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the viscous suspension of particles in agitated vessels is poorly understood and5

historically much less studied than in the turbulent regime [7]. This can lead to
sub-optimal designs, significant waste of energy, and even an inability to achieve
the required mixing state. According to the Handbook of Industrial Mixing [57],
when conducting solid-liquid mixing operations it is important to ensure optimal
mass transfer between the phases by maximizing the interfacial area. Kneule10

[42] demonstrated that it is necessary to completely suspend all the particles
to achieve this. Based on Zwietering’s criterion [80], a particle is considered
suspended when it remains in contact with the bottom of the vessel for less
than 2s. Zwietering presented the first empirical correlation for the estimation
of Njs, the speed required to just suspend particles in a mixing system [80].15

More than 60 years after its publication, this correlation remains very popular.
It is still extensively used in industry despite the fact that it has shortcomings
with respect to viscous fluids, high volume fractions, and large particle diameters
[8, 38, 48]. For example, the Zwietering correlation predicts an increase of Njs
with the particle size and the fluid viscosity whereas Lassaigne et al [45] showed20

that it is the opposite in the laminar regime. This lead to uncertainties of more
than 50% on the determination of Njs. Many attempts have been made to
replace this correlation, including those by Nienow et al. in 1968 [54], Baldi
et al. in 1978 [11], Armenante et al. in 1998 [6], Ayranci et al. in 2013 [9],
Tamburini et al. in 2014, [66], Grenville et al. in 2016 [36], and more recently25

by Choong et al. using an artificial neural network [25]. However, a reliable and
universal correlation to predict just suspended speed remains a challenge.

The experimental determination of Njs remains difficult. A large number
of methods have been developed over the past 50 years. They can be separated
into two distinct categories: non-intrusive and intrusive methods. For the first30

category, the simplest methods are based on direct visual observations [31, 80].
However, they remain limited to transparent vessels and low-concentration sys-
tems [56]. Other non-intrusive methods include power number variation analy-
ses [62], and techniques based on light intensity variations [5], radioactive parti-
cle tracking [61], pressure measurements (pressure gauge technique) [44, 45, 48],35

and electrical resistance tomography [15, 45]. Intrusive methods are relatively
problematic because they disrupt the flow [35] by measuring particle concen-
trations at different locations directly in the vessel using sampling or physical
measurements (e.g. conductivity) [22].

Lastly, computer simulations are another way to approach the problem. This40

will be the subject of this paper. We begin with a brief review of existing
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approaches and the various issues involved in modeling viscous solid-fluid flows.

1.1. Modeling solid-fluid interactions

It is important to note that the accuracy and the computational cost of
numerical models used are greatly influenced by the scale at which the inter-45

actions are simulated. Three different scales can be defined: the macroscopic
scale, which corresponds to the characteristic dimensions of the system, the mi-
croscopic scale, which is the particle scale, and, lastly, the mesoscopic scale,
which corresponds to the size of coherent structures within the flow [55, 76].
For multiphase systems each phase can be solved with its own scale. Three50

main approaches for studying solid-liquid mixing applications are summarized
in Figure 1: the two-fluid model, the resolved CFD-DEM, and the unresolved
CFD-DEM.

Figure 1: Representation of the various scales involved in a solid-liquid mixing system: (a)
meso-meso scale with the two-fluid model, (b) meso-micro scale with unresolved CFD-DEM,
and (c) meso-micro scale with resolved CFD-DEM.
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1.1.1. Euler-Euler approach
The Euler-Euler approach is a meso-meso scale strategy. It generally uses55

the two-fluid model in which the solid and liquid phases are treated as interpen-
etrating continua. This saves calculation time, which explains why the majority
of numerical studies on solid-liquid mixing have been carried out with this ap-
proach. Micale et al. [49] showed that this model can predict the cloud height,
which is defined as the distance from the bottom of the vessel to the level where60

the majority of the particles are lifted [57]. Likewise, Tamburini et al. made a
significant contribution to the numerical analysis of solid-liquid mixing opera-
tions with the two-fluid model in a series of articles [4, 67, 68, 69, 70, 72]. They
showed that the two-fluid model can predict the impact of different physical
and geometrical parameters, on the quality of the mixing. However, considering65

the solid phase as a single continuous entity results in the loss of a consider-
able amount of information on granular dynamics, which can be problematic for
determining the distribution of particles in a mixing tank and thus estimating
important parameters such as Njs [67].

