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Asymmetric Blade Disc Turbine for High Aeration Rates

Andrej Bombac¢
University of Ljubljana, Faculty for Mechanical Engineering, Slovenia

This paper presents some fluid-dynamic characteristics of modified impellers for air dispersion with high flow rates. An asymmetrically folded
blade turbine (ABT) was developed as the last in a series of research studies on modified blades of disk impellers, such as twisted blade
turbine (TBT) and other blade shape turbines. The analyses of the modified impeller characteristics in a model scale mixing device includes
the measurements of: a) the mixing power in liquid stirring and in the air dispersion up to the occurrence of flooding, b) global gas hold up,
¢) appearance of flooding, and d) the mixing times in liquid stirring. The energy dissipation of the ABT impeller was found to be very small, in
the range of hydrodynamic regimes in industrial scale operations with a power number equal to Po,gr ~ 1.75. During aeration in water, the
ABT impeller has a very small power draw reduction (less than 16 %) at the same stirrer speed (corresponding to Fr = 0.3) and is capable of
dispersing substantially higher amounts of air (up to 53 %) than the Rushton turbine is, as well as achieving shorter mixing times. While local
mixing time expresses only changes with the time at the measuring location, a CFD analysis was included for better insight into inhomogeneity

in the liquid. To compare the efficacy of the ABT impeller with other impellers, some results of our previous research are summarized.
Keywords: liquid mixing, air dispersing, gas holdup, ABT impeller, flooding, mixing time

Highlights

*  High efficiency of the newly developed asymmetrically folded blade turbine (ABT) during dispersing of air into water by single

impeller stirring.

e Low power number of the ABT impeller in water mixing (1.75).

*  High pumping capacity by air dispersing at very small power draw reduction (less than 16 %).
*  (Capable of dispersing much greater amounts of air (up to 53 %) than the Rushton turbine is.
*  The shortest mixing time by the same impeller energy dissipation.

*  Some CFD analysis results included for better insight into inhomogeneity in the liquid.

0 INTRODUCTION

Air dispersion in tall, slim fermenters is mostly carried
out with multistage impellers to provide high air flow
intake, which must be supplied in some fermentation
processes in the pharmaceutical industry. Such an
impeller can be assembled of two equal impellers,
such as dual Rushton turbines in parallel, merging,
and diverging flow conditions [1], power consumption
[2], mixing rate [3] or flow patterns [4]. The higher the
ratio between tank height and its diameter H/7, the
higher the number of impellers equidistantly placed
to ensure as much uniform void fraction distribution
as possible [5] to [8]. Nowadays, a combination of
axial and radial impellers [7] and [9] predominates.
The choice of a proper impeller for the given
geometric configuration of the mixing vessel is of
prime importance for the optimal achievement in the
fermentation process: a fermenter must have a flow
field that provides the organisms with air throughout
the entire volume of the liquid. Any dead zone can
cause an improperly fermented product due to lack of
air. A multi-stage impeller with a proper configuration
provides the circulation of substances in the fermenter
and most evenly distributes the air throughout the

liquid volume [10]. To determine these conditions, it
is necessary to know the main characteristics of the
individual impeller, such as the mixing power [11] and
[12], gas holdup [11], bubble size and distribution [13]
and [14], flooding in gas-liquid systems [8], [15] and
[16] and in even more complex three-phase systems
[17] and [18], mixing time [19] to [21], etc.

Each impeller dispersing air is limited by the
maximum amount of air to be dispersed. Further
increasing of the air flow rate causes flooding. From
the process operation point of view, flooding is an
inefficient operation. Usually, the ring sparger is used
for the air intake and is placed in-between the bottom
and the lowest impeller. From an extensive study [15]
of individual impeller-flooding by gassing in a tall
mixing vessel with single, dual (Du) and triple (Tr)
Rushton turbines, it was determined that the lowest
impeller (Dul and Trl, see Fig. 1) is prone to be
flooded in both configurations even at lower gas flow
rates in comparison to gassing with a single impeller
in a standard geometric configuration vessel. Due to
lesser pumping capacity, a flooded impeller causes an
extremely inhomogeneous gas phase distribution and
changes the other basic characteristics, so the lowest
impeller is of key importance for effective dispersion.
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Fig. 1. Individual impeller flooding conditions; comparison of single, the lowest impeller by dual (Dul) and triple-impeller (Tr1) stirring

