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ABSTRACT

Many processes from a wide range of industries use powders as raw materials. In most of them,
mixing of dry particles is a critical step. However, the complexity of granular materials leads to dif-
ficulties in predicting behavior of powders inside a blender. Cost and amount of raw materials
needed to achieve these studies imply that such work is often performed at the laboratory scale.
The main challenge then lies in the extrapolation of results from lab to pilot or industrial scale
with minimum testing in order to optimize costs. Defining reliable scale-up laws for powder
mixers remains one of the main industrial issues. The work presented here concerns the scaling-
up of Turbula® mixers that are commonly used both in industry and research. Mixtures obtained
in different mixer sizes have been compared on the basis of kinematic and dynamic similarities
and discussed according to the different flow regimes involved. The dynamic similarities appear to
lead to mixture qualities at different scales closer to each other than those obtained on the basis
of kinematic similarities probably because of similar flow regimes. However, some other parame-
ters must be taken into consideration, such as the free surface of powder related to the filling
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HIGHLIGHTS

e We define scale-up laws for powder Turbula® blenders from lab to industrial scale.
e Kinematic and dynamic similarities were studied for three sizes of mixer.

e Dynamic similarities lead to similar mixture qualities at different scales.

e Kinematic and dynamic similarities are discussed according to powder flow regimes.

1. Introduction

Granular materials are present in numerous processes, in all
industrial sectors. In many of them, mixing or premixing of
dry particles is a critical step since it controls the properties
of the finished product (color, taste, bioavailability of a
drug) (Shenoy et al. 2015). It can influence the downstream
steps (Zhou and Morton 2012), as for example, in dry lubri-
cation processes (Suzuki et al. 2015). At the process scale,

granular materials can be seen as a state of matter at the
crossroad between the solid and the liquid states (Redaelli
et al. 2017). Granular materials appear as a multitude of
grains, behaving as a solid in isolated form and exhibiting
internal discontinuities, according to the size, the shape,
and the nature of the interactions (Shah et al. 2017). These
discontinuities induce a partial transmission of the stresses
during the process, making the behavior of the raw material

CONTACT Cendrine Gatumel 8 Cendrine.gatumel@mines-albi.fr @ Université de Toulouse, IMT Mines Albi, UMR CNRS 5302, RAPSODEE, Campus Jarlard,

F-81013, Albi, France.


http://crossmark.crossref.org/dialog/?doi=10.1080/02726351.2019.1644689&domain=pdf&date_stamp=2019-09-06
http://www.tandfonline.com/upst
https://doi.org./10.1080/02726351.2019.1644689
http://www.tandfonline.com

difficult to describe, flowing sometimes as a liquid or aggre-
gating under the form of clusters (Savage 1984).

These complex systems cannot be easily described
through a limited number of physical parameters
(Ammarcha et al. 2013). Simulation could be used to under-
stand mixing mechanisms inside the blender in order to
improve design or operations (Yamamoto, Ishihara, and
Kano 2016) (Qi, Heindel, and Wright 2017) (Xiao et al.
2017), but this data is difficult to transpose to a real mater-
ial, for which shapes and sizes of particles are widely dis-
persed. Therefore, the optimization of mixing or a
formulation step cannot be performed without experimental
work that is usually tedious. The cost and the quantity of
raw materials needed to achieve these studies imply that
such work is often performed at the laboratory scale. The
main challenge lies then in the extrapolation of results from
lab to pilot or industrial scale through a small number of
tests. The invariant involved in scale-up strategies of the
mixer is generally a quality index but some other values are
sometimes considered, such as for example, a velocity of dis-
placement of particles in the case of fragile or friable prod-
ucts (Suzuki et al. 2015). The extrapolation work is never
simple since the methods typically used in chemical engin-
eering are not really adapted to granular materials
(Bridgwater 2012). The scale-up of powder mixers is still
poorly studied in the scientific literature, most of the work
has focused on the understanding of mixing mechanisms,
which is often a prerequisite to the scale-up.

Nevertheless, over the last 5 years, several publications
explored scale effects of granular mixing (Marmur and
Heindel 2017) and the scale-up of some common dry pow-
der mixers based on different strategies: a detailed descrip-
tion of the mixing operation based on mathematical
equations for rotary drums (Ding et al. 2001), the principle
of similarities for rotating drum (Alexander, Shinbrot, and
Muzzio 2002), the use of numerical simulation for continu-
ous rotary blade mixers (Yijie, Muzzio, and Ierapetritou
2013), the use of some dimensionless numbers such as the
Froude number for a high shear mixer (Cavinato et al.
2013), the construction of an empirical model for V-blen-
ders (Suzuki et al. 2015) and the Power Number for a rotor-
stator mixer (James et al. 2017).

