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EXPERIMENTAL DETERMINATION AND INVESTIGATION OF THE POWER NUMBER
Kn OF A NEW SERIES OF ENERGY-EFFICIENT MECHANICAL AGITATORS FOR
BIOTECHNOLOGICAL APPLICATIONS
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Abstract: This article presents the experimental determination and investigation of the power number K of a new series of energy-efficient mechanical agitators
intended for applications in biotechnological processes. The experimental studies were carried out under laboratory conditions using model fluids representative of
biotechnological media, over a wide range of Reynolds numbers covering turbulent flow regime. Based on the measured power consumption, correlations of the power
number Ky with the hydrodynamic parameters of the process were established. The results were compared with data for conventional impeller types and they
demonstrate lower values of Ky under comparable operating conditions, confirming the energy-saving character of the developed agitator series. The obtained
correlations are applicable to the optimisation, design, and scale-up of mechanically agitated vessels in biotechnological practice.
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OMUTHO ONPEROENAHE U U3CNEABAHE HA KOE®ULUMEHTA HA MOLLLHOCTTA Ky HA HOB TUIM CEPUA
EHEPIOCMECTABALLU MEXAHWYHU BPKAYKWU C NPUNOXXEHWUE B BUOTEXHONOIMUTE
Ceemnosap po3daHos, Es2eHu Kpaliyes
MurHo-eeonoxku yHueepcumem ,Ca. Mear Puncku®, 1700 Cogpusi

Pestome: B cratusita e npeacTaBeHo OMUTHO onpeaensHe W ucnefsaHe Ha koeduuneHTa Ha MoluHocTTa K Ha HOB TUM Cepusi eHeprocnecTsBalyy MexaHyH1
Obpkauki, NpeaHasHayYeHn 3a Mpunoxenne B GUOTEXHONMOMMYHWTE NPOM3BOACTBA. EKCMEpUMEHTanHUTE M3cnefBaHus ca npoBedeHN B nabopaTopHu ycrnosus C
13non3BaHe Ha MOAENHM thnyman, XxapakTepHU 3a BUOTEXHOMOMMYHI MPOLIECH, B LUNPOK AManasoH OT yncna Ha PeitHonac, obxsalualy TypbyneHTeH pexum Ha TeYeHre.
Ha 6a3a Ha n3mepeHaTa KOHCyMMpaHa MOLLHOCT Ca MOMyYeHn 3aB1CUMOCTM Ha koedmumenTa Ky OT xvapoanHaMuyHuTe napameTpu Ha npoueca. PesyntaTute ca
CpaBHEHW C aHHN 3a Knacuyecku Tunose Gbpkaykv 1 MoKassaT MO-HUCKKM CTOAHOCTW Ha Kn MpW aHamoriyHu ycroBis, KOETO NOTBbPX/AaBa eHeprocnecTasalLms
XapakTep Ha pa3paboteHata cepus. onyyeHnTe 3aBUCKMOCTI Ca NPUOXAMI NPY ONTUMU3ALMATA, NPOEKTMPAHETO W MaLLabupaHeTo Ha pa3bbpkeally anapaTi B
BrnoTexHonoryHaTa npakTmuka.

Kniouosu aymu: Koe(MLMEHT Ha MOLLHOCTTa Kn, eHeprocnecTsBsalLy MexaH!4Hm 6'pra‘4KM, BroTexHonorM4HM npoun3BoACTBa, €KCNepUMEeHTanHo nacneasaHe,

MOLLHOCTHW XapaKTEePUCTUKN.

Introduction

Mechanical agitation is one of the key unit operations in
biotechnological production, finding widespread application in
bioreactors for the cultivation of microorganisms, cell cultures,
and enzymatic systems (Nienow, 1996; Doran, 2013). The
efficiency of mass and heat transfer processes, gas-phase
dispersion, and homogenisation of the reaction medium largely
depends on the design and energetic characteristics of the
mechanical impellers employed (Paul et al., 2004). At the same
time, increasing demands for energy efficiency and sustainable
development necessitate the development and implementation
of new types of mixing devices with reduced specific energy
consumption (Paul et al., 2004).

One of the principal dimensionless criteria used for the
quantitative evaluation of the energetic performance of
mechanical agitators is the power number, Ky (Nagata, 1975).
This parameter characterises the relationship between power
consumption, impeller geometry, and the hydrodynamic flow
regime, as defined by the Reynolds number. The analysis of the
dependence Kv= f(Re) enables the comparison among different
impeller types and provides an assessment of their efficiency
under various operating conditions (Rushton et al., 1950).

