) + V- (psuy) =0 (4)

9]
(psuf) + V- (pjur@uy) = —-VP+V -7+ F,

ot
1 &
AV ’ (.fpf,i - .pr,z' - qu-,z‘) _?Pfﬂ X ujj_PfQ X (€2 x qf)/ (5)
N ! ~ < Fcoriotis FCentm'fugal
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with  f i = Faragi + Fari t Fori T Fopi + Z fadai (6)

where F', represent the gravity, F'; the global momentum exchange between the fluid and

the particles and f represent the interaction force between the fluid and a particle i. This

spfi
force includes the drag force f,,,,;, the Archimedes force f 4, ;, the viscous forces fy., ;, the
pressure gradient force fy,,; and f 44, that represent the different interaction forces between
a particle and a fluid such as the virtual mass force, the Basset force and the lift forces

(Magnus and Saffman) [56]. These latter forces are neglected in this work. The viscous

stress tensor is defined as:

r =i ((Fup) + (V) = 39 upt) 7



where p is the dynamic viscosity and I is the identity tensor. Lastly, the fluid solver used in
the CFD-DEM model was based on a transient SRF-PISO solution algorithm that combines

the single rotating frame approach with the PISO method [57].

2.3. CFD-DEM parameters

In this section, we describe the main CFD-DEM parameters making up the model.

2.3.1. Viscosity model

The presence of particles greatly influences the overall viscosity of the fluid at the particle
scale [58]. However, with a numerical model based on an unresolved approach, the flow is
solved at a larger scale than the particle scale. This is why, a viscosity model that takes the

local particle fraction into account has to be used [4§], in this case the Krieger-Dougherty

model [59)] (Eqa)

e\ "l
= (1-%) )

where [n] the intrinsic viscosity parameter equal to 2.5 in the present study, €, is the maximum
packing fraction taken equal to 0.64 for spherical particles [60], and g is the dynamic

viscosity of the pure fluid.

2.3.2. Smoothing of the solid-liquid momentum exchange force

The divided approach was used to project the particles onto the fluid grid. Each particle
is thus no longer seen as a single entity but as 27 parts of equal volume. Each part is
projected onto the fluid grid. This increases the accuracy and robustness of the local void
fraction and smoothes the coupling term between the fluid and the particles. However, this
is insufficient to obtain good stabilization of the coupling scheme [48]. In the present study,

we coupled an isotropic diffusive smoothing approach to the divided approach [61]. For a



quantity ¢, a parabolic filter was applied based on the following equation:

o_
ot Atcrp

V2(¢) (9)

where A is the characteristic smoothing length chosen to be equal to 3 particle diameters to
ensure stability. For more details about the stakes of this smoothing process, we refer the

reader to [43].

2.3.3. Coupling strategy

With the CFD-DEM method, the implicit strategy for the momentum exchange between

the liquid and the solid phases is generally used (F,; = K,r(u, — uy) with K,y = ’Jj_p; ‘f’ ).
However, we showed in a previous paper that such coupling combined with rotating systems
leads to fictitious forces created by the mesh topology [43]. We thus used an explicit coupling
strategy whereby the coupling force F,; was added directly to the fluid equation (Eqa)
without the use of the scalar K, [48].

To summarize, the solver used for the CFD-DEM simulations is a CFD-DEM-PISO-

SRF solver based on the classical Navier-Stokes equations formulated in a rotating frame of

reference with an explicit coupling between the liquid and solid phases.

2.8.4. Hydrodynamic force model

The study of the relative importance of each hydrodynamic force in a solid-liquid mixing
operation is still an active area of research [22, B8, 62, 63, 64]. Based on previous studies
conducted in the laminar regime [48], we considered the drag force as the predominant force
in comparison with lift, Basset, and virtual mass forces. In addition, we have shown that
the choice between different drag models that take into account the void fraction has no
significant impact on the accuracy of the simulations [43]. In the present study we use the
Di Felice drag model [65]. Due to the unresolved approach the particles are not discretized
in the CFD part, it is thus necessary to add the pressure and viscous stress forces. All the

expressions of these forces are detailed in Table E
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Force Equation

Pressure gradient — %dz,Vp
Viscous force —5dV T
Archimede’s force -pVpg

Drag force - Di Felice model %(jppfﬂdze’j;fxi
X; = 3.7 —0.65exp (w)
2
— 48
CD - (063 + \/R_ep)

d _
R., = & ’“lff up|ps

up — up| (uy —uy)

Table 2: Expression of the force used in the CFD-DEM model.

