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Aim. The main aim of the research was to compare different methods of fermentation medium energy efficiency
agitation. Methods. The analysis of mass transfer processes in fermenters using different methods of agitation
was made. Experimental determination of energy consumption for medium agitation while using a mechanical
agitator and an external circulation loop was realized. Estimation of energy efficiency indices. Results. It was
determined that energy efficiency of agitation by circulation during the cycle of bacterial preparation Planriz
BT (Biotechnica) exceeded mechanical agitation 1.3 times in case of aeration, and 2.6 times in the non-aeration
mode. Conclusions. The method of agitation by circulation of fermentation medium using an external loop is
more energy-efficient compared to mechanical agitation even in the case of using a slow-speed agitator.
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INTRODUCTION

Energy efficiency improvement of industrial pro-
duction is a global tendency. However, practical im-
plementation of the task of ensuring a high level of
energy efficiency meets some difficulties, as specific
methods of technological processes optimization are
notable only for some industries (construction, power
economy, etc.). Usually energy efficiency improve-
ment of industries in other spheres is based on decreas-
ing energy losses while the implementation of tech-
nological processes and energy losses reduction for
non-industrial needs [1].

The study is aimed at solving the problem of tech-
nological processes energy efficiency improvement of
microbiological preparations manufacturing. As there
is no common optimization methods for industrial mi-
crobiology, the engineering solutions, aimed at reduc-
ing the level of power consumption, are mainly used to
enhance energy efficiency of processes. However, this
approach has some limits: it does not provide for the
comparison of energy efficiency of implementing the
same process with using of principally different tech-
nological methods [2].
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For instance, the agitation of fermentation medium
during submerged cultivation of microorganisms may
involve the application of several methods: mechani-
cal agitation, barbotage, agitation using external or
internal circulation loop, etc. Each method envisages
the presence of principally different equipment, the
efficiency of which is not determined by power con-
sumption only. The selection of the most energy-effi-
cient method of agitation should consider quantitative
and qualitative characteristics of the process. Previ-
ous analytical studies [2] demonstrated that medium’s
circulation around the external loop with the use of a
pump is the most energy-efficient agitation technique
[3]. Experimental studies are required to substantiate
this conclusion.

Ensuring of a proper level of microbiological prep-
arations’ manufacturing energy efficiency is mainly
possible via power consumption reduction by usage of
technological processes automation and non-techno-
logical origin power consumption decrease (heating of
premises, illumination of working places, etc.) [4].

Among the studies, dedicated to the energy efficien-
cy of equipment in biotechnology, it is noteworthy the

paper [5].
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The authors presented the results of energy efficiency
comparison of the microboilogical preparations culti-
vation methods using bioreactors of different design,
obtained via computer modeling of physical and bio-
logical processes. It is not deemed possible to deter-
mine energy efficiency of specific technological pro-
cesses of fermentation stage (agitation, aeration, etc.)
based on these data.

The issue of energy efficiency improvement of fer-
mentation medium agitation is not sufficiently de-
scribed in scientific literature. Current studies are
mainly related to the most common mechanical method
of agitation [6—8]. Energy efficiency improvement is
envisaged due to the power consumption reduction by
the optimization of fermenter’s design [6, 7] or mainte-
nance of experimentally determined optimal conditions
for agitators of such type [8].

Designing of external circulation loop is mainly
aimed at solving specific technological tasks [9, 10],
for instance, they are used for simultaneous imple-
mentation of several technological processes [11, 12].
However, no studies have been found regarding the
application of external circulation loops with pumping
as engineering solutions used for energy efficiency im-
provement of fermentation medium agitation.

Therefore, references analysis demonstrates that
studies devoted to energy efficiency improvement of
technological processes, in particular, agitation of fer-
mentation medium, are isolated and limited by the im-
provement of specific devices. So the comparison of
energy efficiency of fermentation medium’s agitation
different methods in manufacturing of microbiological
plant protection products was the aim of this research.

Previous studies of different methods of fermenta-
tion medium agitation [2] showed that the most energy
efficient method was agitation by using an external
circulation loop. This article was aimed at analytical
and experimental substantiation of previously ob-
tained results.