1.1.2. Euler-Lagrange approach70

An alternative solution is to use a microscopic approach to study particles
while resolving the fluid with a different scale. The main advantage of the Euler-
Lagrange approach is that it takes the motion of each particle into consideration.
However, this type of approach remains marginal in the study of solid-liquid
mixing systems due mainly to the computational cost, which is greatly affected75

by the number of particles. One of the most interesting methods based on
this approach is CFD-DEM, which combines CFD for fluid mechanics and the
discrete element method (DEM) for granular dynamics. There are two categories
of CFD-DEM [14]. The first is called resolved CFD-DEM and is characterized by
a fluid mesh cell smaller than the particle diameter. This method can accurately80

reproduce the different hydrodynamic phenomena. However, the modeling is
generally limited to a small number of particles (< 104 [29]). An alternative
strategy is unresolved CFD-DEM where the fluid mesh cell size is larger than
the particle diameter. This makes it possible to increase the number of particles
while maintaining good accuracy. This method was used by [74] with Rushton85

turbines and by [17, 18, 19] with pitched blade turbines.
For more details about the different numerical methods used to model solid-

liquid mixing we refer to the review by Mishra et al. [51].
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1.2. Boundary conditions in motion: strategy and issues

One of the most important issues in modeling a mixing operation is the90

rotation of the impeller. This section will provide a brief description of the
various methods used to deal with this issues. For more details about these
methods we refer to the reviews by Brucato et al. [23] and Blais et al. [20].

1.2.1. Multiple reference frame method
Multiple reference frames deal with the rotation of the impeller by decom-95

posing the domain into two different frames: the Lagrangian frame in rota-
tion, which contains the rotating geometry, and the Eulerian frame of refer-
ence, which encompasses the stator (the vessel and baffles). The Navier-Stokes
(NS) equations are solved with the specific component of the acceleration for
each sub-domain. The main constraint of this method is that it is limited to100

steady-state simulations to ensure good coupling at the mesh interface between
the two sub-domains [47]. As solid-liquid mixing is inherently transient the
multiple reference frame approach cannot be used in such a case.

1.2.2. Sliding mesh method
The sliding mesh approach is one of the most commonly used for unsteady-105

state studies of solid-liquid mixing systems [49, 52, 68, 69, 70].This approach
decomposes the system into two non-overlapping regions, one with a fixed grid
with the tank and one or more moving grids that contain the rotating com-
ponents (e.g., the impeller). In the static region, fluid motion resolution is
based on the classical NS equations. In the other region, additional terms are110

introduced in the NS equations to take into account the difference in velocity
between the fluid and the rotating grid. These two regions are coupled by an
interpolation of the information at their interface to ensure the conservation
of the flux. This model is relatively reliable for solid-liquid mixing modeling
compared with the MRF method [53]. The main constraints of this method115

are that it is relatively computationally expensive and that it is challenging to
handle small gaps between the rotor and the stator to ensure the accuracy of
the interpolation [51].

1.2.3. Immersed boundary method
The particularity of this method is that it does not require a body fitted mesh120

of the geometry. There are two core approaches for the immersed boundary
model: the discrete and the continuous. In the discrete approach, the flow is
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Large swept

volume

Close clearance

impeller
Small thickness

Immersed

boundary

Multiplication of

the number of

cells

—

Refinement to

detect the

rotating geometry

Sliding mesh

Large contact

area between the

two sub-domains

Interpolation

inaccuracy
—

Single rotating

frame
— — —

Table 1: Summary of the main impacts of the different geometrical characteristics of a complex

impeller on the numerical methods that deal with boundary conditions in motion.

previous study has dealt with the coupling of CFD and DEM methods in a ro-

tating frame of reference [64] and was limited to the markedly different context

of gas-solid flows.

