Mpoyecu, 06nadHaHHA, asmomamu3ayis / Processes, equipment, automation

UDC 663.1; 663.5
MASS TRANSFER IN FERMENTATION PROCESSES

A. Shevchenko, Doctor of Technical Sciences, Professor, Vice-Rector*, E-mail: tmipt@ukr.net
A. Sokolenko, Doctor of Technical Sciences, Professor**, E-mail: mif63@i.ua

O. Stepanets, Candidate of Technical Sciences, Associate Professor**, E-mail: oleguard@meta.ua
O. Bilyk, Candidate of Technical Sciences, Associate Professor***, E-mail: bilyklena@gmail.com
*Department of Processes and Apparatuses for Food Production

**Department of Mechatronics and Packaging Technology

***Department of Bakery and Confectionary Goods Technology

National University of Food Technologies, 68 VVolodymyrska str., Kyiv, Ukraine, 01601

Abstract. The peculiarities of anaerobic fermentation processes with the accumulation of dissolved ethyl alcohol and car-
bon dioxide in the culture media are considered in the article.

The solubility of CO, is limited by the state of saturation in accordance with Henry’s law. This, with all else being equal,
limits the mass transfer on the interface surface of yeast cells and the liquid phase of the medium. A phenomenological model
of the media restoration technologies based on the unsaturation index on CO, is developed. It is shown that this restoration in
the existing technologies of fermentation of sugar-rich media occurs, to a limited extent, in self-organized flow circuits, with
variable values of temperatures and hydrostatic pressures, due to the creation of unsaturated local zones.

It is shown that increasing the height of the media in isovolumetric apparatuses leads to an increase in the levels of flow
circuits organization and to the improvement of the desaturation and saturation modes of the liquid phase and intensification of
mass transfer processes. Among the deterministic principles of restoring the saturation possibilities of the media, there are
forced variables of pressures with time pauses on their lower and upper levels. In such cases, the possibilities of short-term in-
tensive desaturations in full media volumes, the restoration of their saturation perception of CO,, and the activation of fermen-
tation processes are achieved. This direction is technically feasible for active industrial equipment.

The cumulative effect of the action of variable pressures and temperatures corresponds to the superposition principle, but at
the final stages of fermentation, the pressure and temperature values are leveled, so the restoration of the unsaturation state
slows down to the level of the bacteriostatic effect. The possibility of eliminating the disadvantages of the final stage of fer-
mentation by means of programmable variable pressures is shown.

Key words: mass transfer, fermentation, hydrodynamics, pressure, temperature, solubility, gas phase.

MACOOBMIH B ITPOLHECAX BPOJAIHHA

O.10. lleBueHKo, TOKTOP TEXHIYHKUX HAYK, podecop, mpopekrop*, E-mail: tmipt@ukr.net

A.L CokosieHKo0, TOKTOp TEXHIYHUX HayK, npodecop**, E-mail: mif63@i.ua

O.1. Crenanenb, KaHIUIAT TeXHIYHUX HAYK, qoueHT**, E-mail: oleguard@meyta.ua

O.A. Binuk, KaHAWAAT TEXHIYHUX HAyK, goueHT***, E-mail: bilyklena@gmail.com

*Kagenpa nporiecis i amapatiB Xap4oBUX BUPOOHHIITB

**Kadenpa MexaTpoHIKH Ta MaKyBaJIbHOT TEXHIKH

***Kagenpa TexHoIOrii X1i00MeKapChbKNX 1 KOHIUTEPCHKUX BUPOOIB

HanioHanpHUH yHIBEPCUTET Xap4OBHUX TEXHOJIOTIH, Byl Bonoanmupceka, 68, M. Kui, Ykpaina 00160

