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Fluids with complex rheological properties often exhibit shear dependence and/or
time dependence. Due to high viscosity and complex rheological behavior, mixing of
such fluids is usually performed in the laminar flow regime.

The object of this work was to study the mixing of highly viscous and rheologically
complex fluids with single-flight helical ribbon impeller. Highly viscous motor oils were
used as Newtonian fluids, while two different types of non-Newtonian fluids were used.
Carboxymethyl cellulose represented well-known shear thinning non-Newtonian fluid,
and welan solutions represented rheologically complex and more structured non-Newto-
nian fluid. Torque was measured at different impeller speeds in order to obtain power
curves and to calculate viscosity of different non-Newtonian fluids as a function of im-
peller speed.

The results of the mixing study of different highly viscous fluids showed that the
torque depended on the impeller speed and the rheological properties of the fluid. Shear
rate constant Ks was determined for non-Newtonian fluids with different rheological
properties and it was shown that Ks depends on fluids properties. The comparison be-
tween mixing experiments and rheological measurements showed that the shear-depend-
ent viscosity could be determined during the mixing process by measuring the torque on
the impeller.
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Introduction

The fluid viscosity or more precisely the shear
dependence of the viscosity, is often considered as
the most important rheological function. With re-
spect to mixing, fluids are usually classified in
two categories: the low-viscosity fluids and the
high-viscosity fluids. The rheological behavior of
high-viscosity fluids is in general complex and may
include shear-dependent, viscoelastic and time-de-
pendent properties. Mixing of such fluids is there-
fore complicated and requires special consideration.
Particularly important is the use of a proper mixing
equipment, which in general consists of a mixing
vessel, an impeller and a motor. Impellers with
small ratio between the diameter of the impeller and
the diameter of the vessel are quite inefficient, since
the high apparent viscosity of the fluid creates stag-
nant zones in the fields of low shear, far from the
impeller. In order to eliminate these regions and to
obtain effective mixing of the entire tank contents,
close-clearance impellers with large ratio of the im-
peller diameter to the diameter of the vessel are
commonly used. Many authors1–5 have studied mix-
ing of complex fluids with different close-clearance
impellers and they have shown that helical ribbon
impellers are very efficient as they provide shorter

mixing times and thus require less energy to reach a
specified level of homogeneity.

For describing and especially for properly de-
signing a mixing process, macroscopic quantities
like flow patterns, power consumption, and mixing
and circulation times, are usually used. Power con-
sumption is the energy transferred from the impel-
ler to the fluid per unit time. It is closely related to
the costs of mixing process and represents impor-
tant design parameter in many industrial applica-
tions. Power consumption depends on the fluid and
it is strongly affected by the flow pattern.

Power characteristics of impeller system are
commonly expressed by a power curve – dimen-
sionless Reynolds number, Re, vs. dimensionless
power number, P0. In stirred tanks, the Reynolds
number is defined as:

Re
d 2

�
<

)

N
(1)

where N is the impeller speed, d is the diameter of
the impeller, and < and ) are the fluid density and
dynamic viscosity, respectively. The value of the
Reynolds number characterizes the type of the flow
regime. It is known that the flow is fully turbulent
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at high Reynolds numbers, typically Re > 104,
while laminar flow regime is usually restricted to
low Reynolds numbers, Re < 10.

The dimensionless power number is defined as

p
P

N d
0 5�

<
(2)

where P is power input, which is a function of ope-
rating conditions, fluid properties and the geometry
of the mixing vessel.6 It can be calculated from the
torque measurements:

P = 2 � N M. (3)

In the region of laminar flow (Re < 10) the
power number, P0, is inversely proportional to the
Reynolds number:

P0 = C Re–1 , (4)

where C is a constant that depends on mixing sys-
tem. Combining equations (1) to (4), one can obtain
the viscosity of the fluid:
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which is possible to determine only, when the con-
stant C is known. Constant C can be determined by
a set of experimental data (torque at different im-
peller speeds) obtained by mixing a Newtonian
fluid of known density and viscosity in the laminar
flow regime. If the obtained data are plotted in the
form of power number, P0, vs. Reynolds number,
Re, (equation (4)), the constant C can be directly
evaluated from the curve. In this manner, the vis-
cosity as a function of impeller speed can be deter-
mined during the mixing process by measuring the
torque induced on the impeller. This is especially
important for suspensions, fermentation broths and
other non-homogeneous fluids. For such fluids, the
viscosity measurements obtained by using conven-
tional rheometers are of rather limited value, be-
cause of gravity settling of the suspended particles,
and/or other forms of phase separation.7

By definition, the viscosity, ), is equal to the
ratio of shear stress, (, to shear rate, �7:8

)
(

7
�

�
. (6)

For the average shear rate around the impeller,
Metzner and Otto9 proposed the relation:

�7�K Ns (7)

where the constant Ks depends on the mixing sys-
tem.