This paper is divided into four parts. The first provides a detailed description

of the CFD-DEM model in a rotating frame of reference. The second discusses165

the feasibility of using CFD-DEM in non-inertial frames based on several test

cases. The third is devoted to a comparison of the model with experimental

results obtained for an agitated system with a pitched blade turbine. The last

part focuses on solid-liquid mixing with a more complex geometry, i.e., the

double helical ribbon.170
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2. Model description

The unresolved CFD-DEM approach proposed in the present study is a

combination of two different methods to deal with fluid and solid motion. It is

based on the CFDEM framework [2], which combines the open source sofware

OpenFOAM [3] for fluid motion and LIGGGHTS [1] for particle motion. Fluid175

resolution is based on a cell-centered finite volume approach, and particle motion

is based on DEM. This part is devoted to a brief description and formulation of

these two methods in the context of a rotating frame of reference. Coupling the

two methods will then be discussed. Lastly, a summary of the different steps

required to set up a CFD-DEM experiment in a non-inertial frame of reference180

is presented.

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

DEM is a Lagrangian approach for modeling granular flows where each par-

ticle is considered as a discrete entity. The method integrates Newton’s second

law of motion to calculate the velocity and position of each particle at every185

time step of the simulation.

The method specifically deals with collisions by allowing particles to overlap.

They are detected by comparing the distance of two particles to the sum of
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of frame, additional conditions must be imposed on the angular velocity of the

particle and the fluid. Even if the applied angular velocities are equal, the

topology of the mesh used could have a dramatic impact on the entire stability

of the system (Figure 4). Indeed, in our case, the further the cells are from235

the center of the system, the more deformed they become and the more uneven

the distribution of particles in the same cell is. The topology of the mesh leads

to more particles near the external edge of a cell. However, the linear velocity

of the particles is proportional to the distance from the center (ωr with r the

distance from the center). Thus, the closer the particle is to the external edge of240

a cell, the greater its linear velocity. This is all the more problematic as the cell

is far from the center of rotation because the velocity of the particles is higher

and the cells are generally more deformed. This has two consequences that are

illustrated in Figure 4:

– In a fluid cell, since the particles are non-uniformly distributed, the barycen-245

tre of the particles is displaced to the zone of high particle concentration.

– Most particles are located near the external edge of a fluid cell because

of the topology of the mesh. However, the linear velocity is higher near

the external edge because it is further from the center. Thus, the average
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an explicit coupling, the particle-fluid force F pf is applied directly without any

averaging. This change in the coupling strategy alters the maximal coupling260

time step that can be used. This has been extensively analyzed by Blais et al.

in [19].

2.3.4. Force model

In a CFD-DEM model, the choice of the interaction forces between the two

phases can play a major role in the accuracy of the simulations. In the specific265

case of solid-liquid mixing, this problem has been widely studied. Ljungqvist et

al. [46] concluded that the drag force is the main source of momentum exchange.

Moreover, in the case of a significant density ratio between the solid and the

fluid ( ρp

ρf
> 1), the effects of the virtual mass force are negligible compared

with the drag force. This was verified by Tatterson et al. [73] and confirmed270

by more recent results from solid suspension studies [37, 71]. It has also been

shown that, for this kind of application, the Basset force has a negligible impact

compared with the drag force [18, 41]. Lastly, based on previous studies [17, 33],

we decided to disregard the impact of lift forces (Magnus and Saffman). The

forces retained and used in the present model are detailed in Table 3. Two275

different drag models were tested (Di Felice model [30] and Rong model [63]).
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Figure 5: Initial and boundary conditions of a CFD-DEM experiment in a rotating frame of

reference.

22



3. Taylor Couette CFD-DEM simulation

Single rotating reference frame methods (SRF) have been implemented in the

past and have been used for independent CFD and DEM simulations [28, 65]

and for CFD-DEM simulations where the fluid is a gas [64]. In the present290

study, we evaluate the possibility of performing CFD-DEM in a rotating frame

of reference where the fluid is a liquid with a density of 1390 kg/cm3 and a

constant viscosity of 1 Pa.s. We start with the simple setup of a single 3 mm

diameter particle with a density of 2500 kg/cm3 inserted in a Taylor-Couette

flow. The aim of this first test case is to compare the trajectory of the particle295

as it is simulated in the two frames.

In the Eulerian frame of reference, the inner wall is in rotation at a constant

angular velocity Ω= 20 rad/s whereas the outer wall is fixed with a no-slip

boundary condition. In the Lagrangian rotating frame, the inner wall is fixed

and the outer wall is in rotation at an angular velocity opposite to that of the300

frame (-20 rad/s). A single particle is then inserted into the fluid, and the right

initial angular velocity is applied on the particle and the fluid in the rotating

frame of reference (Figure 5).