The difficulty to obtain homogeneous powder mixtures
guaranteeing the quality criteria has led to the development
of a wide range of mixers using inertia or G-force to over-
come the particular interactions and favor the intimate mix-
ing of all constituents. To prevent segregation phenomena,
mixers generating a non-regular motion are often preferred.
However, in this case, scale-up rules are even more difficult
to define, as the motion of particles is complex. The
Turbula® mixer is commonly used for the homogenization
of many powder systems in both industry and research
(Kushner 2012). Its efficiency is mainly based on the com-
bination of three motions, namely, a revolution, a transla-
tion, and an inversion (Wohlhart 1981). This results in a
three-dimensional and nearly chaotic motion that helps in
obtaining a homogeneous mixture rapidly for many granular
systems. The motion of the mixer and mixing dynamics for
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Figure 1. Schematic representation of a Turbula mixer.

an easy flowing powder blend has been described in a previ-
ous paper (Mayer-Laigle, Gatumel, and Berthiaux 2015).
Cascading regime has been found to be the best one for
homogenization. In the present work, we explore the poten-
tial of geometric, kinematic, and dynamic criteria, as well as
flowing regimes to define scale-up rules for Turbula® mixers
with the aim of reaching the same mixture quality for both
easy-flowing and cohesive powder blends.

2. Materials and experimental procedures
2.1. The Turbula® mixer

In the Turbula® mixer, the powders to mix are poured into
a closed container which is inserted in a mixing basket set
by 2 stirrups at 2 rotary axes (see Figure 1). One of them
drives the whole system by rotating at a fixed speed, hence-
forth called engine speed, which can be adjusted. The move-
ment of the system is possible if and only if the radius of
the stirrup is equal to the center distance between the two
stirrups (Wohlhart 1981). The mixing basket can hold any
form of container, henceforth called vessel, fixed thanks to
elastic bands.

The three Turbula® scales available on the market were
investigated in this work, namely, laboratory Scale -
Turbula® T 2F (21), pilot scale - Turbula® T 10B (171),
industrial scale — Turbula® T 50 A (501). The latter corre-
sponds to the maximum size of the standard vessel provided
for the equipment. The motion of the vessel is driven by the
speed of the rotary axis. Four or five speeds are available
according to the different device’s scale and are summarised
in Figure 1.

2.2. Raw powders flow properties and composition of
the different blends

The behavior of powders inside the vessel depends both on
process parameters and flow properties of powders. To give
a more complete view of scaling parameters inside the
mixer, two powder blends of different flow properties have
been studied. Each blend is composed of two constituents in
relative proportion by weight 85:15. The first blend, quali-
fied as a free flowing blend (FFB), is made of lactose
GRANULAC 140 (85% w/w) marketed by the company
MEGGLE and commercial couscous of durum semolina
(15% w/w). Couscous particles have been dyed black by iod-
ine adsorption to increase the color contrast between the
two constituents for further image analysis (procedure
detailed later). The second blend, called composite cohesive
blend (CCB), is made up of 85% graphite (Timrex KS 150



Table 1. Powder characteristics and composition of the different blends.

Free flowing blend

Composite cohesive blend

Lactose Couscous Graphite Polymeric matrix

Relative proportion by weight 85% 15% 85% 15%
Dso (um) 59 979 57 121
DI 1.95 0.72 2.66 340
learr 38% 7.3% 25% 42%
Ry 1.61 1.08 1.34 1.73
Flowability Very bad Very good Bad Execrable
Compressibility High Low Medium High

Table 2. Calculated mass of the components for the make-up of the different powder blends at the three scales.

Turbula® T2F Turbula® T10B Turbula® T50A

Volume of the container 2L 17L 55L

Mass of the blend 4209 35709 115509

Mass of major component (lactose or graphite) 357.09 303459 9817.5g

Mass of minor component (polymeric matrix or couscous) 639 53559 173259

by society TIMCAL) and 15% thermossetting polymeric
matrix (with 97% epoxy resin DGEBA produced by the
company RAIGI). This blend, as opposed to the first one,
has an industrial purpose as it is intended for the manufac-
turing of bipolar plates for fuel cells. The volumetric median
particle size and the dispersion index, DI = mg‘h;sod“)), which
characterizes the particle size span, have been determined
for each powder by LASER diffraction using a Malvern
Metasizer Scirocco 2000 (Malvern Instruments Ltd., United
Kingdom) and are reported in Table 1. In the case of the
composite cohesive blend, the properties of the termosset-
ting polymeric matrix have been approximated by those of
the epoxy resin.