2.3.5. Non-inertial frame: boundary and initial conditions

To conclude the description of the model, it is important to present the steps that are
required to carry-out CFD-DEM simulations of solid-liquid mixing in a non-inertial frame
of reference (i.e., a rotating frame). A simulation in a rotating frame of reference implies
setting specific initial conditions on the liquid and the particles, and boundary conditions on
the geometrical components. As the whole problem is reformulated in the impeller’s frame
of reference, the impeller is motionless during the simulations but the particles, the liquid
and the vessel must be in motion from t=0. The different initial steps for the simulation of

a mixing system are described and summarized in Figure m

3. Single-phase study of each impeller

Before discussing solid-liquid mixing, the different impellers used in our simulations are
presented by examining their power consumption, often used in experimental studies as the

starting point of the investigation.

3.1. Systems description

Of the different impeller geometries, four are close-clearance impellers ,i.e, the anchor,
double helical ribbon, Paravisc, and Maxblend. The fifth is the commonly used PBT im-
peller. All the geometrical parameters used for the simulations are described in Table B and

Figure E All the close-clearance impellers have the same characteristic dimensions to ensure



CFD-DEM simulation in a rotating frame of
reference is defined by its rotation vector: €2

Mesh of the fluid domain Particle and agitator insertion
Initial condition of the fluid: Initial condition of the particles:
us; = —Q X qg) where qg is the u,; = —Q X qp; where q,; is the
position vector from the position vector from the
projection on the rotation axis of projection on the rotation axis of
the center of a fluid cell k the center of a particle i

Boundary conditions
e Tank wall: ey = —Q X qyan
e Tank bottom: Uporrom = —R X Qpottom
« Tank top: Free slip condition
¢ Impeller: No-slip condition

Decomposition of the domain to perform a
parallel computation

Figure 1: Initial and boundary conditions required for a CFD-DEM simulation in a rotating frame of reference
(adapted from [43]).

a meaningful comparison. More precisely, as the diameter of all these impellers is the same,

prD2
60pu ¢

the Reynolds number Re = used in the rest of the present study only depend on the
agitation speed N (RPM). Note that this implies using an off-bottom clearance value for the
Maxblend impeller that is higher than what can be found in the industry. This aspect will

be discussed later in the study. For the PBT impeller, we use the same geometry as that

used in [15, 43, 4g].

Element Symbols Dimension Ratio (dimension/T)
Tank diameter T 36.5cm 1
Impeller diameter D 33.3cm 0.9
Liquid height H 36.5cm 1
Impeller height S 28.7cm 0.8
Off-bottom clearance C 4.56cm 0.12
Close clearance E 1.6cm 0.04
Impeller thickness e 0.4cm 0.01
Impeller width Wi 3.6cm 0.1
Shaft diameter T; 2.54cm 0.07
PBT diameter Dy 12.16cm 0.33
PBT blade height St 2.4cm 0.07
PBT off-bottom clearance bt 9.1cm 0.25

Table 3: Geometrical parameters used for the simulations of mixing system with five different impellers.
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Figure 2: Geometry used in this study: (a) anchor, (b) double helical ribbon, (¢) Paravisc, (d) Maxblend,
and (e) PBT impellers.
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All the single-phase simulations presented in this section were conducted using a New-
tonian viscosity model with a constant dynamic viscosity of 4 = 1Pa.s. In addition, the

rotation of the impeller in the Eulerian frame of reference was in the clockwise direction.

