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[1]. 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) [5], 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 [6].

One of the most important parameters used to characterize a solid-liquid mixing operation is

thus the minimum agitation speed for complete suspension (Njs), 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 Njs have focused on this regime, as shown

by the work of Nienow et al. in 1968 [7], Baldi et al. in 1978 [8], 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 Njs [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, 18,

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 [? ? ], ParaviscTM [30, 31],

and MaxblendTM turbine [32, 33]. To our knowledge, only two experimental studies [34, 35]

and one numerical study [36] have investigated the performance of close-clearance impellers
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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, 38], 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 Njs, 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, 43]. 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, 48].
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Figure 2: Geometry used in this study: (a) anchor, (b) double helical ribbon, (c) 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 µ = 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:

Np =
P

ρf (N/60)3D5
(10)

where P is the power transmitted to the fluid by the impeller. For each system, we drew

power curves Np/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 3. The results of the mesh sensitivity analysis are shown in Table 4 (when the

plateau is reached for Re = 500) and Figure 4. Based on these results, and to ensure a

Impeller 1
Np1/Npref

1
Np2/Npref

1
Np3/Npref

1
Np4/Npref

Anchor 0.8% 3.1% 8.6% 23%
Double
ribbon 1.1% 3.2% 4.1% 5.1%

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 Np obtained when the plateau is reached for Re = 500 with the different
meshes. Npref corresponds to the result obtained with the finest mesh and Npi 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



220k 185k

180k

veul = vlag +Ω× qlag

qlag



Figure 4: Mesh sensitivity analysis for the (a) anchor, (b) double helical ribbon, (c) 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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corners of the Px plane, can be seen in Figure 5. 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 Pz plane.

– For the ribbon impeller (Figure 5 (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 Px plane. In addition, similar global behavior can be

observed in the Px, Py, and Pz planes, i.e., an ascending flow along the shaft and the

wall, and a descending flow between the two.

– For the Paravisc impeller (Figure 5 (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 (Px plane). However, unlike

to the anchor impeller the flow is not completely radial near the shaft (Py plane). In

addition, the intensity of the flow in the middle Pz plane is much greater with the

Paravisc impeller.

– For the Maxblend impeller (Figure 5 (d)) the flow is characterized by two major re-

circulation zones that are clearly visible on the Px 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 (Pz

planes).

– For the PBT impeller (Figure 5 (e)), as expected [15, 18], the flow is a combination of

axial and radial components. It is axial (Pz planes) along the walls and directly under
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the shaft while and radial close to the blades. This results in a large recirculation area

at the blade tips (Px and Py 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 3.2 are used to calculate the Kp of each system, which is defined as the

product of the Reynolds number and the power number (Figure 6).

2000

100

1000

10 100

60

140
164
188
222

K
p

Reynolds number

Anchor

Paravisc

Double Ribbon

Max blend

PBT

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
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scribed in Table 6 and are the same as in previous numerical and experimental studies

[48, 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 ν 0.25
Coefficient of friction µs 0.3
Rolling friction µr 0.1
DEM time step ∆tDEM 5⊗ 10 6s
CFD time step ∆tCFD 5⊗ 10 5s
Coupling time step ∆tc 5⊗ 10 5s
Particle diameter dp 3 mm
Particle density ρp 2500 kg/m3

Volume fraction Xv 5.5% (148700 particles)
Fluid density ρf 1390 kg/m3

Pure fluid viscosity µ0 1 Pa.s

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

4.2. Minimum agitation speed: Njs

The suspended fraction curves for the different impellers (Figure 8) 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 ∆zjs in the axial direction

for a certain time ∆tjs [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 8 (a)). For the ribbon

and the PBT impellers, complete suspension requires much higher speeds. We estimate an

Njs 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 8 (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 3.5). 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: ∆zjs = dp and
∆tjs = 2sec.
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deviations from the streamlines. We thus rely on single-phase velocity profiles (Section 3.3)

to investigate the mixing dynamics. We start by analyzing the void fraction profiles for

the different agitation speeds. The results are shown in Figure 10 for the close-clearance

impellers and in Figure 11 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 10 (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 10 (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 10 (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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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 12.

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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for solid-liquid mixing applications in the laminar regime.

More generally this solid-liquid study for a pure fluid viscosity of µ0=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 µ0=4Pa.s, with Reynolds numbers

ranging from 20 to 100. The results are given in Figure 14.

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 14 (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 µ0=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 Njs 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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