If an additional enlarged amount of air needs to be
dispersed in some fermentation processes [8], at
a minimum, the lowest impeller must be replaced
with a more capable one in terms of preserving the
pumping capacity and the small power reduction as
much as possible by gassing. There are many studies
in which Rushton turbine modifications [21] and [22]
and disk impellers of various blade shapes [19] and
[23] to [26] were used to enhance the lowest impeller
characteristics.

In the following sections, a modified disk impeller
ABT [27] is presented, which is derived from the same
basic contour of the standard Rushton turbine (RuT)
as well as other modifications; such as split blade disk
impeller, twisted blade impeller (TBT) [19] and [28] or
double disk impeller [29]. The asymmetrically folded
blade turbine (ABT) impeller was developed and
patented at the Laboratory for Fluid Dynamics and
Thermo-dynamics specifically for dispersing large
quantities of air, which (in contrast with the other
two developed and gradually improved impellers
(the TBT and the split blade turbine) demonstrates
air dispersion with the least energy dissipation, a
high gas holdup, slight power drawn by aeration, and
flooding at much higher gas flow rates than any other
impellers. Computational fluid dynamics (CFD) is a
very useful tool to analyse transitional phenomenon in
space-time domain, which mixing time represents. In
that manner, CFD was performed by liquid mixing for
the same geometric configuration as the experimental
setup. It enabled the visualization of the flow field of
different impellers as well as the spreading of poured

hot water, representing the pulse/response technique
of measuring the mixing time.

1 EXPERIMENTAL SETUP AND EXPERIMENT

The measurements of the mixing power were carried
out in a mixing vessel comprised of an upright
cylindrical vessel, made of acrylic glass with an inner
diameter 7 = 450 mm with rounded edges and a flat
bottom. The mixing drive shaft enabled the placement
of up to five impellers of various types and clearances
between them in case of multi-stage impeller stirring
with a maximum height of the water of 1350 mm.
Four baffles of width 7/10 were axially symmetrically
placed perpendicularly to the vessel wall with a gap
of 8 mm between the wall and the baffle; the impeller
clearance was set to 7/3. The experimental set-up
by single impeller stirring with liquid height H = T
is shown in Fig. 2. Impeller speed was measured by
IR-pulse transmitter with an absolute error of =1 rpm.
An HBM transducer enabled torque measurements
with an error of +£0.02 Nm, while the gas flow
rate was measured with calibrated rotameters with
the error +0.4 m3/h, respectively. A more detailed
description of the measurement installations and the
accuracy of the measured values, the repeatability of
the measurements, etc. are given in [15] and [19]. Tap
water was used as the working liquid and air from the
in-house compressed air, both at room temperature.
Mixing time was measured based on pulse-response
technique [19] and [30]. One dm3 of hot water at
~95 °C was poured into the vessel in cca. 0.5 s just
above the location of the thermocouple tip {r, z; 65,
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Fig. 3. Mixing times tqs based on pulse response at the measurement locations P1, P2, P3

420 mm} to begin the measurements. This location
was chosen based on literature data [30] according to
which mixing times were measured at three different
locations (below the surface, just under the lower edge
of the impeller and near the vessel wall) and varied
from —10 % to +6 % in comparison with their mean

value. A thin non-insulated thermocouple (Ni-CrNi,
type K) of 0.2 mm of diameter tip was used to provide
a quick response, which was analysed previously
and found to be between 440 °C/s and 550 °C/s. The
mixing time #9s is defined as the difference between
the final time (¢;), when the temperature stabilizes
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cross section A-A cross section B-B

cross section C-C

RuT Impeller TBT impeller ABT impeller
Fig. 4. A Rushton turbine and both modified impellers