3.2. Mesh sensitivity analysis

The first step after presenting the different mixing system is to mesh the geometries. To
carry out the mesh sensitivity analysis, an adimensional number commonly used in mixing

is introduced. The power number is defined by the following equation:

P

Np=—
P 0 (N/60) D5

(10)

where P is the power transmitted to the fluid by the impeller. For each system, we drew
power curves N,/ Re for different meshes. The steady-state simulations were performed using
the SRFSimpleFoam solver implemented in the OpenFOAM CFD software. This particular
solver uses the single rotating frame (SRF) of reference approach combined with the SIMPLE
resolution algorithm [66]. An illustration of the mesh used for the system studied is presented
in Figure E The results of the mesh sensitivity analysis are shown in Table @ (when the

plateau is reached for Re = 500) and Figure @ Based on these results, and to ensure a

1-— 1-— 1-— 1-—
Impeuer Npl/Npref NPZ/Npref NpS/Npref Np4/Np7“ef
Anchor 0.8% 3.1% 8.6% 23%
Double 1.1% 3.2% 4.1% 5.1%
ribbon
Paravisc 0.9% 4.9% 5% 5%
Maxblend 1.3% 2.8% 7.5% 32%
PBT 0.4% 2.8% 12% 13%

Table 4: Comparison of the N, obtained when the plateau is reached for Re = 500 with the different
meshes. Np,..s corresponds to the result obtained with the finest mesh and Np; to the result obtained with
increasingly coarse meshes. The selected mesh size for each system is highlighted in bold.

good compromise between computational time and accuracy of the results, we decided to

use a mesh of 200k cells for the anchor system, a mesh of 200k cells for the ribbon system,

12



Figure 3: Illustration of the hexaedral mesh used for the (a) anchor, (b) double helical ribbon, (c¢) Paravisc,
(d) Maxblend, and (e) PBT impellers.

a mesh of 220k cells for the Paravisc system, a mesh of 185k cells for the Maxblend system,

and a mesh of 180k cells for the PBT system.

3.8. Velocity profile

In this section we study the flow of the liquid for the different configurations studied. This
analysis is essential to understand the different mechanisms of particle suspension studied
later. All the simulations were performed in the rotating Lagrangian frame of reference.
However, the visualizations of the velocity profiles, are in the Eulerian frame of reference

obtained using the following velocity composition relation:

Veul = ,Ulag + Q X qlag (1]‘)

where q,,, is the position vector from the projection on the rotation axis of the center of a fluid

cell in the Lagrangian frame. We compare the fluid velocity profile of the different mixing
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(a) (b)

100 100
85k cells — 90k cells —
120k cells 120k cells
130k cells 155k cells
10} 200k cells 10 200k cells
260k cells 250K cells
a =%
= 14— e = 0.9
\\\7 | -
1f —== 1 - - - ]
0.8 0.8
500 514 500 514
0.1 L L 0.1 - -
10 100 10 100
Reynolds number Reynolds number
(c) (d)
100 100
100k cells — 120k cells —
140k cells —— 170k cells ——
155k cells 185k cells
10} 220k cells 10 270k cells
280k cells 360k cells
S 1 S 1.4
z — = _ ~
1t o — 1 e
0.9 0.8
500 514 500 514
0.1 > L 0.1 > L
100 10 100
Reynolds number Reynolds number
(e)
60k cells —
100 85k cells ——
100k cells
q 180k cells
10 220k cells
a S
= 2
1k
1.6
260 275
0.1
1 10 100

Reynolds number

Figure 4: Mesh sensitivity analysis for the (a) anchor, (b) double helical ribbon, (¢) Paravisc, (d) Maxblend,
(e) PBT impellers. The zoom on each figure highlights the high Reynolds numbers when the plateau is
reached. Steady-state simulations did not converge for high Reynolds numbers for the coarsest meshes in
the case of the anchor and Maxblend impellers.
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systems for a constant Reynolds number of Re = 240, which correspond to an agitation
speed of 100RPM for the four close-clearance impellers and 700RPM for the PBT impeller.

These profiles are shown in Figure B

(c)

| | | 1
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
U eulerian Z

Figure 5: Fluid circulation in the x=0 plane P,, y=0 plane P, and z = 0.02, z = 0.18, z = 0.32 planes P, at
steady-state with (a) anchor, (b) double helical ribbon, (c¢) Paravisc, (d) Maxblend, and (e) PBT impellers
for a constant Reynolds number of Re = 240RPM . The color map represents the intensity of the axial flows
while the lines represent the flow streamlines.

— For the anchor impeller (Figure H (a)) the flow generated is radial near the impeller.

Two areas of significant recirculation, in opposite directions in the lower and upper

15



corners of the P, plane, can be seen in Figure H These two zones imply that the
radial flow splits into ascending and a descending streams along the wall, creating a

stagnation of the flow. This is clearly visible in the middle P, plane.

