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Despite the fact that aerated stirred tank reactors are widely used in industry and often studied, their design and scale-up

still remains challenging. Especially the specific power input is a crucial and geometry-dependent scale-up parameter,

usually calculated with the dimensionless power number Po. Within the scope of this study, the power number is mea-

sured for different stirrer types and configurations in a laboratory and an industrial-scale aerated stirred tank reactor.

Good agreements to literature are found for the unaerated case for the two-stage stirrer configurations at different stirrer

spacing for both scales. By literature only the aerated case in the laboratory scale can be predicted. Scale-up of an aerated

industrial-scale reactor is challenging because of a specific influence of the aeration. In case of a three-stage Rushton

configuration, an asymmetrical distribution of the stirrers should be preferred to ensure a high power number as well as

good power performance under aerated conditions.
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1 Introduction

Due to their simple operating mode, low investment costs
and flexibility, aerated stirred tank reactors are still used
widely in industries connected to chemical and biochemical
engineering today. Important parameters and challenges for
a variety of applications in these different fields are efficient
mixing of two-phase flows with high heat- and mass trans-
fer performance, short mixing times, and an efficient energy
input [1]. Because of their significance, these parameters
have been investigated intensively in the past decades. The
findings have been used to enhance modeling and simula-
tion of processes in these apparatuses. An important task here
is the scale-up of processes from small laboratory-scale reac-
tors with few liters in volume to the dimensions commonly
found in industrial applications with several cubic meters.

Despite the undertaken research, the design and scale-up
still presents an immense challenge as the large variety of
influencing parameters makes this task an ambitious one.
This is already clear from the fact that different scale-up
procedures exist. In general, geometric relations should be
kept constant when transferring a process from lab to in-
dustrial scale. Additionally, to ensure constant volumetric
mass transfer values, it is recommended to keep the volu-
metric power input as well as the superficial gas velocity
constant. Other scale-up approaches are based on, e.g., con-
stant shear rate, impeller tip speed or constant mixing per-

formance [2–5]. First investigations in this field were
focused on mixing time, global flow structures and gas
hold-up (e.g., [6–11]), but over the years, the focus shifted
from global measurements to more local experimental anal-
ysis. This shift was accompanied by a greater interest in
bubble size distributions [12, 13], local gas hold-up
[11, 14, 15] and liquid and gas velocities [16, 17]. However,
reliable design and scale-up remains a challenging task.

Therefore, a large-scale acrylic glass reactor with a total
volume of VR = 15 m3 and total optical access has been
erected at Hamburg University of Technology together with
Boehringer Ingelheim Pharma GmbH & Co. KG to expand
available data on large-scale reactors. The objective of this
project is to enable a more reliable modeling and scale-up
as well as transfer between different systems. As part of
these investigations, several measurement techniques are
used for the different investigated phenomena like optical
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measurement techniques to determine the mixing time
[18], endoscopic optical probes to measure bubble size dis-
tributions or inline oxygen and carbon dioxide sensors to
measure volumetric mass transfer coefficients. This article
presents the study on the influence of spacing of multiple
impellers on power input in an industrial-scale aerated
stirred tank reactor.

2 Theory

In case of scaling up pharmaceutical cultivation processes,
the volumetric power input is a crucial key parameter. For
instance, the shear rates introduced by the stirrer increase
with increasing power input, which may lead to cell damage
or death of the cell if critical shear rates are exceeded [19].
This often results in lower power input for animal cell cul-
ture processes [20]. The power input is defined as

P ¼ 2pMn (1)

where M is the torque at the stirrer shaft and n the stirrer
frequency. If the torque is measured behind the shaft bear-
ing, the bearing idling torque must be taken into account.

Besides the power input introduced by the stirrer, aera-
tion is an important factor for the hydrodynamic behavior
and shear stress. The power input PG in the aerated case is
compared to the input P0 in the unaerated case. The ratio
PG/P0 is reported as a function of the stirrer frequency for a
given gas flow rate. The decrease in power consumption
(compared to the unaerated system) is dependent on the
setup of impellers used, e.g., the usage of different combina-

tions of impellers with a predominantly axial or radial con-
figuration, where axial configurations reportedly have a bet-
ter hydraulic efficiency [21].

