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The power consumption of a coaxial mixer consisting of a wall-scraping anchor and different
dispersion impellers (radial discharge) operating in co- and counterrotating modes has been
experimentally characterized in the case of viscous Newtonian and non-Newtonian fluids. It
was found that the anchor speed did not affect the power consumption of the dispersion turbines.
The power consumption of the anchor was found to increase when the dispersion impellers were
used in counterrotating mode and to decrease when they were used in corotating mode. Following
the Metzner and Otto approach [AIChE J. 1957, 3 (1), 3-10], new correlations based on the
impeller geometry for the generalized Reynolds number and the power number are proposed,
and it is shown that a power master curve can be generated for speed ratios larger than 10.

Introduction

The importance of the mixing quality during a chemi-
cal reaction in a batch or continuous process is well
recognized. The major design task is the selection of the
most appropriate mixing system according to the pro-
cess specifications. The selection criteria are often based
on the mixture quality (homogenization) and the power
consumption.1 The selection of the hydrodynamic condi-
tions for a specific process can be particularly challeng-
ing, especially when dealing with time-dependent rhe-
ology products. In some cases, the product viscosity,
initially close to that of water, can reach several pascal-
seconds, thus changing the flow regime and the fluid
dynamics in the vessel. It then becomes harder to
control the reaction in the tank, especially in poorly
agitated zones or the dead zones of the environment.2,3

Many examples of this particular case can be observed
in the field of polymerization and in fermentation
processes in which the agitation becomes critical to
ensure both good productivity and high selectivity.

The evolution of the fluid rheology can also be caused
by the physical changes of the solution microstructure
(flocculation, gelation, dispersion, etc.). The final viscos-
ity of the product is often higher than the viscosity of
each individual ingredient composing the mixture.
Depending on the nature of the products to be dispersed,
non-Newtonian properties can also develop (nonlinear
viscosity, thixotropic behavior, etc.).

Several innovative strategies have been proposed to
control or eliminate segregated regions in stirred ves-
sels, based, for instance, on coaxial mixers, planetary
mixers, conical mixers, and dual mixers comprising
several impellers rotating at different speeds. Both
numerical and experimental work has been carried out
to characterize planetary mixers,4 conical mixers,5 and
several types of coaxial mixers.6-15 A classical example
of a coaxial mixer is the combination of a high-speed
turbine and a low-speed anchor scraper. It has been
shown that these technologies are capable of adequately

mixing and kneading high-solids-content media such as
coating fluids and pastes and of dispersing gas in
aerated mixing vessels with a low power consumption,
even in the presence of a non-Newtonian rheology. In
practice, however, the design of coaxial mixers is based
on empirical considerations and industrial experience,
and limited knowledge is available for optimizing the
system.

Because of the complex arrangement of a coaxial
mixer (several different impellers, two agitation speeds,
two possible rotation modes), it is quite difficult to
characterize the mixing system in terms of the power
consumption. Tanguy and Thibault12,13 determined the
power consumption of a new coaxial mixer consisting
of a wall-scraping arm (anchor) and a series of rods and
a pitched-blade turbine operating in counterrotating
mode. They found that the power was a function of the
speed ratio of the fast agitator to the slow agitator in
both the laminar and turbulent regimes. Their correla-
tions allowed for the prediction of the total power
consumption of the system, but they did not allow for
the independent evaluation of the influence of each
agitator on the total power consumption. Recently,
Foucault et al.15 have shown that the power consump-
tion of radial discharge turbines is not affected by the
anchor rotation whether in co- or counterrotating mode.
Contrary to these findings, Köhler et al.14 observed a
large influence of the anchor on the power consumption
of a central agitator provided with flat paddles in
counterrotating mode, for impeller tip speed ratios
between 0 and 10. Vanhove et al.6 studied the power
consumption of a double coaxial mixer for the prepara-
tion of a silica gel in counterrotating mode. Using two
Mixel TTP propellers on the central shaft, they dem-
onstrated that the power consumption of the propellers
in the turbulent regime was not affected by the anchor
for speed ratios larger than 7.67. All of the above studies
clearly indicate that the interaction between the central
agitator and the scraping agitator affects the power
consumption of each impeller, the degree of which
depends on the system geometry and the speed ratio
selected. Because the various correlations available were
unfortunately developed for specific geometries, it is not
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possible to use them easily to find the total power
consumption with other designs.15