For the ribbon impeller (Figure B (b)) the flow generated is relatively complex, with
many recirculation zones. At the level of each ribbon, recirculation zones that encircle
them can be seen. These recirculations generate further recirculations in the entire
vessel as can be observed in the P, plane. In addition, similar global behavior can be
observed in the P,, P,, and P, planes, i.e., an ascending flow along the shaft and the

wall, and a descending flow between the two.

For the Paravisc impeller (Figure B (c)), the flow is a combination of the streams
observed for the other two configurations. The same recirculation zones encircling the
ribbons can be observed. The same separation of the flow can be seen in the middle of
the vessel, with an ascending part and a descending part (P, plane). However, unlike
to the anchor impeller the flow is not completely radial near the shaft (P, plane). In
addition, the intensity of the flow in the middle P, plane is much greater with the

Paravisc impeller.

For the Maxblend impeller (Figure B (d)) the flow is characterized by two major re-
circulation zones that are clearly visible on the P, plane. This is similar to what can
be observed with the anchor impeller. However, contrary to the anchor impeller there
is no splitting of the fluid flow. Indeed, continuous ascending and descending streams
can be seen in the vessel. It is interesting to note that, in terms of magnitude, the
flow generated by the Maxblend impeller is greater than for the other impellers (P,

planes).

For the PBT impeller (Figure B (e)), as expected [15, [L§], the flow is a combination of

axial and radial components. It is axial (P, planes) along the walls and directly under

16



the shaft while and radial close to the blades. This results in a large recirculation area

at the blade tips (P, and P, planes).

These observations are in perfect agreement with previous single-phase studies carried out
with similar geometries [15, 67, 68, 69, [70]. The main conclusion is that the axial component
is the main component of the flow generated by all these impellers, but that the intensity
of this flow varies with the type of impeller. In addition, numerous recirculation zones can
be observed, which is very interesting because, according to Ibrahim et al [[16], recirculation

zones are the main mechanism for suspending particles in viscous fluids.

3.4. Power consumption

In this section, we discuss the power consumption of each impeller. The power consump-
tion is a convenient parameter to compare very different mixing configurations. The power
curves in Section @ are used to calculate the Kp of each system, which is defined as the

product of the Reynolds number and the power number (Figure B)

2000 T T
Anchor ——
1000 H Paravisc — |
Double Ribbon
Max blend
PBT _ BN /
o
222 — e
T —— T [
164
140
100
60 : :
10 100

Reynolds number

Figure 6: Evolution of Kp = NpRe as a function of the Reynolds number for the five systems studied.

We obtain a constant Kp for a low Reynolds number, below Re=10 in most cases, as
expected, for mixing in the creeping flow regime [6].
The energy performance of similar systems has already been studied, and some correla-

tions have been developed to estimate the value of Kp. The work by Sawinsky et al [29] on

17



the anchor impeller system led to the following correlation:

25 + D D 0.45
Kp,anchor =17 ( D ) (E) (12)

where E is the close-clearance and S is the impeller height.

For ribbon impellers, the study by Delaplace et al [71] led to the following correlation:

T 031 o037 /N1 /g
. _ . 0.79 _ — —b Y
Kp,mbbon 91- Nr (05 (D 1)) (D) ( D > <D) <13)

where Nr is the number of ribbons and s is the pitch that corresponds to the distance between
two vertically aligned points on the same ribbon. In our case, Nr =2 and s = S.
For the Paravisc system, other studies by Delaplace et al [72, B0] led to an adaptation of

the previous correlation, which resulted in:

T —029 —044 [/ G
Ky paravise = 66 - Nr04 (0.5 (5 — 1)) (%) (5) (14)

In the case of our system with the Paravisc impeller, each ribbon makes only a half turn,

and the bottom of each ribbon starts at the top of the anchor. Thus, the pitch (s) is

s=2- (S - Wb)
The results obtained with these correlations and our numerical simulations are reported
in Table B
Double :
Anchor helical ribbon Paravisc
Kp,correlation 189 257 205
K simulation 164 222 188

Table 5: Comparison of the K, coefficients from the empirical correlations and those obtained with the
numerical simulations.