Various correlations exist in literature to calculate and
predict the ratio of power input PG during aeration to the
power input P0 of the unaerated system. A selection of cor-
relations can be found in Tab. 1. Due to the number of dif-
ferent impellers available on the market and the complexity
of the hydrodynamics of different systems, literature data
are often insufficient for the task of designing and control-
ling gas-liquid stirred reactors [21].

Different approaches for the design of systems are sug-
gested by Vogel [27], which are based on, e.g., mixing time,
impeller tip speed or specific power input. Of these, the spe-
cific power input criterion is probably the most accepted
one for scale-up and process transfer between bioreactors
[28]. Due to the wide variety of geometries, correlations in
literature are almost exclusively applicable for a specific
studied vessel; the more a system deviates from this vessel,
the less applicable the correlations are [28]. Important fac-
tors here are the geometries of the vessel and the impellers,
impeller spacing and the effect of aeration on power input
[28]. For comparison of the impeller performance of differ-
ent systems and in scale up, a nondimensional method
using the power number Po and Reynolds number Re is
employed since the relationship between these two numbers
normalizes the power input to the characteristics of an
impeller [29]. The power number is defined as

Po ¼ P
rn3d5 (2)
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Table 1. Selection of correlations for the ratio of PG/P0.

Correlation Ref. Remarks

PG

P0
¼ 1� 12:6FlG;FlG < 0:035 (10) [22] FlG ¼

qG

n d3 (11)

PG

P0
¼ 0:62� 1:85FlG;FlG < 0:035 (12)

log
PG

P0

� �
¼ �192

d
D

� �4:38 rd2n
h

� �0:115

Fr
1:96

d

D

� �
Fl (13) [23] Fr ¼ n2d

g
(14)

Fl ¼ q
nd3 (15)

PG

P0
¼ 0:497

qG

nd3

� ��0:38 rd3n2

s

� ��0:18

(16) [24]

PG

P0
¼ 0:0312Fr�0:16Re0:064Fl�0:38 d

D

� �0:8

(17) [25]
V £ 30 m3; 1.8 < D/d < 3.7

PG

P0
¼ 0:1

qG

nV

� ��0:25 n2d4

gwV2=3

� ��0:2

(18) [26]
V £ 51 m3; uG £ 0.053 m s–1
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where P is the power input, r the fluid density, n the stirrer
frequency and d the stirrer diameter. The power input

P ¼ 2npMstirrer (3)

is defined by the stirrer frequency n and the stirrer torque
Mstirrer. While the stirrer Reynolds number

Re ¼ rnd2

h
(4)

is defined by the dynamic viscosity h. It is used to describe
the hydrodynamic behavior. The power number is report-
edly not affected by spacing of the stirrers in unbaffled
systems [30, 31].

Gas-liquid reactors equipped with multiple impellers
ensure a higher efficiency of gas utilization and a longer
retention time [21]. In these setups, a variety of traditional
radial turbines and axial impellers can be found. An even
dispersion of gas in liquid, a good mass transfer perfor-
mance and low energy consumption are desired properties
of these impellers and their combinations [21].

With sufficient clearance between the impellers, avoiding
any interaction between them, the total power input in an
unaerated system was found to be the sum of the power
consumption of the individual impellers [21, 32]. The ratio
of the diameter d of the impeller to the diameter D of the
tank should be between 0.3 and 0.5, approximately 0.3 for
radial flow impellers. Impellers that are too small do not
generate enough fluid movement; oversized impellers re-
quire more power while being less efficient [27]. Spacing
between impellers is important, as large spacing leads to
insufficient mixing, while spacing that is too small decreases
the power imparted to the fluid by up to 35 % compared to
properly spaced setups [33, 35]. Reportedly, spacing be-
tween impellers should range between 1.0 and 2.0d, while
the bottom clearance should be 1.0d. The adequate number
N of impellers can, thus, be derived from

HL � d
d

> N >
HL � 2d

2d
(5)

where HL is the height of liquid in the reactor [37]. Inde-
pendent behavior of impellers has been reported for pitched
blade turbines in tap water as starting with a spacing of
1.55d, while for two Rushton turbines it has been reported
to start at a greater spacing of 1.65d [30, 31, 34]. For small
gas flow rates, a sharp increase in Po is reported for dual
Rushton turbines for spacing in the range of 0.6 to 0.8d, which
is much smaller for higher gas flow rates [34]. For a dual
pitched blade configuration, the effect of impeller spacing on
power consumption is reportedly smaller in the flooded
regime than for a dual Rushton configuration. However, a
dual pitched blade configuration already starts acting inde-
pendently at a spacing of 0.45d for high gas flow rates [34].