MATERIALS AND METHODS

Two methods of fermentation medium agitation were
explored: mechanical method and agitation using cir-
culation. The mechanical agitation was realized by the
slow-speed agitator. The agitation by circulation was
implemented using the external circulation loop with
pumping.

There were analytical and experimental parts in the
study. The first part was aimed at comparing mass
transfer processes based on the hydraulic schemes
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analysis of the process, and the second one — experi-
mental determination of power consumption. The agi-
tation energy efficiency was calculated as reciprocal
specific power consumption per unit of fermentation
medium volume [2].

The analytical part of the study included:

= determination of flows distribution specificities in
experimental equipment based on reference data;

= determination of mass transfer intensity using Reyn-
olds number based on technical characteristics of the

agitator and circulation pump with the consideration
of indicated flows distribution specificities;

= comparison of the obtained processes mass transfer
characteristics.

The experimental part of the study included physi-
cal modeling of mass transfer in fermenters with the
determination of electric energy consumption. The
schemes of experimental equipment are presented in
Fig. 1 and 2.

The mechanical agitation of fermentation medium
was simulated at experimental setup No. 1 (Fig. 1).
The equipment consists of a thin-walled fermenter of
FTU type  with the working volume of 70 1, equipped
with the mechanical agitator 2 with the consumption of
N = 0.036 kW and the rotation frequency of 50 rpm.
The medium aeration was realized by barbotage. Pres-
sured air was supplied by compressor 4 to the fermen-
ter bottom through a hollow agitator shaft 3.

The agitation by circulation was simulated at experi-
mental setup No. 2 (Fig. 2), based on the use

of a thin-walled fermenter of FTU type I with the
working volume of 70 1. The fermenter was equipped
with the external circulation loop 3, the centrifugal
pump Aquario AC 254-180 2 with the nominal elec-
tric power of 0.05 kW and three wheel velocities
(n = 1710...2850 rpm). The aeration of the medium
was performed by jet mixer 4. For this purpose, pres-
sured air was supplied through the nozzle into the co-
current flow of the medium.

The pressured air was supplied to both experimental
equipment sets using a piston-type compressor ABAC
FC2/50 at 1.5 bar at the reducer outlet. The evaluation
of power consumption in the experiments was con-
ducted using an electric meter SA4U-1672M with the
accuracy class 2. It should be noted that experimen-
tal setups were built on the basis of the equipment of
prototype fermentation complex KFM-420 [13]. The
complex is a technological line for microbial pesti-
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Fig. 1. The experimental setup No. 1: / — thin-walled fer-
menter; 2 — turbine agitator; 3 — hollow shaft of agitator;
4 — air compressor; 5 — electric meter; A — air; F — fermenta-
tion medium

Fig. 2. The experimental setup No. 2: / — thin-walled fer-
menter; 2 — circulation pump; 3 — external circulation loop;
4 — jet mixer; 5 — medium spray device; 6 — air compressor;
7 — electric meter; A — air; F — fermentation medium

cides production with the productivity of 140...420 1/
cycle. It consists of four automated modules, designed
for autonomous implementation of technological pro-
cesses stages (preparation and sterilization of nutrient
medium, purification of water and air, microorganism
cultivation). The experimental setups were switched to
the fermentation module, that consisted of fermenters
of FTU type with the volume of 100 1 each.
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As bacterial preparations are less sensitive to the
mechanical stress, resulting from the medium transfer
through the blade wheel of the pump, mass transfer
processes were modeled for fermentation medium to
cultivate the bacterial preparation Planriz BT. The
weight fraction of dry components in the medium did
not exceed 5 %. Thus, its viscosity — one of the key
characteristics, impacting mass transfer processes, —
was almost not different from water viscosity in ex-
periments.

The general experiments technique was: 70 1 of the
medium were supplied to the fermenter, and then pro-
cess of agitation with one of the methods was started.
The agitation lasted for the estimated time. The read-
ings of the electric meter were registered prior to and
after the agitation, and their difference demonstrated
power consumption for the process. Energy consump-
tion was determined for each agitation method in two
modes: with and without medium aeration.