A slight difference can be observed between the results. The previously described corre-

lations were formulated for £ = C' but, in our case, the off-bottom clearance C' is higher.
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The impellers are thus further from the lower wall, which reduces the shear stress generated
in this zone. This explains why our numerical Kp values are lower those of the correlations
for the close clearance impellers. Keeping in mind that Kp is the product of both Np and Re,
it is extremely sensitive to both its constituents. Hence, a small difference as presented in
the table above makes us confident in the adequacy of our simulations. Along the same line,
we must also underline the fact that our comparison point is based on correlations having

their own uncertainties.

3.5. Shear stress analysis

The onset of particle suspension in the laminar regime is controlled by an erosion mech-
anism that closely resembles shear-induced migration [[15, 18, 48]. The shear stress 7, where
T = pusVuy, generated by an impeller is another essential parameter for solid suspension
in the viscous regime. Figure H shows the shear stress distribution at the bottom of the
vessel in the zone where particles would tend to settle during normal operation and where
all particles are at the beginning of a solid-liquid mixing experiment.

In terms of intensity, the PBT and the ribbon impellers generate low shear stresses
compared with the other impellers. For the PBT impeller this can mainly be explained by
a larger off-bottom clearance. The Maxblend impeller generates the most important shear

stress over a larger zone at the bottom of the tank.

4. Solid-liquid mixing

After investigating the behavior of each impeller in single-phase mixing, we analyze solid-
liquid mixing based on the minimum agitation speed required to suspend the particles, the

cloud height and the distribution of the particles in the vessel.

4.1. System description

For the solid-liquid mixing simulations the same geometrical parameters (see Table B)

were used. The physical and numerical parameters used in the CFD-DEM model are de-
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Figure 7: Visualization of the shear stresses at the bottom of the vessels (z = 0.002cm) generated by five
single-phase mixing systems with the (a) anchor, (b) double helical ribbon, (c¢) Paravisc, (d) Maxblend, and
(e) PBT impellers at a constant Reynolds number of Re=240.
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scribed in Table B and are the same as in previous numerical and experimental studies

U8, [15, [18]. Note that no impeller is in contact with the particle bed at t=0.

Parameter Symbol Value
Young’s Modulus Y 100 MPa
Cofficient of restitution er 0.9
Poisson’s ratio v 0.25
Coeflicient of friction Is 0.3
Rolling friction Ly 0.1
DEM time step Atpeys 5 x 107%s
CFD time step Aterp 5 x 107%s
Coupling time step At. 5 x 1075
Particle diameter d, 3 mm
Particle density Pp 2500 kg/m?
Volume fraction Xy 5.5% (148700 particles)
Fluid density pf 1390 kg/m?
Pure fluid viscosity Lo 1 Pa.s

Table 6: CFD-DEM simulation parameters and physical properties.

4.2. Minimum agitation speed: Njg

The suspended fraction curves for the different impellers (Figure E) were measured nu-
merically using the Lagrangian suspension fraction analysis method (LSFA). This method
considers a particle as suspended if it moves a certain distance Azj, in the axial direction
for a certain time At;, [48].

There is a very similar evolution, and complete suspension is reached for agitation speeds
of 100RPM, for the anchor, Paravisc and Maxblend impellers (Figure E (a)). For the ribbon
and the PBT impellers, complete suspension requires much higher speeds. We estimate an
Nj, of approximately 200RPM for the ribbon impeller and approximately 425RPM for the
PBT impeller. The PBT, anchor, Paravisc, and Maxblend impellers displayed comparable
performance in terms of power consumption (Figure E (b)). However, the double helical
ribbon impeller requires more power to completely suspend the particles. This difference
was to be expected given the fact that the ribbon impller is the close-clearance impeller that
generates the less shear stress (Section @) This confirms the conclusions of the numerical
and experimental studies by Blais et al. [48; 18] and Lassaigne et al. [15], which highlighted

the principle of particle bed erosion for the suspension of particles in viscous fluids. To
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Figure 8: Evolution of the suspended fraction of particles with (a) agitation speed (b) power consumption.
The LSFA method was used with the following criteria to measure the suspended fraction: Az;; = d,, and
Atjs = 2sec.
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summarize, Figure E (b) shows that, for close-clearance impellers, the greater the shear

stress generated, the lower the power required to suspend the particles.

