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The development of mixer agitator designs which provide a
measure of control over the balance of fluid mixing and gassing in
industrial fluids, by creating balance between shear and flow at

low power, presents a continuing challenge. This challenge has been
partially met by designing new mixing impellers. The specific flow
properties of new designs are characterized by instrumental and numerical
techniques (e.g., Mavros, 2001; Bertrand and Xuereb, 1999). Improving
mixing performance at low power has been discussed recently by several
authors. Fort et al. (1999) reported an axial flow impeller with a high
solidity ratio, and Mishra et al. (1998) discussed a wide-blade hydrofoil
impeller indicated by APV-B2. An impeller for efficient gassing has also
been reported by EKATO (1998).

With reference to our practice (Lossev et al., 1997), pilot experiments
using a new impeller termed Narcissus (NS) showed a significant
improvement in antibiotic production at low energy input. This finding
is important given industry conditions, 100 m3 bioreactors operating at
1 kW /m3 for longer than 100 h per batch. For this impeller, energy-
savings of more than 30% have been reported by Kraitschev et al. (1999).
Nevertheless, no detailed study has yet been published to explain the
basis for this improved behaviour. 

To classify the NS turbine, a detailed characterization of the unit has
been carried out. Studies of the NS impeller have been undertaken
separately by Vlaev et al. (2001) and Pesl and Seichter (2000). To further
expand available information on hydrofoils, the present paper intends to add
detailed fluid dynamic characteristics of this new impeller to their database.
Mass transfer and heat transfer characteristics will be published later.

Experimental
The NS turbine is shown schematically in Figure 1a. It contains a supporting
disc fitted with an even number of concave, equal-surface blades.
Neighbouring blades are positioned on both sides of the disc, symmetrically
over and under the supporting disc plane. The blades are positioned to
make an acute angle a with the supporting disc plane. The angle and
blade shapes can be selected so as to manipulate power consumption and
gas dispersion capacity. In this paper, a wide-blade version with a solidity
ratio of 0.9 and a blade angle 30°, suitable for transitional mixing, was
tested. A 3-D view of the impeller is shown in Figure 1f.
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The fluid dynamic and mixing characteristics of a new
hydrofoil impeller (termed Narcissus) for gas–liquid mixing
are reported. This impeller provides significant energy-
savings in bioreactor applications. Dye-tracer visualization
and CFD simulation have been used to uncover the
prevailing flow patterns and the impeller liquid flow map
is identified. Flow regime boundaries are shifted from
those for disc-style turbines. A mixing time corresponding
to the turbulent mixing regime (i.e., Re > 104) is
determined. The power characteristics are measured and
compared with experimental data obtained for other
impellers. The power number for the turbulent mixing
regime for both cylindrical and square vessels was as low
as 1. The aeration power at moderate Froude numbers
(i.e., Fr < 1) decreased typically by only between 10 and
30%, confirming good gas-handling capabilities for the
new geometry. The gas hold-up at a given power input
was greater than for flat-blade disc-style turbines.

Les caractéristiques d’écoulement et de mélange en
milieu gaz–liquide d’une nouvelle turbine à pales profilées
(appelée Narcissus) sont présentées. Une telle turbine
permet une économie d’énergie importante dans les
applications de bioréacteurs. On a eu recours à la visualisa-
tion par traceurs colorés et à la simulation numérique pour
déterminer les profils d’écoulement. La carte d’écoulement
de la turbine a été obtenue. Les limites des régimes
d’écoulement sont modifiées par rapport à ceux des
turbines de type disque. Le temps de mélange correspon-
dant au régime de mélange turbulent (soit Re > 104) est
déterminé. Les caractéristiques de puissance sont mesurées
puis comparées aux données expérimentales obtenues
pour d’autres turbines. Le nombre de puissance pour le
régime de mélange turbulent pour des réservoirs
cylindrique et carré est aussi bas que 1. La puissance
d’aération à des nombres de Froude modérés (soit Fr < 1)
diminue typiquement de seulement 10 à 30 % confirmant
ainsi les bonnes caractéristiques de cette nouvelle
géométrie pour les milieux aérés. La rétention de gaz à
consommation de puissance donnée est plus grande que
pour les turbines de type disques à pales verticales.

Keywords: gas–liquid mixing, fluid foil impeller, fluid
dynamic characteristics.







It can be seen that the critical lines Fr versus FlG for the
flooding-loading and for the complete dispersion regimes of the
NS impeller are close to the lines reported for disc-style turbines
(Tatterson, 1991). Yet one might observe that the NS would
require a 20% larger diameter in order to avoid flooding and to
handle as much gas as the stable, non-flooded hollow blades.
Referring to the low power number of the Narcissus (Kraitschev
et al, 1999), no significant loss of power would be required to
maintain good gas dispersion or corresponding energy-savings.
NS efficiency is illustrated further by the data for aeration power
and gas hold-up. 