Despite the widespread use of classical impeller designs -
such as paddle, turbine, and propeller types - their power
characteristics often fail to meet contemporary requirements for
energy optimisation, particularly when operating in viscous
biotechnological media and during process scale-up (Metzner et

al. 1957). This necessitates the development of new series of
energy-efficient mechanical agitators in which targeted design
solutions enable a more effective distribution of energy
throughout the vessel volume (Nienow, 1996; Paul et al., 2004).

The present article is aimed at the experimental
determination and investigation of the power number K for a
newly developed series of energy-saving mechanical agitators
intended for application in biotechnological processes. Through
systematic experimental investigations over a wide range of
hydrodynamic regimes, reliable power correlations are obtained
and the energetic potential of the developed designs is
evaluated. The results provide a basis for the optimisation of
mixing processes, as well as for their accurate design and scale-
up in biotechnological industrial practice (Nagata, 1975; Doran,
2013).

Investigated Mixing Devices and Working Media

The energy characteristic Kn=f(Res) constitutes the
fundamental basis for the evaluation of any newly designed
mechanical agitator. For the experimental determination of the
power number Ky, studies were carried out during agitation of
two types of liquid systems typical of biotechnological
processes:

¢ single-phase system — water;

o two-phase system — water—vegetable oil emulsion.
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The investigations were performed using newly developed
series of modified energy-saving mechanical agitators; as
follows:

Modified Narcissus — MN - 6.1
Impeller — IM - 6.1

Modified Propeller - MP - 3.1
“Clover” Propeller — PD - 4.1

The investigated designs represent a new series of energy-
efficient mechanical agitators developed to enhance the
hydrodynamic efficiency of the process and to reduce specific
energy consumption during dispersion, emulsification, and
homogenisation  of liquid systems characteristic  of
biotechnological production (Kraychev et al., 2003). The newly
designed impeller series is presented in Figures 1-4.

T e

Fig.1. Modified Narcissus — MN - 6.1

Fig.2. Impeller —IM - 6.1

Fig.3. Modified Propeller — MP - 3.1

R

Fig.4. “Clover” Propeller — PD - 4.1

The constructive modification of the working elements is
aimed at optimising the flow structure within the vessel, limiting
turbulent energy loss, and improving momentum transfer
throughout the working volume.

All mixing devices were manufactured of stainless steel type
AISI 304, ensuring:

e high corrosion resistance;

e chemical inertness with respect to the investigated
media;

e compliance with the hygiene requirements for
biotechnological applications;

e good mechanical strength at relatively small
material thickness.

The main geometric parameters of the impellers are:
o impeller diameter: d = 0.09 m;
e  Dblade thickness: & = 0.5 mm.

The selected diameter is consistent with the working volume
of the vessel (VrR=14.3 dm® and provides an appropriate
impeller to vessel diameter ratio, necessary for the accurate
determination of the power number Kn and for a comparable
assessment of the energy efficiency among the individual
designs.

Physico-Chemical Properties of the Working Media
The experimental investigations were conducted at a
temperature of T = 20°C. The dynamic viscosity of water was
pn =0.001 Pa-s. The liquid media used and their densities were
p water =998 kg/m3
Two dispersed-phase concentrations (vegetable oil) were
investigated:
o 20% vegetable oil + 80% water - p 20% =984 kg/m?
o 40% vegetable oil + 60% water - p 40% =968 kg/m3

The dynamic viscosity p for the dispersed phase
concentration at 20% was 0.002 Pa-s, while at 40% it was
0.005 Pa-s. The working liquid volume in the experimental
vessel was V =12 L (0.012 m3).

Geometric Ratio d/D and Its Influence on the Power Number
One of the principal dimensionless geometric parameters

governing mixing hydrodynamics is the ratio between the

impeller diameter d and the internal vessel diameter D: d/D

This ratio significantly influences:
o the formation of circulation flow patterns within the
working volume;
the intensity of turbulence;
the magnitude of power consumption;
e the value of the power number K.

In the present study, the impeller diameter was d = 0.09 m.
The ratio d/D was selected to ensure:

o effective bulk mixing without the formation of a
stable central vortex;

e minimisation of dead zones within the reaction
volume;

e correct comparison among different impeller types
under identical geometric conditions.

Maintaining a constant d/D ratio for all investigated designs
guarantees that the observed variations in the power number Ky
are attributable solely to the constructive characteristics of the
impeller and not to geometric differences in the system (Stephan
etal., 2019).