4.3. Qualitative investigation of the solid-liquid mizing dynamics

Once the minimum agitation speed to completely suspend particles for the different
studied system has been estimated we qualitatively analyze the suspension dynamics. It
should be noted that the Stokes number gives an indication of the capacity of a particle to
deviate from the streamlines of the flow. It can be defined as the ratio between the kinetic
energy of the particle and the energy dissipated by friction with the fluid (Eq@)

B ppdgza |uf|

St= a7 (15)

The different Stokes number profiles for the five systems for agitation speeds equal to Nj,

are compared in Figure E

(a) (b) (c) (d) (e)

\ |
0 0.0005 0.001 0.0015 0.002 0.0025 0.003

Stokes number

Figure 9: Stokes number profiles at an agitation speed equal to N;s for systems with an (a) anchor, (b)
double helical ribbon, (c¢) Paravisc, (d) Maxblend, and (e) PBT impeller.

From this comparison we conclude that particles tend to follow the overall flow of the

fluid since all values, in all the volume, remain well below 1.0, the threshold to expect

23



deviations from the streamlines. We thus rely on single-phase velocity profiles (Section @)
to investigate the mixing dynamics. We start by analyzing the void fraction profiles for
the different agitation speeds. The results are shown in Figure [1( for the close-clearance

impellers and in Figure EI for the PBT impeller.

— For the anchor impeller, the single-phase study revealed a radial flow that splits into
two large recirculating streams. The same behavior is observed for particle motion
(Figure @ (a)). At low speeds, suspension is entirely controlled by the lower recircula-
tion loop, which is clearly visible due the appearance of a toroidal zone of low particle
concentration in this zone. These major recirculation zones leads to the suspension of
most of the particles, as shown by the evolution of the particle bed at the bottom of
the vessel. However, one of the consequences of this double flow is that the particles
remain trapped at the bottom of the vessel, considerably limiting the cloud height. It
is only at higher velocities that a transition between the upper and lower recirculation

loops is initiated.

— With the Maxblend impeller (Figure (d)), the same tendency is observed. The
particles follow the flow of the fluid and accumulate along the axis at low agitation
speeds, and rise along the wall at higher agitation speeds which coincides perfectly
with the shape of the previously mentioned recirculation loops. A better particle

distribution is observed in the entire vessel compared with the anchor impeller.

— For the ribbon impeller, the single-phase study showed a strong upward flow along
the central axis, indicating that the particles are preferentially suspended along the
shaft (Figure @ (b)). This results in an accumulation of particles in this zone. In
addition, there are zones of low particle concentrations around the ribbons, which can
be explained by the recirculation loops in the flow patterns. However, as with the
Maxblend impeller, relatively good distribution of the particles is possible at higher

agitation speeds.
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Figure 10: Void fraction profile with the (a) anchor (b) double helical ribbon (c¢) Paravisc and, (d)
Maxblend impellers at different agitation speeds (i) N=40 RPM, (ii) N=80RPM, (iii) N=Nj, and, (iv)
N=150RPM. The agitation speeds (b) (iii) and (iv) for the double helical ribbon impeller are N=150RPM
and N=N;,=200RPM. These results are presented when the pseudo steady-state is reached.



\o

Void fraction

Figure 11: Void-fraction profile with a PBT impeller for (a) N = 250RPM, (b) N = 350RPM, (¢) N =
Njs =425RPM, (d) N = 7T00RPM, when the pseudo steady-state is reached (adapted from [43]).

— For the Paravisc impeller, we observed a significant axial flow along the walls. This
is the zone where the particles are preferentially lifted at the lowest agitation speed
(Figure [L( (c)). At higher agitation speeds, the particles are also suspended by a
second flow along the central axis, giving a good distribution throughout the entire
vessel. However, there is still a small area of low particle concentration in the lower

region, which is again the result of the recirculation loop in the flow patterns.

— Lastly, after investigating the behaviors of the close-clearance impellers we compared
them with the results obtained for the PBT impeller [15, 1§]. This impeller allows
global circulation throughout the entire vessel, leading to a good distribution of the
particles. However, as is clearly visible in Figure El, one of the main limitations of this
impeller is the large accumulation of particles directly below the shaft and a large zone
with a low concentration of particles close to the blades, which is a direct consequence

of the flow patterns mentioned in Section @

To summarize, it is important to generate a strong shear stress to suspend particles.