Figure 6 shows the trajectories of the particle after the same time of sim-
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ulation of 1s in the two different frames. Then to compare these results we305

rotate the coordinates and we observe very good agreement between the two

simulations.

Figure 6: Visualisation of the trajectory of the particle in the two different frames of reference

for a velocity of 20rad/s : (a) in the Eulerian frame and (b) in the Lagrangian frame.
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4. CFD-DEM in a non-inertial frame with N particles

After studying the behavior of a single particle, we focus on the stability of

CFD-DEM simulations in a rotating frame of reference with more particles. We

consider a tank of fluid loaded with 150, 000 particles. In the Eulerian frame of310

reference, the particles are static during the entire simulation. The test is aimed

at determining whether, after the change of frame of reference, the particle bed

remains stable at the bottom and rotates without any axial movement in the

Lagrangian frame of reference. All the CFD, DEM, coupling, and geometric

parameters used in this experiment are given in Table 4.315

We performed the experiment with different CFD-DEM solvers:

– Solver #1: cfdem-PISO-SRF-implicit-VANS: CFD-DEM solver based on

the PISO algorithm [39], with an implicit coupling for the momentum

between the fluid and the particles. The equations for the fluid are Form

A of the VANS equations.320

– Solver #2: cfdem-PISO-SRF-explicit-VANS: CFD-DEM solver based on

the PISO algorithm with an explicit coupling for the momentum between

25



Parameter Symbol Value

Young’s Modulus Y 100 MPa

Cofficient of restitution er 0.9

Poisson’s ratio ν 0.25

Coefficient of friction µs 0.3

Rolling friction µr 0.1

DEM time step ∆tDEM 5⊗ 10 6 s

CFD time step ∆tCFD 5⊗ 10 5 s

Coupling time step ∆tc 5⊗ 10 5 s

Particle diameter dp 3 mm

Particle density ρp 2500 kg/cm3

Volume fraction Xv 5.7% (148700 particles)

Fluid density ρf 1390 kg/cm3

Initial dynamic viscosity µ0 1 Pa.s

Tank diameter T 0.365 m

Tank height H 0.365 m

Angular velocity Ω 250 RPM

Mesh nx ⊗ ny ⊗ nz 20⊗ 20⊗ 80

Table 4: CFD-DEM simulation parameter for the case of the loaded tank without impeller.

The time steps were calculated based on the results of [19].
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oscillations in the void fraction. To avoid this instability, we decided to not

consider the void fraction in the resolution of the fluid motion by developing

solver #3 based on the classical form of the NS equations. Using this solver, we

obtain the desired result with a stable particle bed. This experiment shed light

on the fact that with systems in motion at t = 0, as is the case for studies using345

rotating frames of reference, the VANS equations appear to be unstable.

5. Comparison with experimental results

After obtaining conclusive results on the feasibility of conducting CFD-DEM

experiments in a rotating frame of reference, we validate the model for the case

of solid-liquid mixing. Our validation process is based on numerical and exper-350

imental results previously obtained by Blais et al. [16, 18, 19] and Lassaigne

et al. [45] for an agitated tank with a pitched blade turbine. The numerical

results in [18, 19] were obtained with a CFD-DEM model in an Eulerian frame

of reference with an immersed boundary approach.

This section is divided into three parts. The first is devoted to the descrip-355

tion of the system used, the second to the qualitative validation based on flow

patterns and solid distribution, and the third to the quantitative results for the

fraction of suspended particles.
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5.1. Description of the system

The physical parameters used are the same as those in the previous section360

(see Table 4). The geometry used is described in Table 5 and Figure 7. This

set up corresponds exactly to the one used in [18, 19, 45].

Figure 7: Simulation of solid-liquid mixing with a PBT: (a) geometrical parameters (b) sec-

tional view of the mesh used (c) sectional view of the axial fluid velocity with a CFD-DEM

simulation in the Lagrangian frame for N = Njs = 425RPM .

5.2. Visual validation

Mixing with a down pumping PBT lead to well-known flow patterns. One

of the main characteristics of this impeller is that it generates a mixed flow365

combining axial and radial components (Figure 7 (c)).