To estimate the flowability of each powder, Carr index
and Hausner ratio have been determined from the bulk
(p,) and bulk packed densities (pp, after 500 taps) meas-
ured thanks to a volumenometer Erweka SVM 22, and
according to Equations (1) and (2). From these values,
appreciations of the compressibility and the flowability of
each powder have been given according to Carr (Carr
1970) and Hausner (Hausner 1967). These results are
summarized in Table 1.

pp_pa

ICarr = (1)
Pp
0
Ry=-t )
Pa

Couscous exhibits a very small Carr Index and Hausner
ratio and can be considered as a free-flowing powder. In
contrast, Lactose shows very bad flowability. The flowability
of the FFB is expected to be intermediate between that of
each powder (Demeyre 2007). Indeed, the blend Carr Index
is 24.47% demonstrating an easy flowing behavior. Thus, the
strong difference between the particle sizes of lactose and
couscous is expected to induce a segregation phenomenon
during the mixing. For the CCB, the flowability and the
median diameter of each powder are closer. The flowability
of the mixture is expected to be similar to those of the pow-
ders and could be qualified of cohesive with no trend to
segregation.

2.3. Powder blending protocol

The powders have been mixed in stainless steel vessels (2L
for T2F, 17L for T 10B, and 55L for the T 50 A) with a vol-
umic filling ratio of approximately 50%. The powders were
weighed directly in the mixing vessel to prevent possible
powder losses during handling. The mass of each constituent
for all Turbula® scales is summarized in Table 2. After
choosing the engine speed, the mixing operation has been
started for a pre-defined number of revolutions.

2.4. Assessment of blend’s homogeneity

The quantitative characterization of mixture quality requires
the prior set-up of a sampling procedure (number and size
of samples, “how to withdraw them?”), as well as the use of
a reliable method of measurement of the sample’s compos-
ition. The method of measurement has to be adapted to the
nature of the powders as well as to the intended use of the
final product. In this work, a method has been developed
for each blend.

Mixture homogeneity is commonly assessed by the coeffi-
cient of variation of the key component’s compositions in
the samples (i.e. lactose in FFB and graphite in CCB). A
small CV means that the sample compositions are close to
each other and reflects a high homogeneity of the mixture:

cv=2 3)

U
with u=average composition in key component of the sam-
ples analyzed and ¢ = the standard deviation associated.

2.4.1. Sampling procedure and composition measurement
for the free flowing blend
After mixing, the FFB is discharged through a funnel onto a
conveyor belt (Massol-Chaudeur, Berthiaux, and Dodds
2002). An inclined piece of stiff cardboard allows the forma-
tion of a thin powder layer of constant width and thickness
(see Figure 2(a)). There is no high fall of powder in our
device, which is known to be one of the main causes of seg-
regation. Vibrations do not occur over a long distance. The
cardboard piece displays the powder on the conveyor and
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Figure 2. Device for analyzing the composition of the free flowing blend (a) and sampling procedure for the composite cohesive blend (b).

may also induce local segregation, which is the same for all
experiments we compare.

The color difference between the lactose (white powder)
and the couscous (colored in black by iodine adsorption)
allows assessment of the powder homogeneity by an image
processing technique according to the protocol developed by
Mayer-Laigle, Gatumel, and Berthiaux (2015). The measure-
ment chain consists of a linear CCD camera placed over the
conveyor belt and a computer. A time sequence of images is
captured and treated with a program developed on the
Labview software to determine its composition. Each image
acquired corresponds to an independent sample of approxi-
mately 0.6g. Blend homogeneity is assumed to be even
when observed on the surface and inside the volume of the
powder layer. By this way, the whole blend is fictitiously
split into samples and analyzed, therefore, homogeneity can
be obtained without any statistical assessment.