within +5 % of the final average temperature, and
the start time (z,) of the pulse entry. The mixing times
were calculated from temperatures recorded at three
locations defined as: P; location (ry, z;); (7/4.7 from
the impeller centre line, 7/4.5 from the level), P,
location (75, z,); (7/2.2 from the axis of the impeller,
T/3 from the level) and P location (73, z3); (7/8 from
the axis of the impeller, 7/50 from under the edge of
the impeller) and averaged (fos5,p 95 pa 195 p3)/3. Fig.
3 shows separate temperature responses at the all three
locations after the pulse input (poured hot water) by
stirring with ABT impeller. The sampling frequency
of the measuring temperature was set to 10 Hz; each
measurement lasted 60 s.

The global gas holdup measurements were
performed with improved three-point “level taker”,
which based originally on the change of the liquid
level height only in one location and was defined for a
cylindrical vessel as:

ay = (Hy— H) / H,, ()

where H, means the liquid level under gassing and
H is the liquid level by liquid mixing. Each a, was
measured at constant impeller speed with a stepwise
increase of the air flow rate. The measurements of the
height were taken for each individual hydrodynamic
regime five times; their average value was used for
further analysis. All the impellers used (RuT, TBT,
and ABT) are shown in Fig. 4. The blade of the ABT
impeller is in the middle by width (w) folded in the
form of the letter “’V”* and placed so that the upper part
has a smaller slope than the lower part does, while the
upper part is longer than the lower part, as shown in
Fig. 4, cross section C-C.

All impellers (RuT, TBT, and ABT) have the
same disk diameter, the same width (b) and height
(w) of the blades and the impeller diameter (77/3), as
shown in Fig. 4.

2 RESULTS AND DISCUSSION

A number of measurements were taken in order to
determine the basic impeller characteristics for each
type of impeller in liquid mixing and in the dispersing
of air into water by a standard geometric configuration
of the mixing vessel.

2.1 Mixing Power in Water

The mixing power of each individual impeller
was measured for various rotational speeds and is
expressed with power number Po = P/p-n3-D3), while
the impeller rotational speed is expressed with the
Reynolds number Re = D2-n/v .

The rotational impeller speed increased from
50 rpm to 650 rpm. As shown in Fig. 5, in the range
Re > 110,000, the Po value for the ABT impeller
stabilizes with an averaged value of Po ~ 1.75, while
the average value for the standard RuT impeller when
stabilized and without surface aeration is ~5.13. At
Re > 150,000, the power number of the RuT impeller
decreases due to surface aeration, i.e. air being sucked
from the surface in the liquid. Such a hydrodynamic
regime is treated as an air dispersion with a low gas
holdup. In mixing with the TBT and ABT impeller, no
surface aeration in the same range of impeller speeds
was detected. Therefore, why the ABT power curve
stabilizes at a higher Re number can be attributed
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Fig. 5. Power number of various disk impellers by mixing in water

to its hollow blade shape; these types of impellers
develop fully turbulent regime in the baffled tank at
higher impeller speeds [23].

2.2 Dispersion of Air in Water

The mixing power in air dispersion is usually found
to be lesser than mixing in a liquid and decreases with
an increase of air flow rate. This is due to the weaker
pumping capacity of the impeller, since the negative

pressure region behind the blades is filled with air,
i.e. so-called gas-filled cavities. With an increase
in air flow, the gas cavities become greater, while
the pumping capacity of the impeller becomes ever
weaker. Flooding occurs when the buoyancy forces of
the gas phase dominate the weak primary circulation of
the impeller discharge flow. During the measurement
of the mixing power, this state can be reflected as a
local increase in power (with regard to the previous
regime), and the corresponding relationship is marked
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as flooding (P,/P)r while the condition just before
flooding as loading (P,/P), respectively, and the
transition itself is the loading-to-flooding transition
[16]. In Fig. 6, the ratio P,/P is shown in air dispersion
with the studied impellers in dependence on the flow
number FI = ¢g/(n'D3) at constant impeller speed
expressed with Froude number Fr = n2-D/g. It is
obvious that the RuT impeller floods first at £/ ~ 0.17
while the primary circulation of the impeller discharge
flow weakens with increasing gas flow rate, and the
mixing power dissipation decreases by 65 %.