The literature survey shows that a variety of studies on the
power input as well as hydrodynamic characteristics of single
and multistage stirrer setups has already been done. Besides
that, most data have been measured on small-scale reactors.

3 Experimental Setup and Measurement
Procedure

Experiments are carried out in an industrial-scale acrylic
glass reactor (see Fig. 1) and are compared to a 30-L twin
with a diameter D = 2 m and 0.288 m and a total volume
VR = 15 m3 and 0.03 m3, respectively. Three baffles of width
LB = D/10 and a distance of 120� are mounted at the reactor
wall. The only difference between both reactors is the agita-
tor; while the industrial reactor is equipped with a bottom-
mounted magnetic agitator (Zeta BMRF prototype), the
lab-scale reactor is equipped with a top-mounted agitator.

During the investigations, up to three turbines
(d/D = 0.33) are used. The spacing s (see Fig. 2) between
these impellers is varied and clearance to the bottom of the
reactor is kept constant for different measurements.
Aeration of the system is achieved by use of an open tube
sparger, which is located below the impellers. A torque mea-
suring cell is installed at the stirrer shaft (industrial reactor:
Lorenz DR-3000; lab-scale reactor: HiTec Zang ViscoPakt
Rheo X7) to precisely measure the induced torque by the
impeller. An MFC (Bronkhorst EL-Flow) is used to control
the gas flow rate. Two thermocouple type K temperature
probes monitor the temperature within the reactor. An ex-
ternal heat exchanger is used to keep the temperature level
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Figure 1. Photo of the acrylic glass reactor at the Institute of
Multiphase Flows [18].
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within the reactor constant. This external loop is switched
off during the measurements. Due to the lid of the reactor
and the good isolation characteristics of the acrylic glass,
the temperature loss is about 0.1 K h–1 and, therefore, adia-
batic conditions can be assumed.

For a given set of stirrer geometries and spacing between
the stirrers, the momentum on the stirrer shaft is measured
in operation over a wide range of different stirrer frequen-
cies. An overview of the geometries used is given in Tab. 2.
The pitch of the pitched blade is 45�.

Furthermore, the measurements are undertaken under
aerated conditions for three different gassing rates, as well
as in unaerated conditions. With knowledge of the idling
torque and the parameters of the stirrer, the recorded
momentum can be used to calculate the energy input for
the different investigated sets of spacing and aeration
parameters according to Eq. (1).

4 Experimental Results

The following part provides the experimental results of the
power input measurements in a 30-L and 15 000-L un-
aerated stirred tank reactor. First, the evaluation of the
torque measurements will be described exemplarily, fol-
lowed by the results for the unaerated system. Finally, the
results for the aerated system will be presented.

For design reasons, the torque sensor is mounted between
the electrical motor and the shaft bearing. Therefore, the
measured torque

Mtotal ¼ Mbearing þMstirrer (6)

is the sum of the torque resulting from the bearing and the
stirrer. To determine the power number Po, the torque from
the bearing (4–12 Nm from 20 to 80 rpm) has to be sub-
tracted from the total torque Mtotal. The determined stirrer
torque is exemplarily plotted in Fig. 3 over the squared stir-
rer frequency. Here it can be stated that the torque

Mstirrer ¼ a n2 þ b (7)

can be fitted with a quality of r2 = 1. The deviation from the
origin of the fitted curve can be explained by an overall
measurement offset of the torque measurement system and
has to be subtracted from the measured torque. Therefore,
only the slope a of the fitted curve will be used to calculate
the unaerated power number

Po ¼ 2pMn
rn3d5 ¼

2p a n2ð Þn
rn3d5 ¼ 2pa

rd5 (8)

The determined unaerated power numbers Po for the giv-
en parameters in Tab. 2 are shown in Fig. 4. It is noticeable
that the power number in the 30-L system is always smaller
compared to the industrial scale. This is mainly due to the
fact that the industrial-scale reactor is equipped with a bot-
tom-driven magnetic stirrer with a broad support structure
whereas the 30-L scale reactor is agitated from the top.