The results processing technique consisted of the
determination of agitation power consumption by the
readings of the electric meter and further statistical
data processing by means of MS Excel [14]. Power
consumption, obtained in the experiment, and experi-
ment duration were used to calculate agitation elec-
tric energy consumption for the Planriz BT cultivation
cycle, which lasted for 24 h. Then energy efficiency
was found.

RESULTS AND DISCUSSION

1. The analysis of mass transfer processes. Mass
transfer processes analysis was used for meaning-
ful comparison of the fermentation medium agitation
methods, realized by principally different hydraulic
schemes. This necessity arises from the general con-
cept of energy efficiency, which may be formulated as
follows: energy efficiency of the process is a ratio of a
beneficial effect and energy consumption needed for its
obtaining [15]. Thus, meaningful comparison of differ-
ent methods of the technological process implementing
is possible only when beneficial effects, obtained by
these methods, are comparable.

There was fermentation medium volume selected as
beneficial effect in determining energy efficiency of
agitation [2]. Therefore, medium volume should have
the same properties for both agitation methods for the
comparison. This result could be obtained by ensuring
similar mass transfer characteristics.

Flows distribution characteristics were investigated
during the analytical study. These characteristics were
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taken into account in mass transfer intensity estimation
and further comparison of the processes.

Flows distribution schemes, formed in the fermen-
ter during mechanical agitation, were studied rather
thoroughly [16—19]. There are two types of fluid flow
patterns inside the fermenter created by the impeller:
the main radial flow, which is formed perpendicular-
ly to the agitator axis, and the secondary axial flow
(pumping), which is formed when fluid circulates
along the axis [16]. The intensity of these flow pat-
terns depends on the impeller type and velocity of its
rotation [17, 18].

The analysis demonstrated that low speed of the im-
peller (50 rpm) led to low intensity of both main and
secondary flows. The most intensive medium move-
ment occurred in the area, close to the impeller, i.e. in
this case it covered bottom layers of the medium. The
surface layers, located far from the impeller, moved
more slowly. The axial flow is not intensive, so sur-
face and bottom layers’mixing is insignificant. Conse-
quently, there are two hydrodynamic zones inside the
fermenter created by the slow-speed agitator: intensive
medium movement zone, located near the bottom, and
slow medium movement zone located near the surface
(Fig. 3, a).

In the case of agitation by circulation the main flow is
pumping. It is formed along the fermenter axis, as bot-
tom layers are pumped through the external loop and
jetting at the surface of the medium. However, medium
movement conditions in the fermenter and in the cir-
culation loop differ considerably because of a big dif-
ference in the flows cross-section. The analysis shows
that slow gradual movement of the medium takes place
inside the fermenter and intensive movement occurs in
the circulation loop. Thus, in the case of agitation by
circulation two zonesalso existed: intensive medium
movement zone, located in the external circulation
loop, and slow medium movement zone located inside
the fermenter (Fig. 3, b).

Therefore, regardless of different principles of the
process organization, qualitative agitation characteris-
tics are similar for both methods: there are two hydro-
dynamic zones with different mass transfer intensity in
setups. There was detailed analysis of medium agita-
tion intensity in these zones for each setup.

The agitation intensity in fermenters and bioreactors
is generally viewed in terms of fluid dynamic dimen-
sionless quantity numbers, such as Reynolds number.
However, the equations used for calculations of me-
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Fig. 3. Zones of vigorous mixing and slow movement of the
medium that were brought about as a result of mechanical
agitation — a; agitation by circulation — b. / — zone of vigor-
ous medium mixing; 2 — zone of slow medium movement;
A —pressured air; F — fermentation medium

chanical agitation and agitation by circulation are dif-
ferent [16, 18]:

_w-d-p

Re——ﬂ )
s 1D p

Re 7 ()

where Re, Re” — Reynolds number for fluid flows in
channels of different geometry and for tanks with me-
chanical agitation; d — diameters of fermenter and pipe-
line of external circulation loop, m; n, D — wheel veloc-
ity, s, and impeller diameter, m; p, u — density, kg/cu
m, and dynamic viscosity of the medium Pas.