However, this is not enough to obtain a homogeneous suspension, as shown by the profiles
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observed with the anchor impeller. In the laminar regime, the fluid must also circulate
continuously throughout the entire vessel. Recirculation zones can help homogenize the
system, as shown by the profiles observed with the Paravisc and ribbon impellers. However,
if these recirculation zones are too large, as is the case for the PBT impeller, this can lead to
large areas with low concentrations of particles, which can be detrimental to the quality of
the suspension. This preliminary analysis results in a better understanding of the challenges
and difficulties related to solid-liquid mixing in the laminar regime. These results are next

analyzed quantitatively.

4.4. Quantitative characterization of the solid-liquid mixing systems

This quantitative analysis is broken down into two parts: the cloud height and the local

distribution of the particles in the entire vessel.

4.4.1. Cloud height

We start by studying the height reached by the suspensions for each system. Cloud height
is an essential parameter for characterizing solid-liquid mixing operations because it reflects
the quality of the suspension. Cloud height is defined as the distance from the bottom of the
vessel to the level where the majority of the particles are suspended [6]. In our case we used
the highest 1478 particles (corresponding to 1% of the particles) and averaged their heights
when the pseudo steady-state is reached. The results obtained for each system and different
agitation speeds are presented in Figure @

As expected, the comparison shows that the anchor impeller is the least effective in
terms of cloud height while the Paravisc and Maxblend impellers are the most effective at
achieving a high cloud height with lower power consumption. The PBT and double helical
ribbon impellers require more power to obtain a cloud height similar to that of the Paravisc

and Maxblend impellers.
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Figure 12: Evolution of cloud height as a function of (a) agitation speed (b) power consumption.
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4.4.2. Quantitative distribution of the particles

Section @ revealed that good homogeneity can be achieved with the different impellers.
In this section, we compare the power required to achieve a well-mixed state for each config-
uration. We temporally follow the volume averaged fraction of particles in different regions
of the vessel. The vessel is divided into 24 compartments, with a decomposition in three
parts along the height, a splitting of the radius in two parts, and a circular decomposition in
four parts. To quantify the extent of solid dispersion, we use the RSD approach introduced

by Bohnet and Niesmak [73], which is defined as:

1 Xy, ?
RSD = o ; ( o 1) (16)
where n, is the number of compartments, X, ; is the particle volume fraction in compartment
t and X, 4,4 is the average volume fraction in the entire vessel. The lower the RSD value,
the more uniform the mixing. The initial RSD value (RS Djpitiar), With the initial loading,
is equal to 2.25 in all cases.

The RSD results shown in Figure @ correspond to the values obtained when the pseudo-
steady state is reached and the values no longer changed. These results confirm that the
anchor impeller is the least suitable impeller for efficient mixing with such a system. For
the ribbon impeller the power required to obtain good uniformity is relatively high, which
prevents it from being competitive. However, its performance in terms of homogeneity is
comparable to that of the PBT impeller. Based on this analysis, we conclude that the Par-
avisc and Maxblend impellers are the most suitable close-clearance impellers for obtaining
a homogeneous solid-liquid mixture. For these two better-performing geometries, the one
adopted here for the Paravisc is very representative of the ones encountered in the industry.
For the Maxblend however, the off-bottom clearance used here is notably larger than what
would be found in the industry. With a smaller off-bottom clearance, the suspension perfor-

mance is expected to improve, which clearly makes this impeller a most suitable geometry
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for solid-liquid mixing applications in the laminar regime.

More generally this solid-liquid study for a pure fluid viscosity of py=1Pa.s showed that
for close-clearance impellers to achieve an efficient and qualitative suspension, they need
to generate a sufficient shear stress to facilitate the onset of the suspension process and to
generate a bulk flow that puts the fluid in motion throughout the vessel. It appears from
our results that the Paravisc and Maxblend impellers are the most suitable close-clearance
impellers for this kind of application. In addition, this comparison shows that impellers with
a completely different mixing dynamics, such as the PBT impeller, can give similar or better

results than typical close-clearance impellers such as the helical ribbon and anchor.