2.4.2. Sampling procedure and composition measurement
method of the composite cohesive blends
The powder is discharged via a vibratory feeder onto a con-
veyor belt whose speed is adjustable. In accordance with the
industrial final use for this blend (bipolar plate for fuel cell),
the scale of scrutiny was evaluated to 70mg. No online
measurement was easily implementable and an exhaustive
sampling procedure was not an option as the number of
potential samples is 6000, 51,000, and 165,000 for the T2F,
T10B, and T50A, respectively. Eighty samples are withdrawn
randomly, thanks to racks laid on the conveyor belt (see
Figure 2). The mass of the sample has been set to 70 mg by
adjusting the speed of the conveyor and the amplitude of
vibration. The determination of the composition of each
sample is based on the combustion of the thermosetting
polymer in an oven at 550°C for 2hours. TGA confirmed
that the polymer is completely burned without any residual
ash. A weight loss of 0.4% was also observed for the graph-
ite because of some moisture adsorbed on the surface of
graphite particles. Composition of graphite inside the sample
is determined as the ratio between the corrected mass of
graphite (to account for the weight loss of 0.4%) and the
sample mass. To represent standard deviation results on dia-
grams, a 90% range of confidence will be drawn according

to a x* law. Mixture homogeneities are compared according
to this statistical analysis.

3. Principe of similarities in the Turbula® mixer

In basic chemical engineering, two systems at different scales
are considered as completely similar if they take place in a
similar geometrical space and if all the dimensionless num-
bers used to characterize the process are equal (Langhaar
1980). In practice, it is impossible to reach a complete simi-
larity, especially with granular materials for which a classical
dimensional analysis is arduous to conduct (Ding et al.
2001). In the following, the principle of similarity is applied
in a simplified way based on both geometric and kinematic
or dynamic similarities. Results obtained with kinematic
based similarity and dynamic based similarity will be dis-
cussed in order to determine which phenomenon is prepon-
derant to obtain homogeneous mixtures (flowing velocity,
centrifugal force, etc).

3.1. Geometrical similarities

Two systems are geometrically similar if they exhibit a con-
stant ratio between all their dimensions. In practice, even if
suppliers try to abide by the geometric similarities, there are
always some distortions (Cavinato et al. 2013) due to the
mechanical environment (constraint) or simply due to the
roughness of the surface that cannot be extrapolated
(Midoux 1985).

In the Turbula® mixer, the dimensions that influence the
motion of the powder are the diameter and length of the
vessel, as well as the radius of the stirrup. These characteris-
tic dimensions are summarized in Table 3 for the three
scales. The ratios of the characteristic lengths of T10B and
T50A on those of T2F were calculated. They are almost
identical for all characteristic lengths (=~1.8 for T10B and
~2.8 for T50A). A slight distortion on the diameter of the
vessel does exist for the pilot scale mixer (T10B), but we
assume that globally, the different scales appear to comply
with geometric similarities.



Table 3. Characteristic dimensions for the Turbula® T2F, T10B et T50A.
Laboratory scale: T2F

Pilot scale: T10B Industrial scale: T50A

dnog drson

drar dror
Volume of the container 2L 17L 8.5 55L 27.5
Radius of the stirrup 130 mm 225mm 1.73 360 mm 2.77
Diameter of the vessel 130 mm 252 mm 1.93 370 mm 2.84
Length of the vessel 200 mm 360 mm 1.8 565 mm 2.83

3.2. Kinematic and dynamic similarities

Kinematic similarities between the two scales imply that two
corresponding points will undergo a similar trajectory
within a similar time. In the case of a liquid, this means that
the fluid streamlines are the same. For a powder, streamlines
are not clearly defined and the motion of particles inside a
mixer is difficult to predict. Dynamic similarities refer to a
same ratio between forces acting on corresponding points in
each system. In general, for powder mixing, authors assume
that kinematic similarities are satisfied if particles have the
same velocity at each mixer scale (Alexander, Shinbrot, and
Muzzio 2002), (Nakamura et al. 2009). Concerning dynamic
similarities, they are respected when the ratio of forces act-
ing on corresponding points in each system is kept equal. In
case of powder, the mixture is achieved most of the time,
thanks to the combination of inertial and G-force and the
holding of dynamic similarities is often translated to a con-
stant Froude number between the scales. However, if the use
of the Froude number is widespread to extrapolate blenders,
it has not been proven that it is the only criteria to be taken
into account (Landin et al. 1996), (Ding et al. 2001), (Cleary
and Sinnott 2008). For example, energetic or kinetic criteria
may also be considered

The motion of the Turbula® mixer is complex, nearly
chaotic. The particles inside the vessel are submitted to
forces and velocities of widely variable directions and ampli-
tudes, according to their positions in the powder bed and to
the process parameters (input speed of the rotary axis, size
of the mixer, ...). In a previous work (Mayer-Laigle,
Gatumel, and Berthiaux 2015), the three mixers have been
modeled with Solidworks® software in order to thoroughly
study the motion of the vessel. In particular, we show that it
can be decomposed in displacement, rotation, and reversal
phase. We also show that a point at the bottom of the vessel
(Point A, in Figure 1) could be used to broadly describe the
motion of the powder bed. This point corresponds to the
bottom of the powder bed in the initial configuration.
During the rotation, the powder is “reversed” and then the
velocity and the acceleration at point A can be seen as the
initial falling conditions of the particles from the top to the
bottom of the vessel. Indeed, mixing is supposed to happen
in flows during falling situations, as in a rotating drum. We
assume that all the particles in the powder bed will be near
this point at a given time and will be submitted to similar
forces and velocities.