Obviously, it is impossible to compare the results,
obtained by means of equations (1) and (2), directly.
Thus, to compare the agitation intensity, the values
of Re and Re* were estimated regarding the limits of
laminar-turbulent transfer for the flows in channels and
apparatus with agitators respectively.

The transfer for fluid flows in channels with different
geometry occurred at Retrans = 2300 [11, 16]. There is
no such constant value for the transfer from the laminar
to turbulent flow for mechanical agitation in tanks. The
range of Re*,  typically is obtained empirically con-
sidering the type of the agitator, its arrangement inside
the fermenter and geometry of the apparatus [16—19].
On the basis of reference data [19] it was determined
that the range of Reynolds number on laminar-turbu-
lent transition for agitators with turbine impellers, lo-
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cated near the bottom, was Re'frans = 10%...10° and
developed turbulence started at Re* > 10°.

The estimates suggested that the range of Reynolds
numbers was Re” = 8500 for main (radial) flow and Re”
~ 1000 for secondary (axial) flow. Thus, there was a
turbulent medium flow in zone / (Fig. 3, a), and transi-
tional flow in zone 2.

In the case of agitation by circulation the range of
Reynolds numbers was Recirc = 9500...15700 in the
external loop and Referm < 600 inside the fermen-
ter. Consequently, the medium flow in zone / (Fig. 3,
b) was also turbulent, and there was a laminar flow
in zone 2. It is noteworthy that the medium aeration
intensified mass transfer in both cases considerably,
but it was not critical for hydrodynamic schemes of
the process.

Therefore, regardless of the fact that the agitation in
the setups occurred by different hydraulic schemes,
mass transfer processes were qualitative similar. It al-
lowed for a conclusion that the quality of mechanical
agitation and agitation by circulation were found to
be similar.

The experiments should be carried out for final iden-
tification of the medium flow patterns which occurred
inside fermenters. However, the results of the conduct-
ed analysis are quite enough for energy efficiency esti-
mation of the equipment.

2. Experimental study. The experimental studies were
aimed at electric power consumption determination of
agitation and further estimation of the energy efficiency
of the methods. Two equipment operating modes were
studied: with and without aeration of the medium.

As noted above, experimental setups are the com-
ponents of the fermentation complex — a working
technological line for microbial pesticides production
[13]. The specificities of this fermentation equipment
operation in actual conditions were considered during
the medium agitation modeling. First and foremost, it
is related to the operating modes of the fermenter and
the pump. For instance, it is envisaged that mechanical
agitation occurred permanently during the whole fer-
mentation stage, and the agitation by circulation had
periodic nature. The medium aeration was also peri-
odic. Regardless of the agitation method, the air was
supplied once an hour in the amount of 2.2 / per 1 / of
the medium.

It stands to mention that fermenters with the agitator
and with external circulation loop, as parts of the fer-
mentation complex, allow to obtain bacterial prepara-
tions, in particular, Planriz BT, of the similar quality.

Mechanical agitation. Power consumption for me-
chanical agitation in the mode without aeration was
0.036 kW-h per one hour of the cycle. In terms of the
whole 24-hour cycle, this value would be 0.87 kW-h.
In the mode with aeration, 0.115 kW-h was consumed

Table 1. Power consumption for agitation by circulation in the mode without aeration

. Power
Frequency Pump Time consumption Number Power. Power.
. of complete . . consumption consumption
of blade wheel | consumption, . . per one of circulations

rotation. rom cu dm/min circulation, circulation erh per one hour of | for one cycle,

1P min KW-h ’ P the cycle, kW-h kW-h

1710 7.2 9.72 0.007 2 0.014 0.347

2280 9.6 7.29 0.006 2 0.012 0.295

2850 12.0 5.83 0.005 2 0.010 0.257

Table 2. Power consumption for agitation by circulation in the mode with aeration

Power consumption per one hour of the cycle, kW-h
Frequency of blade Power consumption
wheel rotation, rpm for the first circulation | for the second aeration total for one cycle, kWh
(with aeration) (without aeration)
1710 0.081 0.081 0.088 2.12
2280 0.071 0.071 0.077 1.84
2850 0.091 0.091 0.096 2.31
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per one hour of the cycle, 0.085 kW-h of which — dur-
ing the joint work of the compressor and the agitator.
Power consumption per one cycle in this mode was
2.77 kW-h.