With a modified twisted-blade shape, the TBT
impeller floods at a somewhat higher flow number

Fl ~ 0.21, but during dispersion, there is still a 52 %
decrease in power. Real improvement of gas dispersion
can be seen only with the ABT impeller, which floods
at /1= 0.24 and shows a very small power draw under
gassing: only 18 %. That means that the ABT impeller
still maintains the circulation of dispersed air in the
vessel even with quite higher air flow rates. Another
flooding recognition method in single-impeller
dispersion [16] used in our study of ABT impeller is
based on the global gas holdup drop, as shown in Fig.
7. With an increase of air inflow into the liquid, the
gas holdup rises to a stagnation point and soon, with
a further minimal increase in the air intake, flooding
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occurs (F). In Fig. 7, flooding conditions are shown
as a local decrease in the global gas holdup and are
evident at Fr=0.3, Fr=0.4 and Fr = 0.5, while at Fr
= 0.6 no flooding was able to be detected.

Thus, on the basis of the measurement results of
the studied impellers, the influence of the different
disk impellers on the flooding transition can be seen
in the flow map in Fig. 8. Curves represent loading to
flooding transition (LFT) correlation criteria

Fr=k, -Flk, )

with the coefficients k; and k, and the correlation
coefficient R shown in Table 1.

Table 1. Parameters of the regression curve by Egs. (1) and (2)

Impeller/coef. ABT TBT RuT

ky 1.912 2.786 3.340
ky 1.216 1.429 1.375
k3 32.64 19.913 32.978
ky -0.464 -0.3162 -0.378
R;rr 0.991 0.991 0.976
Ri95 0.970 0.960 0.923

The ABT impeller is clearly capable of dispersing
an even somewhat greater amount of air than the
TBT impeller prior to flooding by higher impeller
rotational speeds (Fr). However, the basic difference
between their functioning is in the power drawn which
is significantly lesser with the ABT.

2.3 Mixing Time during Liquid Mixing

The mixing times of the studied impellers were
approximated according to the criteria [19] depending
on the impeller power:

tos = ky-P K, (€)

where the coefficients k3 and k,; and the correlation
coefficient R are shown in Table 1.

In general, it is clearly seen that with a greater
mixing power the mixing time for all given impellers
is shorter, as can be seen in Fig. 9. The greater mixing
power essentially represents the greater pumping
capacity of the impeller and, consequently, more
intensive circulation which is reflected in a shorter
mixing time. The difference in the mixing time among
studied disk impellers of equal side view contour are
at the same mixing power related only to the form of
the blades of individual impellers, which form and
direct the impeller discharge flow. For example, it
is clear that the RuT impeller mixing times are very
long, even twice the times for the ABT impeller,

which, of course, strongly influences the efficiency of
the impeller, as will be discussed later.

The measured mixing times were compared with
the results of the most cited criterion [7], [20] and [31],
which was based on summarized experimental data of
mixing times (fys) of different impeller types:

1.1 (TY
1, =520 poo-%)( D] . )

According to Eq. (4), the mixing times are
regarded to any impeller type in single impeller
mixing by the conditions 1/3<D/T<1/2 and H=T.
A comparison of the measured values calculated
using Eq. 4 shows a relatively good match with the
interdependent parameters P—t,, which raises the
question of the meaningfulness of comparing absolute
values. As can be seen from Fig. 9, the studied TBT
and ABT impellers have achieved quite different
mixing times by the same mixing power. Specifically,
the Power number for the RuT impeller in the
standard geometric configuration, according to the
literature survey, is found to be between 4.8 <P0<6.3,
which differs from our measured value with a relative
discrepancy from —7 % to 23 %. Similarly, various
experimental methods of determining the mixing time
also differ not only on a physical basis (temperature
response, pH change, change in conductivity,
discoloration, etc.), but also according to the various
criteria for achieving the mixing rate. Thus, the
mixing rate can be reached by determination: i)
A,=%0.05-A4 [21] and [26] or ii) 4’,=+1 % [11],
+5 % [32] and [33] or even 10 % [34] where A4
represents any measured property and 4’ its fluctuation
[29]. If we proceed from the local measurements, then
we have to additionally take into account the influence
of the location itself (7, z, ¢), since the deviations
between mixing times were found to be from —6 %
to 11 % of the mean mixing time [11]. In general,
the pulse/response method determines the minimal
amount of input substance that represents a pulse. In
our case, this means 1 dm3 of hot water (as a pulse)
while the pouring of water into the vessel itself takes
between 0.5 s and 0.75 s and is directly included in the
mixing time, while the injection times of chemicals
of much smaller quantities using methods based on
conductivity or pH change (injection of 3 ml of acid or
salt solution, etc.), or discoloration, are considerably
shorter.