During a period of rotation, the kinetic profile of the
point A shows a maximum which corresponds to displace-
ment phases of the vessel and we define kinematic criteria
based on the maximum velocity at this point. (see Figure 3).

For dynamic similarities, the main forces that act on the
powder during the mixing process are, respectively, the G-
force and the centrifugal force. The Froude number, which
is defined as the ratio of the inertial force on gravity, at the
reference point has been chosen as the dynamic criteria
(Equation 4).

Inertial Force a
r= o= 4
Gravity force g

In the above, g is the acceleration due to gravity
(9.81 m.s™2) and a is the acceleration for the reference point
A at the bottom of the vessel. As can be seen on Figure 3,
the acceleration profile of this point also shows a maximum
corresponding to reversal phases of the vessel. Maximal
Froude numbers for the reference point have been extracted
from the simulations and have been chosen as a
dynamic criterion.

The evolution of the maximal velocity and the Froude
number as a function of the engine speed are shown in
Figures 3(a,b), respectively for the different scales. The dots
correspond to the Solidworks® calculated values and linear
regressions are featured on the graph.

For each scale, the maximum velocity is proportional to
the engine speed N. Similarily, Froude numbers are propor-
tionnal to N°. One can note that the ratio between the
slopes of linear regressions for the different Turbula scales is

similar to those between the characteristic lengths
(see Table 3):
a b a b
TS0A  OTS0A 5 g o q 9TI0B  DTIB o )

arr  bror arr bror

with arp arios arsea, and brop brios, brsea, the slopes
obtained for the T2F, T10B, and T50A for the maximum
velocity and the Froude number, respectively.

Indeed, in the Turbula® mixer, the only parameters that
could influence the velocities and accelerations are the char-
acteristic lengths of the mixer and the engine speed. In the
different mixers, the velocity varies from 0.5 m.s~' to almost
2.5 m.s~'. The velocity obtained in the T50A for the input
speed of 40 rpm cannot be reached in the T2F or the T10B.
For example, a similar velocity (V=0.4 m.s™') at the bot-
tom of the mixers is obtained when using an input speed of
either 8rpm in the T2F, about 12rpm in the T10B, or
22rpm in the T50A. Similarly, the maximum Froude num-
ber (Fr = 4.5) can only be reached in the T2F for the input
speed of 96rpm and is more than twice the maximum
Froude number obtained in T10B (Fr = 1.7 for an input
speed of 44rpm) and T50A (Fr = 2.2 for input speed of
40 rpm). A similar Froude number of 0.5 can be obtained in
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Figure 3. Kinetic and acceleration profiles over a period of time for point A in T2F-22 rpm. The position of the vessel extracted from the simulation have been dis-

played in the figure. The white arrows indicate the direction of the motion.

Table 4. Kinematic operating points (KOP) for each scale of Turbula® mixers.

Maximum velocity in

N in T2F N in T10B N in T50A point A, m.s~"
KOP1 32rpm 15rpm ~0.6
KOP2 46 rpm 23rpm 16 rpm ~1.0
KOP3 67 rpm 32rpm 20 rpm ~1.2
KOP4 44 rpm 25rpm ~1.6
KOP5 96 rpm 32rpm ~2.0

Table 5. Dynamic operating points (DOP) for each scale of mixer.

Maximum Froude number

N in T2F N in T10B N in T50A in point A
DOP1 22rpm 15rpm ~0.2
DOP2 32rpm 23rpm 20rpm ~0.5
DOP3 46 rpm 32rpm 25rpm ~0.9
DOP4 67 rpm 44 rpm 40rpm ~2

the T2F, T10B, and T50A for input speeds of 32, 24, and
20 rpm, respectively. However, for each mixer scale, there
are only 4 or 5 engine speeds available (actual engine speed)
and it is not possible to obtain exactly the same velocity or
Froude number in different scales. To overcome this and
enable comparisons over the scales, Kinematic (KOP) and
Dynamic Operating Points (DOP) have been defined (Tables
4 and 5) in such a way that the relative differences between
the equivalent engine speeds (determined from the linear
regression on Figure 4) and the actual engine speed are as
low as possible and always less than 15%. For most kine-
matic operating points, the comparison will only involve
two sizes of mixers. Only the KOP2 and KOP3 allow a com-
parison between the three scales.