Agitation by circulation. Power consumption for agi-
tation by circulation was determined for each pump
wheel velocity. The time, required for agitation, was
calculated with the consideration of the period

of complete single circulation of the whole volume of
the medium using the external loop. It was determined
that double circulation of the medium per each hour of
the cycle was sufficient for quality agitation [2].

The results of electric power consumption estimation
for agitation by circulation in the mode without me-
dium aeration are presented in Table 1.

In the mode with medium aeration the air was sup-
plied during the first circulation at each hour of the
cycle, the second circulation was without aeration.
Pressured air was supplied into the cocurrent flow
of the medium, circulating in the external contour
(Fig. 2). This scheme of aeration envisaged a decrease
in the consumption of the pump by 15-20 % on aver-
age. Therefore, the time need for complete circulation
increases. However, a process duration decisive factor
was the supply of estimated air volume, which condi-
tioned the increase in the time of agitation for all the
wheel velocities of the pump up to 11.5 min on aver-
age. The results of estimating electric power consump-
tion for agitation by circulation in the mode with aera-
tion are presented in Table 2.

The obtained values of power consumption were used
to estimate energy efficiency of fermentation medium
agitation by equation, suggested in the works [1, 2]:

e=F 3)
where e — index of energy efficiency of fermentation
medium agitation, 1/(kW-h); V' — useful effect of the

process — fermentation medium volume in the setup, 1;
E — agitation power consumption per cycle, kW-h.

The energy efficiency of agitation by circulation at
different wheel velocities is presented in Fig. 4.

The analysis of the histogram shows that for the set-
up operating mode without aeration6 energy efficiency
increases proportionally to increasing the wheel ve-
locity as complete recirculation of the whole volume
of the medium at higher velocity required less time.
Therefore, the optimal operating mode of the circula-
tion loop, from the standpoint of efficiency usage of
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e, dm’/kWh
300

250 2

200
150
100 r

50 | 4 5 p

1 — 1710 rpm, mode without aeration
2 — 2280 rpm, mode without aeration
3 — 2850 rpm, mode without aeration
4 — 1710 rpm, mode with aeration
5 — 2280 rpm, mode with aeration
6 — 2850 rpm, mode with acration

Fig. 4. The energy efficiency of agitation by circulation at
different wheel velocities of the pump

e, dm’/kWh
250 r P

200

150

100 /

50 4

1 —mechanical agitation without aeration, velocity
of agitator — 50 rpm

2 — agitation using circulation without aeration,
pump velocity — 2280 rpm

3 — mechanical agitation with aeration, velocity

of agitator —50 rpm

4 — agitation using circulation with aeration,
pump velocity — 2280 rpm

Fig. 5. The comparison of energy efficiency of different fer-
mentation medium agitation methods

81



YAROSHEVSKY

electric energy, can be obtained at the second pump ve-
locity (2280 rpm) which corresponds to the maximal
energy efficiency of agitation by aeration.

The comparison of energy efficiency of mechanical
agitation and agitation by circulation in the optimal
operating mode (Fig. 5) demonstrated that energy ef-
ficiency of agitation by circulation was 2.6 times higher
compared to the mechanical method in the mode with-
out aeration, and 1.3 times higher — with aeration.

CONCLUSIONS

The study demonstrated that the energy efficiency of
fermentation medium agitation realized by means of ex-
ternal loop circulation exceeded the energy efficiency of
the most common mechanical method 1.3...2.6 times
even in the case of slow-speed agitator usage, which
confirmed the results of previous analytical research
[2]. Thus, the agitation by circulation is a higher priority
engineering solution compared to the mechanical agita-
tor usage at similar mass transfer characteristics. At the
same time the greatest difficulties in determining the en-
ergy efficiency were conditioned not by estimations, but
by substantiation of the accuracy of comparing the meth-
ods, based on different hydraulic schemes. Therefore, it
is reasonable to direct further researches at improving
the method of estimating the quality of agitation while
applying principally different technical techniques.