The mixing time, expressed with local changes
in any arbitrary property, represents only the time that
a lack of homogeneity is present at a given location
in the vessel, so the mixing time is only a somewhat
rough evaluation of mixing quality. Therefore, for a
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high-quality product from the process, any difference
in homogeneity of the liquid volume is of vital
importance, see Fig. 13.

To analyse the mixing efficiency of an individual
impeller, direct energy consumption (£ - dissipated
energy) can be used as a suitable estimate:

E=tos-F. (&)

Now it is clearly seen (Fig. 10) that the mixing
times of the impellers are quite different by the
same dissipated energy. For the same mixing time
as the ABT impeller (e.g. at 5 s), the TBT impeller
dissipates approximately ~2.7 times more energy
and the RuT ~ 5.2 times more. Due to all the above-
mentioned preferences, i.e. a very small reduction of
Py/P under gassing, and simultaneously maintaining

the circulation of a dispersed air in the vessel with
quite higher air flow rates, as well as low power
consumption, the ABT impeller is very suitable to be
placed as the lowest impeller in the case of a multi-
stage impeller for dispersing a large gas intakes into
the liquid.

A commercial CFD code ANSYS Fluent 14.5 was
performed by liquid mixing in a standard geometric
configuration tank of equal size as the experimental
device to analyse some mixing characteristics of
different impeller types. The computational mesh
consisted of two parts: the first one represented the
stationary part (i.e. the mixing vessel with baffles of
959,040 cells), and the second one represented the
rotational part formed from 86,100 cells for the RuT
impeller and 327,531 cells for the ABT impeller.

100
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Fig. 10. Mixing time dependence on dissipated energy of various disk impellers
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Some characteristics of the approach with Sliding
mesh and Reynolds stress model for turbulence given
by an impeller rotational speed of 267 rpm calculated
flow field are shown in the following figures. It can
be seen that, for example, how the liquid flow field
and turbulent kinetic energy differ from one another
during the mixing with the Rut, TBT, or ABT
impeller. Turbulent kinetic energy by mixing with
the RuT impeller with its discharge flow causes the
greatest turbulence, as seen in the vertical r-z cross-
section and in a cross-section at the height of the
impeller disk (upper right in Fig. 11). The radially
directed discharge flow from the impeller splits at the
vessel wall into upper and lower circulation loops, as
shown in the flow field with speed vectors shown in
Fig. 12. Quite different conditions are seen with the

b)

Yoy Eoty Datpaen
s |

l Lm0

[0

qm'rmo

I:L—l'u-wo
331880
LT

ey
c)

TBT impeller; it achieved a somewhat lower turbulent
kinetic energy, impeller discharge flow during mixing
in water is directed axially down-wards (which
completely changes with air dispersion and becomes
radial) and there is one large circulation loop. The flow
pattern in liquid mixing is very similar, otherwise, to
the axial impellers whose main purpose is to provide
an intensive circulation with the least turbulence. With
the ABT impeller, the turbulent kinetic energy is much
smaller and is present in a narrower area. The impeller
discharge flow is radial and at the wall splits into an
upper and lower circulation loop; both circulations
are more intense than with the RuT impeller. The
CFD calculated power number was Posgr = 1.7,
which was ~3.5 % higher than the measured one. By
stirring with RuT impeller, the CFD-calculated power