Therefore, the normalized power number

Ponorm ¼
Poi

PoRt;i
(9)
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Figure 2. Visualization of the spacing for the three different
stirrer configurations, three-stage Rushton (i), Rushton+pitched
blade (ii) and two-stage Rushton (iii).

Table 2. Overview of test parameters and geometries for the 30-L and 15 000-L scale; *outer stirrers fixed at positons s/d = 0 and 2.

Setup Stirrer setup Dimensionless
stirrer pitch s/d
[–]

Superficial gas
flow rate uG

[mm s–1]

Stirrer frequency n
[rpm]

Reynolds number Re
[–]

Reactor
volume V
[m3]

30 L 15 000 L 30 L 15 000 L

a Rushton + pitched
blade (RtPb)

0.25–2.5 1.06–2.12 – 20–80 – 147 408–589 633 12.5

b 2x Rushton (2Rt) 0.25–2.5 1.06–2.12 100–400 20–80 15360-61400 147 408–589 633 0.03–12.5

c 3x Rushton (3Rt) 0.25–1.75* 1.06–2.12 100–400 20–80 15360-61400 147 408–589 633 0.03–12.5

Figure 3. Stirrer torque M plotted over modified stirrer
frequency n2 to determine the influence of the measurement
offset error.
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is introduced, which is the ratio between the respective
power number Poi and the power number PoRt,i for a single
Rushton turbine in each system. The normalized Ponorm is
plotted in Fig. 5. For Figs. 4 and 5 the maximum error is less
than 1.3 % of the mean value and is, therefore, not shown.

It can be stated that for the normalized Ponorm, the
dependency of the stirrer spacing is comparable for both
the lab- and industrial-scale reactor as well as with Hudcova
et al. [35] for a two-stage Rushton setup. However, com-
pared to the industrial scale the normalized Ponorm is recog-
nizably higher for this setup with dimensionless stirrer pitch
values less than one in the 30-L scale and literature. Fur-
thermore, on industrial scale, there is no significant influ-
ence on the power input for a dimensionless stirrer pitch
smaller than one between the two-stage Rushton and the
Rushton/pitched blade (RtPb) setup. This is particularly in-
teresting since a single Rushton turbine has a much higher

power number compared to a single pitched blade. Further-
more, the maximal power number of the three-stage
Rushton setup is not significantly higher than the power
number of the two-stage Rushton setup. However, the maxi-
mal power number has been determined at a dimensionless
stirrer pitch of s/d = 1.5 for the three-stage Rushton setup.

In the second part of this work, the influence of aeration
on the power input for the given stirrer setups will be
shown. Therefore, the deviation of the power number under
aeration compared to the unaerated system is plotted over
the dimensionless stirrer pitch for each setup in Fig. 6. The
plotted values are measured at the highest stirrer Reynolds
number Restirrer = 6.6 � 105. It can be concluded that aeration
will, as expected, lead to a decrease of the power number.
Furthermore, the aerated power number will decrease
slightly more at higher dimensionless stirrer pitches for the
two-stage Rushton and RtPb setup (Fig. 6a and 6b). In addi-
tion, for the three-stage Rushton setup the effect of aeration
on the power number for small and high dimensionless stir-
rer pitches is less compared to the two-stage stirrer setups
(see Fig. 6d). However, aeration will lead to a much higher
decrease of the power number for a symmetric distribution
(s/d » 1) of the three Rushton turbines (Fig. 6c at s/d » 1).
This is thought of as being based on the formation of three
segregated compartments [36].

Due to these, the stirrers will load the middle compart-
ment with gas, leading to a drop in local density of the mul-
tiphase and, thereby, to a drop in the power input. In case
of an unsymmetrical distribution of the three stirrers the re-
sulting middle compartment is less loaded with gas. This is
of particular importance because a symmetrical distribution
of the stirrers is generally preferred. Additionally, a sym-
metrical distribution of the stirrers does not have the high-
est possible power number and will lead to a significantly
worsened power input performance under aeration as well.
Therefore, this effect should be taken into account when
scale-up is based on mixing time and mass transfer perfor-
mance, which both are sensitive to power input.