For solid-liquid mixing, this leads to the formation of a cone of particles

29



Element Symbol Dimension

Tank diameter T 36.5 cm

PBT diameter D T
3

Liquid height H T

Off-bottom clearance C T
4

PBT blade height Wi
D
5

Shaft diameter Ti
D
5

Table 5: Geometrical parameters used for the simulation of a mixing system with a PBT

just bellow the shaft. This phenomenon is well documented and has already

been reported numerically and experimentally [19, 45]. It is important to note

that our model is able to reproduce this hydrodynamic phenomenon (Figure 8).370

We then compare the shape of this cone to the shapes of the cones obtained

experimentally [45] or numerically with the CFD-DEM model based on the

immersed boundary method [18, 19]. For this purpose, we compare the ratio

between the diameter of the cone base and the diameter of the tank. This is

shown in Figure 8. We note that the experimental set up contains 48 electrodes375

which were used for tomography measurements.

The comparison between the shape of the different cones provides important

information on the capacity of our numerical model to reproduce the hydrody-

namic phenomena that occur in a mixing tank. The different measurements
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at different agitation speeds are presented in Table 6. These results show very380

good agreement between the different measurements.

Figure 8: Illustration of the formation of the cone of particles at different agitation speeds:

(a) with a CFD-DEM model using the immersed boundary method, (b) with our CFD-DEM

model in a rotating frame of reference, and (c) experimentally.

A second characteristic phenomenon of down-pumping agitation with a PBT

is the formation of a low concentration zone of particles near the shaft. The form
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Method 250 RPM 350 RPM 450 RPM

Immersed boundary Tc1

T1

= 0.54 Tc1

T1

= 0.48 Tc1

T1

= 0.37

Rotating frame Tc2

T2

= 0.54 Tc2

T2

= 0.50 Tc2

T2

= 0.36

Experimentally Tc3

T3

= 0.57 Tc3

T3

= 0.50 Tc3

T3

= 0.42

Table 6: Comparison of the dimensions of cones obtained experimentally and with differents

numerical methods for three different Reynolds numbers Re = 86− 121− 155.

of this zone is particularly noteworthy because it is toroidal. This phenomenon

is well known for single-phase systems [24] and has also been observed with385

multiphase systems [19]. The results obtained with our CFD-DEM model in a

rotating frame of reference for the distribution of the particles in the tank are

shown in Figure 9 and illustrate the presence of this characteristic zone very

well.

5.3. Quantitative results390

To further confirm that our new model can predict the dynamics of solid-

liquid mixing, it is necessary to validate its capacity to predict the fraction of

suspended particles, in other words the number of particles suspended relative

to the total number of particles. In the simulations, this fraction is measured by

Lagrangian suspension fraction analysis (LSFA). This method considers a par-395
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ticle as suspended if it has moved a certain distance ∆zjs in the axial direction

during a certain time ∆tjs. For more details about this method we refer to [19].

The results obtained are presented in Figure 10.
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Figure 10: Comparison of the suspension curves obtained experimentally [45] and numerically

with the CFD-DEM model in the Eulerian frame based on the immersed boundary method

[19] and with our CFD-DEM model in the Lagrangian frame of reference. The pressure gauge

technique was used experimentally to measure the suspended fraction. The LSFA method was

used numerically to measure the suspended fraction, with the following criteria: ∆zjs = dp

and ∆tjs = 2 s.

It is important to note that we are able to predict the experimental value

of Njs, which is approximatively 425RPM. To compare, for the same system400
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the Zwietering correlation gives a value of Njs of 800RPM [45]. However, we

observe a difference in the fraction of suspended particles at high and low agi-

tation speeds. We recall that the experimental measurements were made using

the pressure gauge technique [49]. In Figure 10 we can see that the pressure

gauge technique indicated that 100% of the particles are suspended at 450RPM.405

However, some particles are still retained in the cone below the agitator at this

speed. Similarly, in Figure 10 we can see that no particles are suspended at

250RPM whereas the cone is in formation at this speed. We conclude that

the pressure gauge technique does not take the cone of particles into account

in variations of the fraction of suspended particles. This can be explained by410

the damping of the fluid, which is a phenomenon that is all the more important

when the viscosity of the fluid is high. This is the main reason for the differences

between the numerical and experimental results.