To overcome this problem, we have developed a
laboratory coaxial mixer equipped with two independent
drives allowing for the characterization of each agitator.
The coaxial mixer consists of an anchor and different
dispersion turbines mounted on the same shaft. The
main objective of this work is to determine the influence
of the power dissipated by each individual impeller on
the total power consumption. The study was performed
in the laminar and turbulent regimes, and both co- and
counterrotating modes were considered.

Materials and Methods

Apparatus. The mixer used for this study and the
main geometrical parameters are shown in Figure 1 and
Table 1, respectively. The tank is composed in its upper
section of a polycarbonate cylinder having a diameter
(Dc) of 0.38 m, a height (Hc) of 0.58 m, and an elliptic
dish bottom. The liquid height (Hl) of 0.41 m was kept
constant throughout the tests, so that the total fluid
volume was 46 L.

The coaxial mixer is fitted with two kinds of agita-
tors: a high-speed impeller and a low-speed scraper
mounted on two independently actuated coaxial shafts.
The high-speed impeller consist of dispersing turbines
that can rotate up to 1600 rpm, whereas the other shaft
supports a close-clearance anchor rotating at low speed
(0 to 100 rpm). The high-speed impellers are mounted
in the middle of the tank, generating a radial flow,
whereas the low-speed scraper generates mainly a
tangential flow. Figure 2a-d shows the high-speed
impellers corresponding to various dispersing disk
designs, and Figure 2e shows a Rushton turbine.

Two independent motors are used to drive the agita-
tors, and they can be operated in co- and counterrotating
modes (see Figure 3). Because the drives are indepen-
dent, it is possible to rotate only the anchor or to rotate
the high-speed impeller while keeping the anchor at
rest. In this case, the anchor plays the role of a baffle.

To determine the power dissipated by the different
impellers, the motors have been coupled to torque
meters having ranges from 0 to 22 N‚m for the fast shaft
and from 0 to 11 N‚m for the slow shaft. In the
experiments, the power input was calculated from the
induced torque (M) and measurements as P ) ωM,
where ω is the shaft rotational speed in radians per
second. Because the shaft guiding system induces a
residual torque due to friction, the resulting torque of
friction was measured and subtracted from experimen-
tal data, i.e.

where Mc, Mm, and Mr are the corrected, measured, and
residual torques, respectively (expressed in newton-
meters).

Fluids and Rheology. Aqueous solutions of corn
syrup (80-100 wt %) and carboxymethyl cellulose
(CMC, Finnfix 700 and 30000) were chosen as New-
tonian and non-Newtonian fluids, respectively. The
rheological properties of the solutions were determined
at room temperature (∼23 °C) with a rheometer (AR
2000, TA Instruments) by using a Couette configuration
of 30- and 28-mm diameters for the inside and outside
cylinders, respectively. The viscosity of the Newtonian
fluids ranged from 0.001 to 50 Pa‚s, and the density was
between 1000 and 1350 kg/m3. Because the corn syrup
solutions are sensitive to temperature changes, three
thermocouples were mounted in the tank to allow the

Figure 1. Experimental setup.

Table 1. Laboratory Coaxial Mixer Parameters

parameter value

tank diameter (Dc) 0.38 m
turbine diameter (Dt) 0.2 m
anchor diameter (Da) 0.36 m
turbine height (bottom clearance) Dc/3 Figure 2. High-speed impellers: (a) Cowles turbine, (b) Deflo

turbine, (c) Sevin turbine, (d) hybrid turbine, (e) Rushton turbine.

Figure 3. Rotation mode: (a) counterrotation, (b) corotation.

Mc ) Mm - Mr (1)
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temperature evolution to be tracked for each test, so as
to correct the viscosity values when necessary. The
rheological parameters of the non-Newtonian fluids
were found to obey a power law (Table 2). Oscillatory
shear tests revealed that the non-Newtonian fluids
exhibited a small storage modulus (G′) compared to the
loss modulus (G′′). Because the ratio G′/G′′ was much
smaller than 1, elastic effects were considered to be
negligible.