Using the energy dissipation model, the gas handling ability
at equal eT and D/T for different impellers can be compared. For
example, using the disc-style turbine RT with FlF = 0.1 and Fr = 0.15
as the basis, NF = 3.2 s–1, eT = 0.11 W/kg, and (QG)F = 0.7 L/s are
determined. For NS at eT = 0.11 W/kg, one obtains NF = 5.2 s–1,
Fr = 0.36, FlF = 0.16 and (QG)F = 1.8 L/s. For Sc turbines at
eT = 0.11 W/kg one obtains NF = 4.7 s–1, Fr = 0.27, FlF = 0.23
and (QG)F = 1.9 L/s. Consequently, the gas handling capacity of
NS is comparable with Sc.

Mixing Time
Mixing time for the NS impeller was determined in ungassed
conditions in two vessels, namely T = 0.3 m and T = 0.4 m. The
results for NS and A315 obtained in the turbulent flow regime
(i.e., for Re > 104) for the two vessel diameters are plotted in
Figure 5. Reference results for Rushton turbines (RT) from
Moo-Young et al. (1972) are illustrated by a dotted line.

As seen from the figure, in the turbulent flow regime the
three impellers have similar performance showing dimensionless
mixing time NtM ª 40-50 s, the differences being within the
limits of experimental error. These results compare well with
those reported for radial turbines (i.e. between 36 and 60 s), as
seen also from the correlation in the figure (Tatterson, 1991). 
Mixing time and circulation time were related by the equation:
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Applying the Van de Vusse model (Strenk, 1975) and considering
tc to be equal to the mean residence time in the overall flow loop,

where flow rate QL was calculated and the pumping capacity of
the NS impeller FlL @ 0.85 was determined. As seen from Figure 5
at equal N, the tM of RT is 2 s lower. However, when comparing at
equal rate of energy dissipation, eT = 1 W/kg for NS at 600 rpm
and RT at 375 rpm, this difference declines to zero value. 

Using the generalized correlation of Nienow (1996, 1997),
mixing time at an energy dissipation rate of eT @ 1 W/kg should
be less than 7 s. On the basis of NS experimental results and
from the difference between neighbouring peaks in conductivity
variation at 1 W/kg, a typical mixing time of about 5 s was
determined. A mixing time 6 s and a flow number 0.87 was
obtained by CFD. This value compares favourably with that of 0.56
reported for fluid-foil impellers (Oldshue and Wheetman, 1988).

Power Requirements
Power at Ungassed Conditions
Figure 6a compares the NS power number for cylindrical vessels
with power numbers of other impellers, e.g., the Scaba 6SRGT
and the Lightnin A315 tested in this study under similar
conditions. Two vessel and impeller sizes, namely T = 0.3 and
0.4 m with T/D = 3 were studied. A Rushton turbine reference
line, as taken from the literature (Mezaki et al., 2000),  is shown
for comparison. Results indicate that Narcissus power numbers
for the turbulent mixing regime were as low as 1.0 ± 0.2. 

In view of testing the impeller for specific applications, e.g.,
the three-phase processing of mineral dispersions, a square
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Figure 4. Flow regimes for the Narcissus impeller (NS) and the Rushton
(RT) and Scaba (Sc) turbines registered in this study. The dotted lines
illustrate the most probable critical boundaries obtained for the NS
impeller. The solid lines refer to Equations (1) and (2) reported in the
literature (Tatterson, 1991).

Figure 5. Experimental mixing time results for the NS impeller (T = 0.3 m
and 0.4 m) and A315 (T = 0.4 m) obtained in this study, compared with
a correlation developed for the Rushton turbine (the dotted line) by Moo-
Young (see Tatterson, 1991). The course of line NtM = 46 is illustrated

pm
pumping capacity of

pm
the NS impeller FlL @ 0.85
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Narcissus power numbersfor the turbulent mixing regime were as low as 1.0 ± 0.2.
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vessel was also studied. The power characteristics in the square
tank are shown in Figure 6b, where the NS is compared to
other agitators, namely the Mixel TT, the A315, and the
Rushton turbines. The results for NS in the turbulent mixing
regime show a Po as low as 0.9, which is similar to the value
obtained in cylindrical vessels. The reference line (RT) in Figure
6b is from Roustan and Pharmond (1988). 

Comparing the power and the discharge flow numbers and
matching their ratio Po/FlL = 1.3 (after Nagata, 1975), one could
classify Narcissus as a circulation flow impeller with moderate shear.