The rheological properties of shear-thinning
fluids can be expressed by power law:

( 7� k n
� (8)

and

) 7� �k n
�

1 (9)

where k and n are consistency index and flow be-
havior index, respectively. Combining equations (6)
to (9), the viscosity is given:

)� �k K N n( ) .s
1 (10)

Comparing equations (5) and (10) one obtains:

2
3

14 M

C N d
k K N n� �( )s (11)

From the above relation (equation (11)) the
constant Ks can be determined by obtaining a set of
experimental data in laminar flow regime using a
non-Newtonian fluid of known rheological proper-
ties.

The paper reports on an experimental mixing
study of Newtonian and non-Newtonian fluids in a
stirred tank with a single-flight helical ribbon im-
peller. Two Newtonian motor oils with different
viscosities and non-Newtonian CMC and welan so-
lutions of different concentrations, were used. The
results presented include torque as a function of im-
peller speed, power curve, and viscosity as a func-
tion of shear rate around impeller. A comparison
between the shear dependence of viscosity obtained
by rheological measurements and viscosity deter-
mined during mixing experiments, is reported. The
calculation of Ks from the correlation from litera-
ture is also compared with the calculated Ks from
experimental data.

Experimental

Equipment

A mixing system of our own design (Fig. 1)
was used to conduct experiments for mixing highly
viscous fluids. The measuring system consisted of
a motor, a torque transducer and a flat-bottomed
plexiglass vessel, equipped with single-flight heli-
cal ribbon impeller. The impeller was rotated by
means of a 2.2 kW motor (Unidrive UNI 1404,
Control Techiques) with variable speed control
(from 0 do 200 rpm). The torque was measured us-
ing a torque transducer (T20WN/2NM, HBM) with
an operating range of 0-2 N m. The torque, mea-
sured with only air in the mixing vessel, was zero,
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which indicates that torque due to the bearings,
couplings and so forth, was insignificant.

The mechanical part of the mixing system was
connected to the computer, which enabled the con-
trol of the process and acquisition of the experi-
mental data. For measuring the temperature a tem-
perature sensor Pt100 was inserted in the fluid
through the vessel wall. Another temperature sensor
was placed outside the vessel in order to follow the
temperature changes in the surroundings. The out-
puts from the sensors and the torque transducer
were recorded in a computer as a function of time
and impeller speed.

A rotational controlled stress rheometer (HAAKE
RheoStress RS150), equipped with a cone-and-plate
sensor system (C 60/4°), was used to examine the
rheological properties of different fluids, used in
the mixing study.

Test fluids and methods

Two motor oils (BRT150 and Cylinder oil,
both from OLMA, Ljubljana) with different viscos-
ities were used as Newtonian fluids, while aqueous
solutions of carboxymethyl cellulose (Blanose Cel-
lulose Gum 7HF, obtained in powdered form from
Hercules, Aqualon) and welan (Welan Gum K1C376,
obtained in powdered form from Kelco) represented
non-Newtonian fluids. Different mass fraction of
CMC (w = 2 % and 2.5 %) and welan (w = 1 %, 1.5 %
and 2 %) solutions were prepared by dissolving dry
powdered polymer in distilled water at ambient
temperature.

The rheological tests under steady shear con-
ditions were carried out in the shear rate range
1� �7 � 100 s–1. The rheological characterization

of non-Newtonian CMC and welan solutions was
performed also under non-destructive conditions
of oscillatory shear. To allow temperature varia-
tions during mixing experiments, the same rheo-
logical tests were carried out at different tempera-
tures.

Mixing was studied by measuring the torque as
a function of the impeller speed. During the experi-
ments, the temperature of the fluid in the mixing
vessel was in the range from 22 °C to 25 °C.

Results and discussion

Rheological characterisation

Both motor oils exhibited shear- and time-inde-
pendent Newtonian flow behavior. The oils differed
in values of viscosity and density (Table 1). The
CMC and welan solutions exhibited non-Newtonian
shear-thinning behavior. Under the conditions of stea-
dy shear, time dependent effects were not detected.
In the shear rate range examined (1 � �7 � 100 s–1),
the shear thinning behavior was described by the
power law relation (equation (8) and (9)) with the
quantities k and n reported in Table 2.