Results and Discussion

Power Draw Analysis. A preliminary power analy-
sis was first carried out by considering the power
dissipated by each individual agitator with both New-
tonian and non-Newtonian fluids. The results obtained
from this part were then compared with the power
drawn by the coaxial mixer for different speed ratios
and the two rotating modes.

Single Impeller. The power consumption of an
impeller with Newtonian fluids is usually expressed in
terms of the dimensionless power number, Np, as a
function of the Reynolds number, Re, without vortex,
where Np ) P/FN3D5 and Re ) FND2/µ. This procedure
provides a characteristic power curve that depends only
on impeller geometry and can be used to predict power
requirements for any given fluid properties, impeller
dimensions, and rotational speed. In the laminar re-
gime, it is usual to determine the power constant Kp
defined as follows

For a Newtonian fluid, Kp is a function of only the
impeller geometry.

The characteristic power curve was established for
each of the six agitators. The power consumption results
served not only to estimate the mechanical energy
drawn during the mixing operation, but also to deter-
mine the limits among the different flow regimes
(laminar, transition, and turbulent).

The characteristic power curves with Newtonian
fluids are presented in Figure 4. In agreement with
theory, the value of the slope of each curve is equal to
-1 in the laminar regime. We note that the anchor
agitator operates in the laminar regime for Re values
lower than 100 and the flow becomes transitional for
larger values. In the case of the Rushton turbine, the
flow is laminar for Re values lower than 20 and
turbulent for Re values larger than 1000. For the
dispersion impellers, the laminar regime corresponds
to Re values lower than 10 and the turbulent regime to
Re values larger than 4500. The corresponding Kp and
Np values for the turbulent regime for the six impellers
are listed in Table 3. A good agreement is obtained with
the literature values.16-18

Figure 4 shows that the Np value in the turbulent
regime does not change with increasing Reynolds num-
ber for the dispersion impellers and the Rushton
turbine. Because the anchor plays the role of a baffle

in each experiment, it is typical to obtain such a
consistency.17 Although they have different geometries,
the dispersion turbines do not exhibit significant dif-
ferences in terms of their power consumption. Often
operated in a turbulent regime with low-viscosity flu-
ids,19 from an energy perspective, the Cowles turbine
is the most efficient.

In the case of a shear-thinning fluid obeying the
power-law model, the viscosity decreases when the
shear rate is increased. To evaluate the power consump-
tion of such a fluid, the so-called process viscosity must
be determined. Metzner and Otto20 showed that the
average shear rate around the impeller can be cor-
related with the rotational speed by means of the
proportionality parameter Ks, which is a function of the
impeller geometry

Once this parameter is known, the characteristic power
curve of each agitator (Np vs Re) using a shear-thinning
fluid can be determined. In the present work, the
approach used to determine the Ks value was that of

Table 2. Properties of the Non-Newtonian Fluids (23 °C)

solution n k (Pa‚sn)
density
(kg/m3)

γ̆ range
(s-1)

2.5 wt % CMC
(Finnfix 700)

0.50 8.3 1010 100-10000

1.5 wt % CMC
(Finnfix 30000)

0.22 60 1010 100-10000

Kp ) NpRe (2)

Figure 4. Newtonian power curve for (a) Rushton and anchor
impellers and (b) dispersion impellers.

Table 3. Power Constants for the Impellers

impeller type Kp Np

anchor 230 f(Re)
Rushton 75 5.00
Cowles 65 0.45
Deflo 65 0.60
Sevin 70 0.55
hybrid 70 0.50

Ks ) γa/N (3)
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Rieger and Novak,21 in which a modified Reynolds
number, often called the power-law Reynolds number,
Repl, is used to draw the curve (Np vs Repl)

where k and n are the consistency index and the power-
law index, respectively, of the fluid.