The velocity and acceleration profiles in point A have
been compared for the different operating points and Figure
5 shows those obtained for the KOP2 (Figures 5(a,b)) and
DOP3 (Figures 5(b,d)), respectively. The dimensionless time
(t) was obtained by dividing the time by the motion period,
i.e. the duration of one rotation of the engine axis. Good

adequacy of velocity profiles at the three blender sizes is
observed in case of kinematic similarities (Figure 5(a)) and
the same goes for accelerations in the case of dynamic simi-
larities (Figure 5(d)). However, as can be seen in Figures
4(a,b) for kinematic as well as 5c and 5d for dynamic simi-
larities, both criteria cannot be met simultaneously.

3.3. Flow regimes in the different Turbula® scales

Several studies, in particular, on rotating drums, have shown
that the state of the mixture is mainly related to the flow
regime that takes place inside the mixer (Henein,
Brimacombe, and Watkinson 1983; Mellmann 2001; Yang
et al. 2008), as defined on the basis of the Froude number
and the filling degree of the blender. According to the flow
regimes, the mixing mechanisms may differ and drive to dif-
ferent patterns (Mayer-Laigle, Gatumel, and
Berthiaux 2015). Drawing upon these studies, three flowing
regimes in the three Turbula® scales for the different engine
speeds have been defined (see Table 6):

mixture

i. A cascading regime when Fr <0.5. In this case, G-force
mainly governs powder flow in the mixer and the flow
regime is quite similar to the cascading regime in a
rotating drum.

iil. A cataracting regime for Froude numbers between 0.8

and 2.5, where both gravity force and centrifugal force

are responsible for the state of the mixture.

A collisional regime for which the centrifugal forces

are predominant and mixing is probably achieved,

thanks to diffusion (Fr > 2.5). It can be noted that the
collisional mode is only possible in the T2F.

iii.

Experimental results obtained in the different scales can
now be compared on the basis of the different kinematic
and dynamic operating points, keeping in mind the different
flow regimes inside the mixers.
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Figure 4. Maximum velocity (a) and Froude number (b) for the different Turbula® scales, calculated values (dots) and linear regressions.

4. Experimental comparison of powder
homogeneity at the three mixer scales based on
kinematic or dynamic criteria

The challenge when scaling up a powder mixer is to keep
the same mixture quality whatever the size of the mixer. In
this study, for each blend, we compare the coefficients of
variation CV obtained after a definite time in the three dif-
ferent scales for the same kinematic and dynamic operating
points. To achieve a reliable comparison between the differ-
ent scales, mixtures have been compared on the basis of the
same number of revolutions.

4.1. Scaling-up the free-flowing blend

A previous study in T2F has shown that homogeneity of
FFB achieved after a small number of revolutions may vary
widely because of various segregation effects involved in the
different flow regimes (segregation by rolling when Fr >
0.5, by trajectory when 0.5<Fr < 2.5 and by percolation

when Fr = 4.5). It has been demonstrated that 500 revolu-
tions allow to reach a stable mixture, whatever the rotational
speed is and then, the CV obtained depend on the engine
speed N (Mayer-Laigle, Gatumel, and Berthiaux 2015). The
homogeneities of the free-flowing blend obtained in T2F
and T10B have been compared for 500 revolutions at the
KOP1, KOP2, KOP3, DOP1, DOP2, DOP3, and DOP4. Due
to experimental constraints, experiments in T50A have not
been realized. The results obtained are presented in
Figure 6. For each operating point, the corresponding engine
speeds and value of CV have been noted on the figure. A
relative discrepancy between the two values of CV has been
calculated according to Equation (6).

|CV 15— CVri108]
1/, %(CVr2p + CVr108)

(6)

Discrepancy =

with CVryr and CVriop being the values of CV obtained in
T2F and T10B, respectively.
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Figure 5. Velocity and acceleration profiles at the kinematics operating points 2 (a and b) and at the dynamic operating points 3 (c and d) as a function of the

dimensionless time (time divided by the period or rotation of the tank T).

Table 6. Flow regimes for the different engine speeds according to the deter-
mination of the Froude number [Mayer-Laigle, Gatumel, and Berthiaux 2015].