The rheological tests were performed at differ-
ent temperatures from 20 °C to 30 °C. The viscosity
of Newtonian fluids and CMC solutions decreased
with increasing temperature. It was observed that
the decrease of viscosity with temperature was
more significant for motor oils (~7 % °C–1) than for
CMC solutions (~2 % °C–1 for w = 2 % CMC and
~3.5 % °C–1 for w = 2.5 % CMC). The effect of
temperature was negligible for all welan solutions
(Fig. 2).

Due to non-Newtonian properties of CMC and
welan solutions, the rheological properties of these
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F i g . 1 – Experimental mixing system with helical ribbon
impeller (diameter of the vessel, DT = 0.185 m, height of the
fluid, H = 0.22 m, diameter of the impeller, D = 0.16 , the rib-
bon width, W = 0.03 m, height of the impeller h = 0.16 m)

T a b l e 1 – Properties of Newtonian fluids at T = 25 °C

) (Pa s) < (kg m–3)

brt150 1.5 895

co 3.8 905

T a b l e 2 – Values of power-law indices for CMC and
welan solutions at T = 25 °C

2 % wt.
CMC

2.5 % wt.
CMC

1 % wt.
W

1.5 % wt.
W

2 % wt.
W

k (Pa·sn) 18.66 36.19 26.01 54.58 84.35

n (/) 0.4023 0.3638 0.0811 0.0635 0.0499



solutions were examined also under non-destructive
conditions of oscillatory shear. The results showed
that non-Newtonian fluids exhibited elastic (G’)
and viscous (G’’) contribution to viscoelastic flow
behavior.

The upper limit of linear viscoelastic region
was determined from stress sweep tests at constant
angular frequency of 6.28 rad s–1. The extent of the
linear region for both CMC solutions ranged up to
40 % of the deformation amplitude, while for welan
solutions linear region was only up to 20 %. Fre-
quency dependence for both dynamic moduli was
examined at constant deformation amplitude (10 %)
that enabled linear viscoelastic regime for all the
fluids and throughout the whole frequency range
examined. Similar frequency dependence of dy-
namic moduli was observed for both CMC solu-
tions (Fig. 3a). In the low frequency range, the vis-
cous contribution (G’’) prevailed over the elastic
one, whereas at higher frequencies the elastic con-
tribution (G’) was predominant. The crossover
point, at which both moduli had the same value,

depended on polymer concentration and it was
for higher mass fraction of CMC (w = 2.5 %
CMC) shifted toward lower frequency. Such behav-
ior can usually be found in concentrated polymer
solutions.

Frequency dependency of welan solutions
(Fig. 3b) differed from that for CMC solutions. For
all the concentrations of welan elastic contribution
(G’) strongly prevailed over the viscous one (G’’)
in the whole frequency range examined. Both dy-
namic modules slightly increased with the increas-
ing frequency, but the increase was less pronounced
than for CMC solutions. Behavior like this is char-
acteristic for weak gels.

Mixing

Torque measurements at various impeller speeds
were performed for Newtonian and non-Newtonian
fluids. The results are shown in Fig. 4 and Fig. 5.
As it was expected, the values of the torque were
higher for the fluids with higher viscosity. For
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F i g . 2 – The effect of temperature on shear dependent viscosity for a) 2.5 % wt. CMC solution and
b) 2 % wt. welan solution

F i g . 3 – Frequency dependence of G� and G� for CMC solutions used for mixing at T = 25 °C



Newtonian oils the torque linearly increased with
increasing impeller speed (Fig. 4), while for all
non-Newtonian solutions (Fig. 5) the dependence
was non-linear. However, due to different rheologi-
cal properties of CMC and welan, the dependence
of the torque on impeller speed was not the same.
The increase of the torque with the impeller speed
was more pronounced for CMC solutions, whereas
for welan solutions the increase was smaller, espe-
cially at lower impeller speeds.

From measurements of torque at different im-
peller speed, power curves (the dependence of the
power number, P0, on the Reynolds number, Re)
were determined for all the fluids used. It can be
seen from Fig. 6 that in the range of 0.3 < Re < 40
the power curves had the same slope of –1, which is
characteristic of a laminar flow regime. The con-
stant C was evaluated from equation (4) and had for
Newtonian fluids and CMC solutions a value of
153. Due to complex rheological properties, espe-
cially more pronounced elastic properties, power
curves for welan solutions were vertically shifted
towards higher values of power number. Hence, the
constants C for different concentrations of welan
had values 410, 215 and 207, respectively.