By plotting the corresponding power consumption
curves for Newtonian and non-Newtonian fluids, the Ks
value can be expressed in terms of their respective Kp
values as follows

Figure 5 shows the characteristic power curves of all
of the agitators investigated with the shear-thinning
fluid. Because the Metzner and Otto concept20 is valid
for the laminar regime only, only the laminar parts of
the curves are presented.

From Figure 5a and b, it is observed again that a
constant slope equal to -1 is obtained in the laminar
regime, which is in good agreement with theory. Table
4 shows the corresponding Kp(n) values as well as the
Metzner-Otto parameter Ks for all of the agitators with
the shear-thinning fluid. The Ks value allows one to
obtain a good indication of the shear stress in the
vicinity of the blade using the Metzner and Otto

method.20 The Ks constants for the Rushton turbine and
the anchor are in good agreement with the values
reported elsewhere.17

In our work, Ks was found to be a constant that
depends only on the system geometry. However, in
many studies, Ks has been found to vary not only with
geometrical parameters but also with the flow behavior
index, n.22 Here, we could not observe the influence of
the shear-thinning index on the Ks values, because only
two non-Newtonian fluids were considered.

Coaxial Mixer. In contrast to the power curve of a
classical agitation system, the power curve of a coaxial
mixer cannot be easily determined. In fact, in such a
system, the choice of the characteristic diameter and
speed required to calculate Np and Re is ambiguous.
According to our best knowledge, not many studies have
tried to characterize the power consumption of such a
system, except the few investigation mentioned in the
preceding literature survey.

We analyzed the influence of the speed ratio (RN )
Nt/Na) on the power consumption of each agitator
(central turbines and anchor). Figure 6 shows the
characteristic power curve of the anchor for different

Figure 5. Non-Newtonian power curve for (a) Rushton and
anchor impellers and (b) dispersion impellers.

Repl ) FN2-nD2

κ
(4)

Ks ) [Kp(n)
Kp

]1/n-1

(5)

Table 4. Values of Kp(n) and Ks for Each Agitators

impeller type Kp(n) Ks

anchor 20.0 22
Rushton 12.5 10
Cowles 10.0 11
Deflo 10.0 11
Sevin 10.8 11
hybrid 10.0 12

Figure 6. Power curve for the anchor as a function of the Rushton
turbine speed: (a) counterrotating mode, (b) corotating mode.
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speed ratios between the Rushton turbine and the
anchor, in both counter- and corotating modes for a
Newtonian fluid.

In both rotational modes, at very low Re (laminar
regime), the mixing theory (based on dimensional
analysis) is satisfied as the power curves are parallel
and their slope is -1. In counterrotating mode, the onset
of the transition regime seems to be influenced by the
speed ratio. The higher the speed ratio, the lower the
value of the critical Reynolds number where the transi-
tion regime starts. For a speed ratio higher than 8, the
turbulent regime is obtained for Re values larger than
100. However, in corotating mode, we could not observe
any influence of the speed ratio on the onset of the
transition regime.

It can also be observed that the anchor power draw
increases with the Rushton turbine in counterrotating
mode and decreases in corotating mode. This can be
explained by the addition or subtraction of the different
pressure forces applied to the moving anchor. In coun-
terrotating mode, the radial and tangential speed
induced by the Rushton turbine causes an inverse
repulsive force on the anchor blades, which increases
the total power draw. In the reverse case, the turbine-
induced flow drags the anchor in the flow direction, and
as a consequence, a lower power draw is obtained. The
same trends were observed for the dispersion turbines
(not shown here).

We determined that, in the laminar and turbulent
regimes, the variation of the total power constant
(Kp,anchor) and (Np,anchor) exhibits a polynomial depen-
dence on the speed ratio (eqs 6 and 7)

These two equations, in agreement with earlier stud-
ies,12,13 allow for the estimation of the coaxial mixer
(Rushton turbine/anchor) power draw for Newtonian
fluids as a function of the speed ratio in counterrotating
mode. However, no such a relation could be obtained in
corotating mode.

Figures 7 and 8 show the characteristic power curves
for the Rushton turbine and the Deflo turbine for
different speed ratios in counter- and corotating modes.