Moreover, if we compare the numerical results obtained with the SRF (La-

grangian) and the immersed boundary (Eulerian) approaches, we can see that415

the model in a rotating frame of reference does not exhibit a ”jump” in the frac-

tion of suspended particles at an agitation speed close to 325RPM. This ”jump”

is also absent from the experimental data. We believe that this ”jump” is a

numerical artefact, as the immersed boundary method uses a fictitious forcing
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term directly inserted in the NS equations, which may lead to an over forcing420

of the fluid when the impeller starts to move. Additionally, from Figure 10

we can see that the Di Felice and Rong formulations for the drag model give

quasi-identical results.

All simulations were carried out on the Cedar cluster of Compute Canada.

Each simulation used 16 cores of an Intel Xeon E5-2683 v4 processor. The425

distribution of the cores is based on a splitting of the domain into 4 levels with

4 sub-domain per level. Each simulation was carried out for 12 days of wall

time for one physical minute of mixing.

6. Double helical ribbon

We recall that the main advantage of our model and what differentiates430

it from other approaches is that it is suitable for all impeller configurations

that present axial symmetry. We thus conclude the present study with an

examination of a complex close-clearance agitator often used in viscous mixing:

the double helical ribbon (DHR).

6.1. Description of the system435

For this experiment, we keep the same physical properties for the fluid and

the particles (see Table 4). All the geometrical parameters used for this exper-
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Element Symbols Dimension

Tank diameter T 36.5 cm

Ribbon diameter D 33.3 cm

Liquid height H T

Ribbon height S 28.7 cm

Close clearance C T
8

Distance to the wall E 1.6 cm

Ribbon thickness e 0.4 cm

Ribbon width Wb 3.6 cm

Shaft diameter Ti 2.54 cm

Pitch s S

Table 7: Geometrical parameters used for the simulation of the mixing system and its double

helical ribbon.
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of the fluid velocity.

Lastly, we conclude with some quantitative results and the determination of

Njs, which is shown in Figure 12 and estimated to be 200RPM . To go further

and compare the efficiency of the double ribbon against the PBT, it would be450

necessary to anlayse the mixing dynamics at equivalent power consumption.

7. Conclusion

Sixty years after Zwietering, the design of solid-liquid mixing operations

remains a challenge because of the different physical phenomena that occur at

different scales in such systems. There is a lack of studies on the laminar regime455

of operation. This paper focuses on the study of viscous solid-liquid mixing,

which is a major issue for many industries. The main objective of the present

study was to develop a numerical model able to simulate solid-liquid mixing

operations in the laminar regime.

We realized that one of the main issues with this type of regime was the460

modeling of traditionally used complex impellers. To cope with this issue, we

decided that the rotating frame approach was the most appropriate. Moreover,

to obtain an optimally accurate description of particle and fluid motion with a

reasonable computing time, we decided to use an unresolved CFD-DEM method.
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Figure 12: Suspension curve obtained numerically with our CFD-DEM model in the La-

grangian frame for a mixing system with a double helical ribbon.
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In addition to providing additional knowledge with respect to viscous solid-liquid465

mixing, the possibility of performing CFD-DEM in a non-Galilean frame was

thus studied, which had never been done before.

This work was carried out using the CFDEM framework. The model was

developed incrementally with test cases of increasing complexity and ended with

the experimental comparison against an agitated system with a pitched blade470

turbine. Lastly, we concluded that, in order to obtain a numerical model that

faithfully describes the physical phenomena occurring in a mixing tank, it is

necessary to use an explicit coupling and an additional smoothing parameter for

the momentum exchange between the solid and liquid phases. We also showed

that the VANS equations must be used with care with rotating systems as, in475

our case, they led to severe instabilities. This seemed to be a consequence of the

particular expression of the viscous stress tensor due to the fact that the velocity

fields were not divergence-free with the VANS equations. The resulting model

was finally used to study solid-liquid mixing with a close clearance impeller: the

double helical ribbon. It is important to note that this model is only suitable480

for rotationally invariant geometry. Thus, systems with baffles or even with

eccentric agitators cannot be studied with this approach.

In summary, the main contribution of this work is to provide a CFD-DEM
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model in a rotating frame of reference that is able to reproduce the different

phenomena occurring in a solid-liquid mixing system with very good reliability.485

The present study proved that it is possible to perform CFD-DEM simulations

in a non-inertial frame of reference, which opens up a wide range of applications.

For example, we could consider using this type of model to study rotary drying

systems or rotating drums.
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