Rheology – Mixing

In a rotational rheometer, the shear stress in the
fluid, (, is deduced from a measurement of the
torque, M, on the sensor system. The shear rate de-
pendent shear stress, determined from rheological
tests, was compared to the dependence of the torque
(induced on the impeller in mixing vessel) on the im-
peller speed. The dependences of the torque, M, on
impeller speed, N, and shear stress, (, on shear rate,
� ,7 are shown in Fig. 7. The results obtained by rheo-
logical measurements were comparable with the
mixing results. The dependences of shear stress on
shear rate and torque on impeller speed had the same
slope, but the differences were observed in the mag-
nitude of the values of shear stress and torque, re-
spectively. In Fig. 7 the comparison between rheo-
logical measurements and mixing experiments are
presented for w = 2.5 % CMC and w = 1.5 %, but
the same was observed for all fluids used.

By rheological measurements, the viscosity as
a function of shear rate was determined from equa-
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F i g . 4 – The dependence of torque, M, on impeller speed,
N, for Newtonian oils

F i g . 5 – The dependence of torque, M, on impeller speed, N, for (a) CMC solutions and (b) welan solutions

F i g . 6 – The “power curve” for a helical ribbon impeller -
dependence of the dimensionless power number, P0, on dimen-
sionless Reynolds number, Re, for all fluids used



tion (9), where the constants k and n were obtained
from the dependence of shear stress on shear rate.
In the mixing vessel, the shear dependent viscosity
cannot be determined directly from the measure-
ments of torque at different impeller speed. It can
be calculated from equation (5), where the constant
C is obtained from a set of experimental data for
Newtonian fluid. As a result, the viscosity as a
function of impeller speed can be obtained from
measurements of torque at different impeller
speeds. In the present work, the viscosity as a func-
tion of impeller speed was compared to the viscos-
ity as a function of shear rate (obtained from rheo-
logical measurements). The results are presented in
Fig. 8. The viscosity decreased with increasing im-
peller speed and shear rate, respectively, with the
same slope, but the rheologically obtained curve
was shifted. The value of the shift represented the
constant Ks ( �7 = Ks N).

Constant Ks can be determined in different ways:

1. From a set of experimental data (equation
(11)).

2. By shifting the viscosity curve from mixing
experiments (viscosity vs. impeller speed):

)� �k N n2
1 (12)

towards rheologically obtained viscosity curve (vis-
cosity vs. shear rate):

) 7� �k n
1

1
� . (13)

By Metzner-Otto relation (equation (7)) Ks can
be obtained by combining equations (12) and (13):

K
k

k
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(14)
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F i g . 7 – Comparison between rheological measurements and mixing experiments for a) 2.5 % wt. CMC and
b) 1.5 % wt. W at T = 25 °C: torque as a function of impeller speed and shear stress as a function of
shear rate

F i g . 8 – Comparison between rheological measurements and mixing experiments for a) 2.5 % wt. CMC and
b) 1.5 % wt. W at T = 25 °C: viscosity as a function of impeller speed and viscosity as a function of
shear rate



3. By correlation. In the present work by a cor-
relation, proposed by Brito-De La Fuente et al.10.
The correlation was derived by following the ex-
tended Couette flow analogy:

K
D d

n D d

n

n n ns
T e

T e

�
�

�

�

�4
1

1

2 1 1

2 14
[( / ) ]

{ [( / ) ]}
,

/ ( )

/ / ( ) (15)

where DT is the diameter of the vessel, de the equiv-
alent inside diameter, and n the power-law index.
The quantity de depends solely on the geometry of
the impeller (width of the impeller blade W, impel-
ler diameter d).10
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The results of the two experimental and one
theoretical determination of the constant Ks are pre-
sented in Table 3. For both CMC solutions, the ex-
perimentally obtained values of Ks were practically
identical and in good agreement with the values ob-
tained by the correlation. On the other hand, the ex-
perimental values of Ks for welan solutions were
very close, but significantly lower from the values,
obtained by a correlation, and lower than the values
of CMC solutions. It can be concluded that the cor-
relation, proposed by Brito-De La Fuente et al.10

can be successfully used for power-law fluids with
n > 0.1 (CMC solutions), but not for n < 0.1 (welan
solutions). Furthermore, Ks depended on the type of
the fluid. Ks increased with decreasing power-law
index, n, or increasing CMC and welan concentra-
tion, respectively. This indicates that constant Ks
depends not only on geometry of the impeller
(which is reported in literature11), but also on rheo-
logical properties of the fluid (especially on the
power-law index, n).