In contrast to the anchor power consumption, the
turbine power draw is not affected by the anchor speed.
As Figures 7 and 8 show, a single caracteristic power
curve is obtained regardless the speed ratio. Similar
results are obtained in the case of the dispersion
turbines, which is in good agreement with the results
reported by Foucault et al.15 Taking into account the
fact that the central agitator power number is indepen-
dent of the speed ratio, the power drawn by the coaxial
mixer can be correlated with the characteristic impeller
diameter. The Reynolds number was then modified
according to the rotation mode. Equations 8 and 9
express the Reynolds number used to determine the
coaxial mixer power curve in Newtonian and non-
Newtonian fluids

where Nt is the turbine speed, Na is the anchor speed,
and Dt is the characteristic diameter.

In counterrotating mode, the anchor speed is added
to the speed of the central turbine. In corotating mode,
the anchor speed is subtracted. As eqs 10 and 11 show,
the same reasoning can be used to calculate the total
power number of the system (impeller power + anchor
power) in counterrotating and corotating modes

It should be noted that these correlations were
experimentally determined and were found to be the
best choice among several other possible definitions.
Figure 9 shows the coaxial mixer power curve (Rushton

Figure 7. Power curve for the Rushton turbine as a function of
the anchor speed.

Kp,anchor(RN) )

13.16RN
2 + 9.74RN + 230 0 e RN e 30 (6)

Np,anchor(RN) ) 0.62RN
2.77 0 e RN e 30 (7)

Figure 8. Power curve for the Deflo turbine as a function of the
anchor speed.

Re(counterrotation) )
F(Nt + Na)Dt

2

µ
,

Re(corotation) )
F(Nt - Na)Dt

2

µ
(8)

Repl(counterrotation) )
F(Nt + Na)

2-nDt
2

µ
,

Repl(corotation) )
F(Nt - Na)

2-nDt
2

k
(9)

Np(counterrotation) )
Ptot

F(Nt + Na)
3Dt

5
(10)

Np(corotation) )
Ptot

F(Nt - Na)
3Dt

5
(11)
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turbine/anchor) correlated with eqs 8-11 in counter-
rotating and corotating modes. It must be mentioned
that the new Re and Np correlations are available only
for speed ratios higher than 10. Under this critical value
of the speed ratio, the curve is shifted because the power
drawn by the anchor is much higher than that drawn
by the Rushton turbine. Figure 10 shows an example
of the relative power input by the Rushton agitator

(PRushton/Ptot) in co- and counterrotating modes. The
effect of the speed ratio on the distribution of the total
power input between the Rushton and anchor impellers
is remarkable. In co- and counterrotating modes, the
relative power input of the Rushton impeller varies from
80% to 95% when the speed ratio is higher than 10.

Using these new Re and Np correlations, we are now
able to determine the power curve of the coaxial mixer
for speed ratios higher than 10. Figures 11-15 show

Figure 9. Power curves for the Rushton impeller in co- and
counterrotating modes.

Figure 10. Relative power input of the Rushton agitator (PRushton/
Ptot) as a function of the speed ratio.

Figure 11. Power curve for Newtonian and shear-thinning fluids
(Rushton turbine/anchor for RN > 10).

Figure 12. Power curve for Newtonian and shear-thinning fluids
(Cowles turbine/anchor for RN > 10).

Figure 13. Power curve for Newtonian and shear-thinning fluids
(Deflo turbine/anchor for RN > 10).

Figure 14. Power curve for Newtonian and shear-thinning fluids
(Sevin turbine/anchor for RN > 10).
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the power curves obtained by using eqs 8-11 for each
impeller/anchor combination. In each case, the curves
were determined for speed ratios from 10 to 100 with
Newtonian and shear-thinning fluids. For RN > 10, the
modified correlations of Re and Np allow a single power
curve to be obtained for the coaxial mixer operating in
the three regimes.

According to the Metzner and Otto approach,20 the
constant Ks can be used to define the Reynolds number
for shear-thinning fluids. In this work, the generalized
Reynolds number in counter- and corotating modes was
expressed as follows

and

The power master curve can then be plotted by means
of the generalized Reynolds number (eqs 12) and the
power number as expressed by eqs 10 and 11. Figures
16 and 17 show the resulting master curves for the

coaxial mixer with the Rushton turbine and with the
Deflo turbine (10 < RN < 100).