Determination of the Power Number

The power number Ky is the principal dimensionless
criterion characterising the energy efficiency of the mixing
device and is determined by:

Ky = P

" p.n3.D5 U
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where:
Pis the power (W)
p - fluid density (kg/m?)
n - rotational speed (min™)
D - impeller diameter (m)

To analyse the hydrodynamic operating regime, the
Reynolds number was used:

_n.p.D?
u

Re (2)

where:
n is rotational speed (min -*)
p - fluid density (kg/m?)
D - impeller diameter (m)
- dynamic viscosity (Pa.s)

This criterion enables identification of laminar, transitional,
or turbulent flow regimes and examination of the relationship
KN=f(Re) (Kraychev et al., 2004). Such an approach is
particularly important in biotechnological processes; where an
optimal balance is required between:

o energy efficiency;
e mechanically gentle action on biological systems;
o effective mass and heat transfer.

Experimental Setup

The experimental investigations were carried out in a
laboratory semi-industrial reactor (10) with a nominal working
volume Vr=14.3 dm® and made of transparent PMMA
(Plexiglas). Inside the vessel, four vertical baffles (4) were
mounted at 90° intervals along the periphery to prevent vortex
formation and uncontrolled swirling of the liquid.

A horizontally wound copper coil (3) with a total length
L = 7.94 m was installed along the internal wall of the reactor.
Its function was to serve as a heat-transfer surface through
which a heat carrier flows to maintain the set temperature
conditions within the reaction volume.

Fig. 5. Laboratory reactor in operating mode

At the bottom of the reactor, a sparger (11) was installed,
consisting of a porous element for inert gas introduction. The
mixing mechanism was driven by a stainless steel shaft (2), to
which the mechanical agitator (9) was attached, coupled toa DC
electric motor (1) allowing stable operation at different rotational
regimes (Fig. 5) (Kraychev, 2023 ).

The rotational speed of the main shaft was regulated by an
autotransformer and monitored via potentiometers with
voltmeter and ammeter readings using calibration curves. The
rotational speed was measured by an infrared non-contact
tachometer (7) and recorded by a data acquisition unit (8).

Sensitive manometric thermometers (5) were mounted at
the inlet and outlet of the system, and a digital flow meter (6)
recorded the flow rate in real time. A photo and a diagram of the
experimental installation are shown in Fig. 6 and 7.

=

Fig. 7. Diagram of the experimental installation:

1 - DC electric motor; 2 - stainless steel shaft; 3 — copper cail;
4 - baffles (4 pcs.); 5 —-manometric thermometers; 6 — digital flow
meter; 7 — infrared tachometer; 8 — recording unit; 9 — mechanical

agitator; 10 - PMMA (Plexiglas) reactor; 11 — sparger

Experimental Procedure and Presentation of Results

Initially, the “self-consumed” idle power was measured at
rotational speeds n = 200+1000 min~", without the impeller
being immersed in liquid. This allowed determination of the “net”
mixing power for water and water—vegetable oil systems for the
four impeller types.

The net power was calculated as:

P=P1-P2 (W),
where P, is the gross power and P is the idle power.

It was observed that the power curves of the newly
developed devices are less steep, indicating lower electrical
energy consumption.

To intensify heat and mass transfer, hot water could be
circulated through the copper coil at different inlet and outlet
temperatures when necessary. By plotting the relationship P =
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f(n), the power number Kn was determined according to
Equation (1) (Strenk, 1975).

Table 1 compares the gross and net mixing power for water
and water-vegetable oil systems for the four impeller series
(Kraychev, 2000). The rotational speed varied from 200 to 1000
min~". The second column presents idle power, while the
remaining columns show results for the four impeller series with
two liquid systems.

Table 1. Comparison of gross and net mixing power for two
types of liquid system and four impeller series.