The shear rate around the impeller in the mixing
vessel was evaluated (equation (7) by using the ex-
perimentally determined constant Ks. The viscosity
as a function of shear rate in the mixing vessel was
determined and compared to the rheologically ob-
tained relation. Shear rate dependent viscosities are
presented in Fig. 9; while consistency indices (k) and
flow behavior indices (n) are presented in Table 4.

The comparison of different viscosity determi-
nations (Fig. 9) showed, that the dependence of the
viscosity on shear rate obtained by measuring the
torque on the impeller closely followed the rheolog-
ical measurements. For all the fluids studied, con-
sistency indices (k) and flow behavior indices (n),
obtained rheologically and by mixing experiments,
showed very similar values. This means that for
CMC and welan solutions studied the shear-de-
pendent viscosity could be very precisely deter-
mined in mixing by measuring torque.
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T a b l e 3 – Comparison of the values of Ks determined by
correlation (equation (15)) and by experimental
results

n (/)

Ks (/)

correlation10

equation 15

Ks (/)

experimental

equation 14

Ks (/)

experimental

equation 11

2 % wt.

CMC
0.402 21.1 20.14 20.15

2.5 % wt.

CMC
0.364 21.3 22.47 22.45

1 % wt.

welan
0.081 23.45 15.28 15.28

1.5 % wt.

welan
0.064 23.9 15.59 15.69

2 % wt.

welan
0.05 24.3 15.64 15.73

F i g . 9 – The dependence of viscosity on shear rate for CMC and welan solutions: comparison between the de-
pendence obtained by rheological measurements (solid lines), and the dependence obtained by mixing
experiments (symbols) – equation (5)



Conclusions

The rheological characterization was per-
formed in order to determine different rheological
behavior of the fluids used. The results confirmed
Newtonian behavior of, both, motor oils and
shear-dependent non-Newtonian behavior of CMC
and welan solutions, respectively. Under steady
shear these fluids exhibited time-independent shear
thinning flow behavior with different values of flow
behavior indices (n). Rheological tests under non-
-destructive shear conditions confirmed completely
different rheological behavior of CMC and welan
solutions. CMC solutions exhibited viscoelastic po-
lymer solutions like properties, while welan proper-
ties were closer to weak gels. Due to complex rheo-
logical properties of welan solutions, significant
discrepancies were obtained in mixing.

In the range of Reynolds number 0.3 < Re < 40
power curves (power number vs. Reynolds number)
were determined by measuring torque at different
impeller speeds. For all the fluids, the power num-
ber decreased with increasing Reynolds number
with the slope of –1. The experimental points for
oils and CMC solutions laid on the same line, while
welan values were shifted toward higher values of
C. The next difference was observed in value of
shear rate constants Ks. Shear rate constants Ks were
determined experimentally and calculated by a cor-
relation. It was observed that experiments were in
good agreement with the correlation for CMC solu-
tions, but there were significant discrepancies for
welan solutions. In the most of literature it is re-
ported, that Ks depends only on the geometry of the
impeller, whereas some of the authors10 report on
slight dependence of Ks on fluid properties. The re-
sults from our study showed that Ks is much more
dependent on fluid properties. Experimentally de-
termined shear rate constants Ks were used to calcu-
late the dependence of the viscosity on shear rate in

the mixing vessel. Consistency indices (k) and flow
behavior indices (n) were determined from mixing
results. In all the fluids used, rheologically deter-
mined parameters were in good agreement with
ones, obtained from mixing measurements. From
these results, it can be concluded that the depend-
ence of the viscosity on shear rate could be deter-
mined during mixing by measuring torque on the
impeller. This is especially important for practical
applications, where complex fluids like suspen-
sions, fermentation broths, and other non-homoge-
neous fluids are used, and rheological determina-
tions are often complex and unreliable.
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N o m e n c l a t u r e

d – diameter of the impeller, m

DT – inside diameter of the vessel, m

de – equivalent inside diameter, m

h – ribbon height, m

G' – elastic or storage modulus, Pa

G'' – viscous or loss modulus, Pa

H – height of the fluid, m

k – consistency index, Pa·sn

KS – shear rate constant

M – torque, Nm

N – impeller speed, s–1

n – power-law index

P – power input, W

P0 – Power number

Re – Reynolds number

T – temperature, °C

W – width of the impeller, m

w – mass fraction

G r e e k s y m b o l s

�7 – shear rate, s–1

) – viscosity, Pa s

< – density, kg m–3

( – shear stress, Pa
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