e
i

g £

Fig. 11. Turbulence kinetic energy by mixing with a) RuT, b) TBT, and c) ABT impellers [28]
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Fig. 13. Spreading of hot water (pulse) in the flow field using the RuT impeller
after 2.5, 2.8s,3.1s,4.0s,4.55,5.3s,6.2s,and 7.8 s [33]

number was Pog,r = 4.0 representing a 22 % lower
value than the measured one, and by TBT impeller
Porgt=2.49 representing a 33 % lower value than the
measured one, respectively [28]. CFD is a very useful
tool to analyse a transitional phenomenon in space-
time domain; which is what mixing time represents.
The simulation was performed with 1 dm3 of hot
water at the P1 location in the same manner as in the
experiment. The spreading of the added hot water
(pulse) in the r-z cross-section plane is shown in Fig.
13. Spreading started in the already developed flow
field of water mixing with the RuT impeller by Fr =
0.3. The blue colour represents the state of mixing,
greater than +5 % of the final value. Looking at the
mixing-over-time domain, the mixing time (expressed
as the local change in any arbitrary property)
represents only the time when a lack of homogeneity
is present at a given location in the vessel, which
confirms our assumption. This is particularly clearly

seen at 6.2 s and 7.8 s, when the proposed mixing rate
has already reached the marked location P1 despite
the presence of inhomogeneity in the liquid in its
immediate vicinity. According to measured mixing
time, by the same impeller speed, which was equal
to 8.5 s, the CFD-calculated mixing time was in good
agreement.

3 CONCLUSIONS

This article presents the efficiency of the
asymmetrically folded blade turbine (ABT) during the
mixing and dispersing of air into water with a single
impeller in the standard geometric configuration of
the mixing vessel. To compare the efficiency of this
impeller, this paper also summarizes some findings
of our previous research on other disk impellers
(RuT, TBT, and split blade disk turbine). The mixing
power measurements were performed in liquid and in
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the dispersion of air into liquid by a single impeller
stirring up to the eventual flooding appearance (LFT).

The power number of the ABT impeller in water
mixing is low, and it’s almost constant value equals
Po ~1.75.

In the dispersion of air into water, the ABT
impeller maintains its pumping capacity, which arises
from the small power draw (less than 16 %) with the
capability of dispersing much greater amounts of air
(up to 53 %) than a Rushton turbine or TBT impeller.

Of all the impellers presented here, the mixing
times are shortest for the ABT impellers at the same
impeller power. Even more noticeable is the difference
in the impeller efficiency, such that at the same mixing
time of 5 s with the ABT impeller the TBT impeller
dissipates approximately 3 times and the RuT impeller
even 5.5 times more energy than the ABT impeller
does.

Analyses of some mixing characteristics, such
as liquid circulation, impeller power dissipation,
mixing time and others, were also carried out using
a CFD approach for specific purposes with the
above-mentioned impellers. In this manner, the
visualization of the flow field and other fluid dynamic
characteristics can be seen very clearly; for example,
spreading of hot water for a better understanding of
mixing time characteristics.
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5 NOMENCLATURES

A arbitrary property,

A’ property fluctuation,

b  blade width, [m]

D impeller diameter, [m]

E  impeller energy dissipation, [J]
FI flow number, [-]

Fr froude number, [-]

g gravitational acceleration [ms-2]
H liquid height in the vessel, [m]
H, liquid height by gassing, [m]
ki, ky, k3, ks coefficients, [-]

q gas volume flow rate, [m3s-1]

n  rotational impeller speed, [s-!]
P impeller power by liquid mixing, [W]
Po power number, [-]

P, gassing power, [W]

R correlation coefficient, [-]

Re Reynolds number, [-]

tys

(1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

mixing time, [s]

vessel diameter, [m]

start time,[s]

final time, [s]

mixing time, [s]
coordinates of r-z plane, [m]
blade height, [m]
kinematic viscosity, [m2s-1]
gas holdup, [%]

density, [kgm-3]
temperature, [°C]
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