T2F T10B T 50A

Flow regimes Engine speed Fr Engine speed Fr  Engine speed Fr
Cascading 22rpm 0.2 15rpm 0.2 16 rpm 0.3
32rpm 0.5 23 rpm 0.5 20rpm 0.5
Cataracting 46 rpm 1.0 32rpm 0.9 25rpm 0.8
44 rpm 1.7 32rpm 1.4
67 2.2 40 rpm 2.2

Collisional mode 96 45

For the KOP1 and KOP3, we can observe a small dis-
crepancy between the values of the CV obtained (=5%). In
contrast, the discrepancy for the KOP2 is 17.9% (Figure
6(a)). The kinematic criterion, therefore, leads to a high dif-
ference in term of mixture homogeneity according to the
engine speeds considered and does not seem to be robust
for scaling-up Turbula® mixers for an easy flowing powder.
Considering the dynamic criterion (Figure 6(b)), the dis-
crepancy between the value of CV are on average lower and
always below 8.5%. This criterion seems to be more adapted
to predict mixture quality. We can also note that the evolu-
tion of the CV with the rotational speed is identical in both
scales, with an increase between the DOP2 and DOP3.

However, for all experiments realized at an equivalent
engine speed, the CV obtained in the T10B are always
smaller than those obtained in the T2F, reflecting in a
higher homogeneity for the mixtures at this scale.

The engine speeds in T2F and T10B for the KOP1 cor-
respond both to a cascading flow regime. Similarly, for the

KOP3, the powder blends in both scales are in a cataracting
flow regime. On the contrary, at the KOP2, the engine speed
of 46rpm in T2F corresponds to a cataracting regime and
the engine speed of 23rpm in T10B to a cascading regime.
This difference of flow regime could explain the significant
gap observed between the CV in T2F and T10B for the
KOP2. Likewise, the increase observed between the DOP2
and DOP3 can be related to the transition between the cas-
cading and cataracting modes in both scales. Indeed, the
free-flowing blend tends to segregate and the cataracting
regime increases this phenomena.

In addition, in each scale, the values of the CV obtained
for the cascading mode are nearly equal: (i) 2.23 and 2.16%
in T2F for 22 and 32rpm, (ii) 2.04 and 2.05% for 15 and
23rpm in T10B. The same applies for the cataracting mode
in which the values of the CV measured are very close (2.43
and 2.46% in T2F for the engine speed 46 and 67 rpm and
2.40 and 2.32% in TI10B for the engine speed 32 and
44rpm). These observations suggest that in the case of an
easy flowing powder, the mixture homogeneity obtained is
more related to the mixing mechanisms depending on the
flow regimes rather than to the velocity of the particles
inside the mixer.

4.2. Scaling-up the composite cohesive blend

To determine the optimal mixing time and reliable compari-
sons between the different scales, mixing kinetics have been
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Figure 7. Mixing kinetics in Turbula® T2F for composite cohesive blend at 22, 32, and 96 rpm.

investigated in the Turbula® T2F (Figure 7) for the engine
speeds 22, 32, and 96 rpm. The error bars in the figure cor-
respond to the statistical errors due to the analysis based on
80 samples calculated with a y* law for a 90% range of con-
fidence. For these cohesive blends, the CV decreases very
quickly, as a homogeneity close to the final one is reached
after only 6 or 12 revolutions according to the engine
speeds. These mixing kinetics also show that a greater
engine speed leads more quickly to a greater homogeneity
(i.e a lower CV). Indeed, the shear generated by a high
engine speed probably leads to a disaggregating of the clus-
ters of cohesive powder and favors mixing. CV has also
been measured for a longer mixing time and show a slight
decrease for the higher engine speed. As an example, the
CV obtained with the engine speed of 96 rpm for 288 revo-
lutions is equal to 1.01% against 1.91% for 32 revolutions.
Then, experiments performed in T2F, T10B, and T50A
have been compared at the KOP1, KOP2, DOPI, and DOP1

for 6 and 12 revolutions (Figure 8). Since the values of CV
are statistically assessed, the discrepancy between the CV
obtained in the different scales is not relevant to compare
results. We will consider in the following that two experi-
ments are distinct, if there is no overlapping of the intervals
of confidence (90%). It is the case, in particular, for the
experiments involving a kinematic correspondence (left of
Figures 8(a,b)).