These graphs allow for the determination of the power
consumption of the coaxial mixer for speed ratios higher
than 10 with Newtonian and shear-thinning fluids
obeying the power-law model and for both counter- and
corotating modes. The advantage of these correlations
is that they can be applied to different coaxial mixer
configurations. To validate this approach, the results
obtained here were compared with those of Tanguy and
Thibault12,13 to determine the total power consumption
in the laminar and turbulent regimes. In this case, it
was assumed that the power consumption of the rods
in their mixer was not affected by the anchor speed, so
that the total power consumption for speed ratios
between 5 and 25 could be obtained. In the laminar and
turbulent regimes, the values of Kp ) 99 and Np ) 0.74
for the fast shaft were used to determine the power of
the mixers. Figure 18 shows the power curve of the
coaxial mixer used by Tanguy and Thibault12,13 as
generated by our correlations in counterrotating mode.
Similar trends are observed for a speed ratio higher
than 10 in the laminar and turbulent regimes, or in
other words, a unique master curve is obtained. For RN
) 5, the curve is shifted because the power drawn by
the anchor is much higher.

Figure 15. Power curve for Newtonian and shear-thinning fluids
(hybrid turbine/anchor for RN > 10).

Figure 16. Power master curve for Newtonian and shear-
thinning fluids based on the Metzner-Otto concept (Rushton
anchor).

Reg(counterrotation) )
F(Nt + Na)

2-nDt
2

kKs
n-1

(12a)

Reg(corotation) )
F(Nt + Na)

2-nDt
2

kKs
n-1

(12b)

Figure 17. Power master curve for Newtonian and shear-
thinning fluids based on the Metzner-Otto concept (Deflo impeller/
anchor).

Figure 18. Power curve for Newtonian fluids in counterrotating
mode based on the Tanguy and Thibault12 data.

5042 Ind. Eng. Chem. Res., Vol. 44, No. 14, 2005



Conclusions

The objective of this study was to experimentally
characterize the power drawn by a coaxial mixer
consisting of a wall-scraping anchor and different
dispersion impellers operating in co- and counterrotat-
ing modes in the case of Newtonian and shear-thinning
fluids. It was demonstrated that, for all of the agitator
combinations examined, the power consumption of the
anchor increased significantly in counterrotating mode
and decreased in corotating mode. On the other hand,
no influence of the anchor was observed on the power
dissipated by the dispersion impellers. Following the
Metzner and Otto concept,20 new correlations for Np and
Reg were proposed to obtain a unique master curve for
Newtonian and shear-thinning fluids. For speed ratios
(RN ) Nt/Na) higher than 10, the coaxial power master
curve was exactly the same as that of the turbine alone.
For speed ratios smaller than 10, the new correlations
proposed do not apply, and the mixer power curve is
shifted from the master curve.
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Nomenclature

Cw ) gap between the anchor and the wall, m
C ) clearance of the impeller off the tank, m
D ) impeller diameter, m
Da ) anchor impeller diameter, m
Dc ) tank diameter, m
Dt ) turbine impeller diameter, m
G′ ) storage modulus (Pa)
G′′ ) loss modulus (Pa)
Hc ) tank height, m
Hl ) liquid height, m
k ) consistency index, Pa‚sn

Kp ) power constant with Newtonian fluids
Kp(n) ) power constant with non-Newtonian fluids
Ks ) Metzner-Otto constant or shear constant
L ) impeller height, m
n ) shear-thinning index
N ) rotational speed, rps
Na ) anchor rotational speed (low speed shaft), rps
Np ) power number
Nt ) turbine rotational speed (high-speed shaft), rps
P ) power, w
Ptot ) total power of the system, w
Re ) Reynolds number
Reg ) generalized Reynolds number
Repl ) power-law Reynolds number
RN ) speed ratio (Nt/Na)
Wa ) anchor blade thickness, m

Greek Letters

γ̆ ) shear rate, s-1

γ̆a ) apparent shear rate, s-1

µa ) apparent viscosity, Pa‚s
F ) density, kg/m3
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