Aeration Power
The Narcissus impeller has a high solidity ratio, which should in
principle result in a relatively high effectiveness in gassed
fermentation media. Consequently, special attention has been
paid to aeration power. The relationship of aeration power versus
gas flow number FlG is shown in Figure 7. The experimental data
correspond to Fr = 0.34 and Fr = 1.35. Parallel to NS power
characteristics at N = 5 s–1 and N = 9 s–1, aeration power has
also been measured for Rushton turbines at the same rotation
frequencies, and for Scaba (Sc) and A315 agitators at 10 s–1.
The energy dissipation rates corresponding to the above
frequencies were 0.1 W/kg and 0.48 W/kg for NS, 0.46 W/kg
and 2.7 W/kg for RT, and 0.7 W/kg and 0.4 W/kg for Sc and
A315, respectively. Thus, the aeration power of the different
impellers could be compared at eT ~ 0.4 W/kg. One can see
that the power reduction on gassing for NS is weak and close
to the one registered for A315 in this study. The power
performance of NS and A315 at equal energy dissipation levels is
comparable and improved with regard to the disc-style turbine.
The A315 data obtained in the present study coincide with
published data for this impeller (Baker and Van den Akker, 1994).

Gas Hold-up
The gas hold-up is related to the power per unit volume and to
the impeller system. Figure 8 presents results obtained for
relative gas flow rates of 1 vvm, and corresponding to the mid-range

gas flow numbers registered in Figure 7. Two cases are considered:
one with gas fed into water corresponding to the turbulent
mixing regime, and another with gas fed into a 0.5% xanthan
gum solution corresponding to turbulent transition.

In general, the gas hold-up found for NS was slightly higher
than that generated by Rushton turbines. However, in some cases, as
seen for the pseudo-plastic xanthan gum solution, the gas hold-up
increased rapidly with power. This effect may be explained by the
lower drag-reducing property of the NS blade shape in polymer
solutions when compared to a flat blade impeller, and relates to
pressure and drag distribution. Comparative mass transfer data
obtained in xanthan gum solutions at an equal dissipation power
of 0.8 W/kg showed the increase of KLa between NS and RT
turbines as a ratio of 2:1 (Martinov and Vlaev, 2002).

Figure 6. Power characteristic of the NS impeller, the Lightnin A315, the Mixel TT axial-flow agitators, the Rushton (RT) and Scaba (Sc) turbines in:
(a) a cylindrical vessel and (b) in a square vessel. The solid lines of RT are taken from the literature, as follows: (a) Muzaki et al., 2000; and (b)
Roustan and Pharmond (1988).

Figure 7. Gassed power ratio vs. aeration flow number of NS, RT and
Sc and A315 turbines, as registered in this study.
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Conclusions
The operational characteristics of a new, energy-saving fluid foil
impeller have been identified. The data confirm its high
efficiency and validate a high gas hold-up generated at low
input power. Compared to the many conventional disc-style
turbines now employed in antibiotic production, the impeller
shows improved aeration and blending characteristics. Its shape
reduces its power number significantly, while its pumping
capacity remains high. The loss of power on gassing is found to
be moderate and the low power number suggests that an
increase in its gas handling capacity would be obtained by
increasing its size. The impeller exhibits a mixed axial and radial
flow pattern that contrasts to the ones known for conventional
turbines. In order to complete NS characterization, more
information is needed for the impeller velocity contours, for its
mass and heat transfer characteristics, as well for its performance
in multiple configurations. Respecting the warning (Oldshue,
1989) and the experimental evidence (Mavros et al., 1996) that
viscosity alters flow patterns in high-solidity ratio axial flow
impellers, a CFD analysis of flow patterns at increased viscosities
is envisaged in the future.
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Nomenclature
C agitator clearance from vessel bottom, (m)
D impeller diameter, (m)
Fl flow number, (Q/ND3)
Fr Froude number, (N2D/g)
KLa volumetric mass transfer coefficient, (s–1)
N impeller rotational speed, (rpm or s–1)
P power, (W)
Po power number, (P/N3D5r)

Q volumetric flow rate, (m3/s)
Re Reynolds number, (ND2r/m)
T vessel diameter, (m)
t time, (s)
tM mixing time, (s)
V liquid volume, (m3)

Greek Symbols
a blade front edge angle to horizontal plane 
e gas hold-up, (m3/m3)
eT turbulent energy dissipation rate, (W/kg)
m viscosity, (Pa·s)
r density, (kg/m3)

Identifiers
C circulation
CD complete dispersion
F flooding
G gas
L liquid
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