The kinematic operating points lead to a different state of
the mixture as in the case of the free-flowing blend. For the
experiments realized in T2F and T10B, we observe a high
overlapping of the error bars in case of dynamic corre-
spondences at 6 and 12 revolutions. However, we can notice
a significant difference for the values obtained in T50A. For
6 revolutions, the CV at the DOP2 is much higher in T50A
than those obtained in T10B and T2F. The motion of the
powder inside the mixer is related to the velocity/acceler-
ation of the vessel. In the starting phases, which could be
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Figure 9. Diagram of the interior of the mixing vessel highlighting the position
of the powder bed and the free surface where particles are moving.

more or less long according to the considered mixer sizes,
the engine speed increases to reach the target value. As a
result, the particles are submitted to different velocities or
accelerations leading to different blend homogeneities. Due
to the inertia related to the mass of the whole container
plus that of the powder, it is likely that in the T50A, the
acceleration is less significant than in smaller tanks, the
starting phase is longer, in turn leading to a higher CV.

For 12 revolutions, the starting phase has ended and the
flowing regime of the powder inside the mixer is established.
In this case, the CV in the T50A for DOP2 is smaller than
those obtained in T2F and T10B, as it was already observed
for the FFB in the case of dynamic correspondence, suggest-
ing that the efficiency of the mixer increases with its size.
This tendency has been previously observed by (Cleary and
Sinnott 2008) in V-blender. They found that in the case of a
scale-up only based on the Froude number, the mixing qual-
ity is superior for the higher blender size. This phenomenon
could be explained by increase of the free surface of the
powder bed with the size of the mixer. Indeed, for a larger
free surface, the falling and rolling distances for particles
increase and lead to enhancement of the shear forces inside
the mixer as illustrated in Figure 9. For cohesive powder
like the composite blend, particles will probably dissociate
more easily and the diffusion mechanisms, which favor

intimate mixing (Lacey 1954), will be more efficient.
Increasing the filling ratio with the mixer size could be a
way to validate this hypothesis. Indeed an increase in the
filling ratio will induce a decrease of the free surface.

The KOP and DOP have been defined on the basis of
maximum velocity and maximum acceleration, respectively.
In Figure 4, the maximum velocities are reached at 0.44 T
and 0.94T, which corresponds to horizontal translation
motions of the blender (Mayer-Laigle, Gatumel, and
Berthiaux 2015). In the same way, the maximum acceler-
ation is reached for the first time in the period between
0.35T and 0.45T and between 0.85T and 0.95T for the
second time when the vessel is reversed. In the previous
part, we have shown that the dynamic criteria are more effi-
cient to predict the quality of the mixture than the kine-
matic one. Thus, we can assume that the reverse phases are
more efficient to achieve the mixture due to cascading of
particles than translation phases where particles are
embedded in the powder bed and have less space to move.

5. Conclusion

Geometric, kinematic, and dynamic similarities were studied,
thanks to a Solidworks® simulation carried out for three
sizes of the Turbula® blender. From these, kinematic and
dynamic criteria for scaling-up those mixers were suggested
on the basis of equal velocities or Froude numbers for a ref-
erence point at the bottom of the vessel. In parallel, flow
regimes have been defined according to the different engine
speeds. The mixture homogeneity, estimated from the coeffi-
cient of variation of samples’ compositions, has been com-
pared for different kinematic and dynamic operating points
for an easy flowing blend and a cohesive blend. Whatever
the blend considered, it seems that scaling-up on the basis
of kinematic criteria does not allow reaching a similar mix-
ture quality in each blender. The dynamic criterion leads to
a better correlation between results obtained in T2F (lab
scale) and T10B (pilot scale), most likely because the mixing
and segregation mechanisms are similar in both sizes.



The scale-up at the industrial scale (T50A) has only been
achieved for the composite cohesive blend and seems less
obvious. Indeed, for short mixing time, the mixture quality
obtained in a T50A is inferior to those obtained at pilot or
lab scale. This may be explained by the larger inertia of the
T50A which does not allow to reach immediately the set
speed when starting agitation. In contrast, for a longer mix-
ing time, the quality of the mixture is slightly higher in the
largest mixers. Indeed the free surface area is markedly
increased at this scale. It induces greater falling and rolling
distances for particles leading to an increase of shear forces
inside the mixer, favoring diffusion mechanism. A study of
the influence of the filling ratio may validate this assump-
tion and could be performed in further work. In addition,
mixing of free-flowing powders like the free-flowing blend
in the T50A should complete this work in order to clarify
the effect of segregation mechanisms.

Abbreviations

cv coefficient of variation

D50 median particle size

DI dispersion index

DOP dynamic operating point

Fr Froude number

KOP kinematic operating point

Learr Carr’s index

N Engine speed

Ry Hausner’s ratio

T period of rotation of the tank

T2F, T10B,

T50A name of the different scales of Turbula® mixer
Pa bulk density

Pp packed density

W mean of sample compositions

g standard deviation of sample compositions
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