Agitation power-gross
Modified Narcissus - MN - 6.1 Impeller IM - 6.1

Rotations [POWer Water Emulsion-{ Emulsion{ Power Water Emulsion- | Emulsion+

(n) (idle) 20%/80% |40%/60% | (idle) 20%/80% (40%/60%
min! | (W) |[(W)| (W) W) (WM W W W)
200 0.64 [ 0.87 | 0.90 1.05 0.56 | 1.06 0.88 1.02
400 111 [ 298 | 3.04 3.20 1.04 | 3.69 3.63 3.80
600 150 [ 829 | 8.6 8.28 1.37 1043 | 1035 10.52
800 2.04 |18.23| 1736 1752 | 1.90 |24.04 | 23.50 2371
1000 2,69 [3519| 3276 3310 | 2.72 | 49.66 | 48.65 48.86
Agitation power-net

Rotations [POWer Water Emulsion-{ Emulsion{ Power Water Emulsion- | Emulsion-

(n) (idle) 20%/80% [40%/60% | (idle) 20%/80% |40%/60%
mn' |(W[W]| (W) W) 1 MW W W)
200 0.64 | 023 0.27 041 0.56 | 0.50 0.32 0.46
400 111 | 1.87 1.93 2.09 1.04 | 2.65 259 2.76
600 1.50 | 6.80 6.57 6.79 1.37 | 9.06 8.98 9.15
800 2.04 [16.18| 1531 15.48 190 |22.14| 21.61 21.81
1000 2,69 [32.51] 30.08 3042 | 2.72 |46.95| 4594 46.15
Agitation power-gross
Modified Propeller - MP - 3.1 “Clover” Propeller — PD - 4.1

Power Emulsion-{ Emulsion{ Power Emulsion- | Emulsi

Rotations
w | |V 20%%80% 40%/60% | iate) | " 209%/80% f40%i60%

min’ | (W) [(W)| (W) MW (WM IW] W W)
200 0.59 | 0.66 0.74 0.85 0.66 | 0.78 0.85 0.95
400 1.05 1206 | 211 2.20 1.11 | 3.07 3.33 3.50
600 1.61 | 4.66 | 498 5.20 1.67 | 9.01 9.20 9.35
800 2.10 | 941 9.98 1015 | 231 [19.90 ] 20.90 2121
1000 2.75 | 18.26 | 18.56 1875 | 2.79 [38.10] 4035 4240
Agitation power-net

Rotations [POver Water Emulsion-{ Emulsion{ Power Water Emulsion- | Emulsion

() (idle) 20%/80% [40%/60% | (idle) 20%/80% (40%/60%
mn' (W W] W) | W)  WMW| W | W
200 0.59 [ 007 | 0.5 0.26 0.66 | 0.12 0.19 0.29
400 1.05 | 1.01 1.06 1.15 1.11 | 1.96 2.22 240
600 1.61 | 3.05 | 337 3.59 1.67 | 734 1.53 7.68
800 2.10 | 731 7.88 8.05 231 |17.59 | 1859 18.90
1000 275 |1552| 1582 16.01 | 2.79 [3531] 37.56 39.61

Figures 8 a—c present the experimental data for P = f(n) for
the two investigated systems: mixing of water and emulsions
(with 20% and vegetable oil and 80% water, and 40% vegetable
oil and 60 % water, respectively) at temperature T = 20 C°.
Power was recorded during both increasing and decreasing
shaft rotational speeds from 200 to 1000 min~". The rotation
frequency was controlled by an infrared non-contact tachometer
(Kraychev, 2023).
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Fig.8. Experimental data for net consumed power (P) for four
impeller series during mixing of: a) water; b) 20% vegetable oil
emulsion in water; c) 40% vegetable oil emulsion in water

The calculated power numbers Ky (Equation 1) are
presented graphically in Fig. 9 a-c as a function of Reynolds
number (Equation 2).

a) Water
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b) Emulsion-20% / 80%
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c) Emulsion-40% / 60%
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Fig.9. Dependence of Ky = f(Re) for four impeller series under
standard reactor configuration during mixing of: a) water; b) 20%
vegetable oil emulsion; c) 40% vegetable oil emulsion
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Conclusion

Within the scope of this study, new designs of energy-saving
impellers were constructed, manufactured, and experimentally
characterised. The power number Ky was determined and
analysed for four series of modified impellers tested in a
laboratory reactor equipped with a horizontally wound copper
coil. The obtained Kn values can be used in engineering
calculations for determining the theoretical mixing power.

The results demonstrate improved power characteristics
under identical operating conditions and comparable Reynolds
numbers, which characterise the hydrodynamic mode (laminar,
transitional, or turbulent).

From the presented graphical relationships, it is established
that at identical rotational speeds and under different operating
conditions, the newly developed mixing devices require
significantly lower power.

In the working range Res >5000-+-150000, corresponding to
peripheral velocities 3.3 <Vp< 4.5 m/s, the impellers exhibit Kn<
1.2, classifying them as energy-saving mixing devices and
confirming their efficiency under turbulent flow conditions.
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