The work was conducted within the implementation
of the state budget program of scientific research in
2016-2020. ASR 10 Biotechnica.The author claims the
absence of any conflict of interests.
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MEIIMBaHHe, JaXe B CIyyae HCIIOIb30BAHUS MaOMOIIHON
MCHIAJIKH.
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ITPABIJIA JJI51 ABTOPIB

VYV kypHanmi «Agricultural Science and Practice» myOnmikyloTbCsi pe3yibTaTH  (QyHAAMEHTAJIBHUX 1 HPUKIAJHUX JOCIIDKEHb
3 NHTaHb TPYHTO3HABCTBA, 3eMJIEPOOCTBA, POCIMHHHITBA, BETCpHHAPil, TBAPHHHHUITBA, KOPMOBHPOOHHIITBA, TCHETHKH, CENEKIii Ta
010TEXHOJIOT11, arpOeKOoJIOTil, paJioNorii, Memioparlii, eKOHOMIKH.

JIpyKyIOTbCS CTaTTi, OIVISAN JIITEpaTypH, KOPOTKi TOBITOMJICHHS, SIKI paHillle HE BUJaBaJIHCS.
Pyxomuicn HacHITaIOTECS Ha KOH(pieHIiliHe pelieH3yBaHHs crelianictaM (He HIDKYe JOKTOpa HayK) BiIIOBIIHOT raiys3i.
3a yMOBH NO3UTHBHOI PELIeH311 3 PYKOIIHCOM 3HAHOMUTHCS HAYKOBUH peakTop — KOH(pigeHUilHO.

CrarTi HaCHUIIAIOTECS YKPATHCHKOIO/POCIHCHKOI0 MOBOIO, MIEPEKIIaal0ThCsl B Pelakilii OE3KOIITOBHO 1 MyOiKyIOThCS JIHIIIE aHIITiHCHKOI0
MOBOIO; POCIIICBKOIO Ta YKpaiHCBKOIO — pe3tome. B enekrponHiil Bepcii xypHaiy (http://www.agrisp.com) 3 2014 p. po3MmiliyroTbes
pe3toMe, CIMCOK JIITepaTypH i MOBHUM TEKCT CTaTei aHIIiHCHKOI0 MOBOIO (OKpiM motodHoro poky). Koxkna crarrsa mae DO, o cripusie
KOPEKTHOMY PO3IOBCIO/KEHHIO MaTepiay B Mepexi [HTepHeT.

KommuieKkT 10KyMeHTiB, HeOOXiAHUX ISl peecTpauii cTaTTi.
Enekmponnoro nouimoio npeocmagnaomyca:
* JINCT — HampapJeHHs Bix opranizamii (pdf);

= IOTOBIp Mpo mepenavy aBTopchkux mnpas (pdf), opopmiieHni 1 mianucaHuit OKpeMo KOXKHUM 13 CIiBaBTOPiB, HAPUKIAM, 4 aBTOPH —
4 noroBopu (3pa3oK AOTOBOPY Ha CalTi )KypHaIy);

= 3BepTaeMo Bamry yBary Ha Te, 1110 1OTOBIp PO Iepeaady aBTOPCHKUX IpaB Ha0yBae€ YHHHOCTI MiCIs IPUHHATTS CTATTi

1o myOdmikanii. ¥ pasi BizxuiaeHHs Bammoi ctaTTi penkoieriero sKypHaly IOTOBip aBTOMaTH4HO BTpadae cuiy. [lianmucanns norosopy
aBTOPOM (aBTOpaMH) O3Hauae, 110 BiH (BOHM) O3HAHOMIICHI Ta 3rOfIHI 3 yMOBaMHU JI0TOBOPY;

= pyxoruc (doc, docx, rtf) (mpoxaHHs Ha3uBaTH (ailsl MPi3BUILEM HEPIIOTo aBTopa CTATTi aHIIIHCHKOI0 MOBOIO, Hanpukias orlyk.doc);
imocTpanii; Tadmumi.

CrarTi 000B’S3KOBO CYNpPOBOMKYIOThCS YKPAiHCHKO(POCIHCHKO)-aHITIMCHKUM CIOBHUKOM crienigyHuX TepMmiHiB (He MeHme 30),
BHUKOPHCTAHUX Y CTATTI.
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