5. Evaluation of the impact of fluid viscosity

Following the analysis of solid-liquid mixing in the laminar regime, we now investigate
the evolution of the behavior of the different impellers when the viscosity is increased. We
only use three impeller geometries for this analysis because of their characteristic flows. We
no longer consider the anchor impeller due to the poor results obtained with it. We also
excluded the Maxblend impeller because its characteristics are very similar to those of the
Paravisc impeller, i.e. high shear stress and a large swept volume with an important vertical
flow. This study is performed with a pure fluid viscosity of py=4Pa.s, with Reynolds numbers
ranging from 20 to 100. The results are given in Figure @

In the case of the close-clearance impellers the results are very similar to those of the
previous analysis, i.e., it is important to use an impeller that combines good vertical circu-
lation and high shear stress. This is why the Paravisc impeller is preferable to the double
helical ribbon impeller. In addition, the PBT impeller produced good results at 1Pa.s but
the quality of the suspension degraded with an increase of the viscosity, as shown by the
cloud height analysis (Figure [L4 (b)). Consequently, the higher the viscosity the more close-
clearance impellers such as the Paravisc outperforms other impellers in terms of efficient

solid-liquid mixing. Such an observation probably explains why dual-shaft mixers, combin-
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Figure 14: Evolution of the (a) fraction of suspended particles, (b) cloud height, and (c) particle dispersion,
as a function of power consumption for the three impellers, with a pure dynamic viscosity of uo=4Pa.s.

ing PBT and a close-clearance impeller, have been designed to cope with extremely complex

multiphase fluids such as those in the cosmetic, paints and adhesive industries.

6. Conclusion

Despite numerous applications, solid-liquid mixing has been studied much less in the
laminar regime than in the turbulent regime. However, experimental studies showed that
the learnings obtained in the turbulent regime are different from those obtained in the laminar
regime. This is why it is important to develop new tools to study more specifically solid-liquid
mixing in the laminar regime. In a previous work, we developped an unresolved CFD-DEM
model in a rotating frame of reference that is based on the CFDEM framework. This model
has several advantages for studying solid-liquid mixing in a viscous regime. The fact that it
is based on a rotating frame of reference makes it possible to study any symmetrical impeller
geometry, particularly close-clearance impellers. The CFD-DEM approach also provides a
highly accurate description of granular dynamics because the movement of each particle is
modeled individually through DEM. This aspect is particularly interesting for the analysis

of the suspended fractions, cloud heights, and homogeneities of mixing systems.
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The objective of the present study was to use this CFD-DEM model to study the solid-
liquid mixing performance of close-clearance impellers that display good efficiency for single-
phase viscous mixing operations. We focused on four close-clearance impeller geometries:
the anchor, double helical ribbon, Paravisc, and Maxblend. They were compared with the
PBT, a more commonly used and widely studied impeller.

We shed light on the different mechanisms involved in the suspension of particles in a
viscous fluid. First, the onset of suspension is controlled by an erosion mechanism. Thus, the
higher the shear stress generated by the impeller, the easier the suspension. This explains
why a lower suspension speed NN;; was obtained with the anchor, Paravisc, and Maxblend
impellers. Once in suspension, the particle motion is mainly controlled by the bulk of the
flow. Impellers that only generate shear stress without global pumping are thus not ideal
for distributing particles throughout the entire vessel. This is also why the anchor impeller
generates suspensions with a low cloud height and a non-uniform distribution of particles.
However, in the case of the double ribbon, Paravisc, and Maxblend impellers, the circulation
of the liquid distributes the particles more uniformly. In terms of energy efficiency, the
double ribbon impeller is less efficient than the Paravisc and Maxblend impellers. This can
be explained by the difference in the amount of shear stress generated.

We compared the performances of the close-clearance impellers with that of the PBT
impeller and concluded that the use of the PBT is justified, to a certain extent, in the
laminar regime. For a Reynolds number of 200 it performs better than the double helical
ribbon and anchor impellers and slightly worse than the Paravisc and Maxblend impellers.
However, the closer the regime is to the creeping flow, the better the close-clearance impellers
performed.

In a nutshell, the best impeller for achieving efficient solid-liquid mixing in the laminar
regime is one that generates high shear stress and strong bulk flow in the entire vessel.
Given this, it would be preferable to use close-clearance impellers such as the Paravisc and

the Maxblend. This is especially true at larger pure fluid viscosities.
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