In the last part of the evaluation, the experimentally de-
termined effect of aeration on the power number will be
compared with correlations available from the literature.
Therefore, the measured values for PoG/Po0 are plotted over
the calculated values for the RtPb and three-stage Rushton
configuration in Fig. 7. As a correlation parameter the gas
flow number FlG is used. As already shown in Fig. 6, the
spacing of the RtPb configuration in the industrial-scale
reactor has less effect on the power number. Furthermore,
the measured data are in good agreement with the predicted
data for the three-stage Rushton and RtPb configuration in
the 30-L reactor. Whereas, the measured influence of aera-
tion in the industrial scale is much smaller than predicted
by Calderbank [22]. One possible explanation for this is
that the ratio of bubble diameter to stirrer diameter is much
larger for the lab-scale reactor than for the industrial-scale
reactor. Therefore, the aerated power number PoG of the
industrial-scale reactor is less influenced by aeration than
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Figure 4. Experimentally determined power numbers Po and
comparison with Hudcova et al. [35].

Figure 5. Normalized power numbers Ponorm and comparison
with Hudcova et al. [35].
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the lab-scale reactor at same gas flow numbers FlG. Further-
more, the coherent turbulent structures introduced by the
stirrer will scale with the reactor geometry whereas the
isotropic turbulence will scale with the specific power input
P/V. Thus, the ratio between the coherent turbulent struc-
tures and the isotropic turbulence cannot be kept constant
during scale-up. This makes the predictive scale-up even
more difficult.

5 Conclusion

The objective of this work was to investigate the influence
of stirrer spacings for different stirrer types on the mechani-
cal power input characteristics of an aerated stirred tank
reactor. Therefore, power input measurements have been
performed at a 30- and 12 500-L scale and have been com-
pared with available data from literature. The results from
experiments indicate good consistency to the data from
Hudcova et al. [35] for the two-stage stirrer combination.
However, the influence of small stirrer spacing (s/d < 1) for
the industrial reactor is significantly smaller than for the
30-L reactor and the data from Hudcova et al. [35]. In addi-
tion, the highest power number was determined for the
three-stage Rushton combinations with an asymmetrical
distribution of the agitators of s/d = 1.5.

In case of aeration, the power number will decrease by up
to 10 % for the two-stage stirrer combination and large
spacings, whereas a drop in the power number by up to

18 % for the three-stage Rushton combination was deter-
mined. However, a symmetrical distribution of the stirrers
does not have the highest possible power number and will
lead to a significantly worsened power input performance
under aeration as well. Therefore, this effect should be taken
into account when scale-up is based on mixing time and
mass transfer performance, which both are sensitive to
power input.

The authors gratefully thank Boehringer Ingelheim
Pharma GmbH & Co. KG for the financial support to
conduct the presented research and ZETA Biopharma
for the provision of the BMRF bottom-driven magnetic
stirrer for the industrial-scale reactor.

Symbols used

a [Nm n–2] slope in Eq. (16)
d [m] diameter (impeller)
D [m] diameter (reactor)
FlG [–] gassed flow number
Fr [–] Froude number
H [m] height
L [m] length
M [N m] torque
n [s–1] stirrer frequency
N [–] number of stirrers
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a) b)

c) d)

Figure 6. Experimentally deter-
mined power numbers for different
superficial gas velocities vG normal-
ized to the unaerated power num-
ber for each stirrer setup (a–c) and
comparison of the influence of the
highest superficial gas velocity vG

on the power number between the
stirrer setups (d).
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P [W] power consumption
Po [–] power number
q [m3s–1] impeller pumping capacity
qG [m3s–1] gas flow rate
Re [–] Reynolds number
s [m] spacing
uG [m s–1] superficial gas velocity
V [m3] volume
_V [m3s–1] volume flux

w [m] impeller width

Greek letters

eG [–] gas hold-up
h [Pa s] dynamic viscosity

r [kg m–3] density
s [mN m–1] fluid surface tension

Sub- and Superscripts

B baffle
stirrer stirrer
G gas
G aerated condition
i 30-L or 12 000-L scale
L liquid
R reactor
stat stationary
0 unaerated condition
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