AHoTauisi. Po3risiHyTo 0co0amMBOCTI Nepediry mporeciB aHaepoOHOTO OPOAiHHS 3 HAKONMYEHHSM B KyJIbTYpaIbHUX Cepe-
JOBUIIAX PO3YMHEHHUX €THUIIOBOTO CITUPTY 1 AIOKCHIY Byrueiio. [loka3aHo, o 30UIbIICHHS BUCOTH CEPEIOBHII B 13000’ eMHIX
amapaTax MPUBOJHUTH 10 OOMEKESHHS PiBHS HEBIOPSAKOBAHOCTI LUPKYISAILIHHIX KOHTYPIB, 1[0 BKa3ye Ha MEPCIEKTHBU Opra-
Hi30BaHOi JeTepMiHOBaHOT HUPKYJIALil. L{ei HampsMOK MOXKIIMBO BBa)XKaTH MEPIIMM KPOKOM B YIOCKOHAJICHHI anapariB i Tex-
HOJIOTi# OpPOAIHHS, TOJI SIK HACTYITHUI €Tal Ma€e CTOCYBAaTUCS PEry/IbOBAaHUX BIUIMBIB y ()OPMi BUKOPUCTAHHS 3MiHHHX THCKIiB
y CHOJIy4YeHHI 31 3MiIHHUMH TeMIIepaTypaMu JAJs FapaHTOBAaHOTO OOMEXEHHs CTaHiB HAaCHUEHHs 30O IXKYBaHHX CEPEIOBHII Ha
CO; 3 BIAMOBITHUMH TEXHOJOTIYHIMH 1 EKOHOMIYHUMH Haciigkamu. Lle mo30asisie HeIOMiKiB 3aBepIIabHOT CTaii OpOIiHHS,
Ha SIKill HIBENIOIOTHCS TIOKA3HUKH IHTEHCHBHOCTI MUPKYJAMIMHIX KOHTYPIB 1 TOTpeOU B AWHAMIII OXOJIO/KEHHS CepPeOBHIIL.
JIOCATHEHHS TaKOTO CTaHy IPHUIHHSIE MPOIECH X JOKaJbHUX MEPEX0iB 10 HEHACHIEHHUX CTaHIB. 3pOCTaiOdi OCMOTHYHI THCKH
B CYKYITHOCTI 3 HACHUYCHICTIO CEPEIOBHII TIOKCHIOM BYTJIEIIO Ha (hi3UIHOMY PiBHI IPUBOASATH 10 010CTaTHYHHUX €(EKTiB.
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Introduction. Formulation of the problem to a liquid medium. It is important that alcohol dissolves

] o ] in water in random proportions unlike carbon dioxide be-
The process of anaerobic fermentation is accompanied ;1< its solubility is restricted by Henry’s law by which

by endogenous synthesis of carbon dioxide and ethanol e saturation constant ¢, is proportional to the partial
that enter the fermented medium through biological pressure P of the gas phase:

membranes. Without going into the peculiarity of the in- _
. c,=kP. 1)
tracellular transportation of these substances at the molec-

ular level, let’s dwell on the peculiarities of their transition Since the situation relates not to a mixture of gases,

but only to CO,, then it is believed that the specified par-
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tial pressure is the general pressure at each point of the
fermented medium. The Henry constant k in condition (1)
reflects the physical properties of the liquid and gas phas-
es and the influence of the thermodynamic parameter of
the temperature. In this connection, in the graphic repre-
sentations of the condition (1), the values of c are given
by isotherms (Fig. 1), and in this case:

t <ty <ty<t,. 2

Cs

v P, P,
Fig. 1. Graphic representation of Henry's law in the
form of equation (1)

The fact that the fermentation machines are of consid-
erable dimensions, its hydrostatic component significantly
influences the overall pressure index. Therefore, in each
coordinate h we have:

P=Py+pgh, ©))
where Py is the pressure of the gas phase over the medi-
um; ¢ is the specific mass of the liquid phase; h — altitude
coordinate in terms of the liquid phase.

We note that the indices of pressures P, and hydro-

static pressures pgh are often proportional, so they

should be considered collectively.

From the moment the liquid phase is saturated with
carbon dioxide, dynamic equilibrium is violated, and the
dispersed gas phase is formed, with the continuity of the
medium ruptured from the zone with the smallest to the
zone with the greatest hydrostatic pressure. Under the ac-
tion of the Archimedean forces, the dispersed phase pass-
es with the formation of flow circuits of unstable structure
and energy potentials. With gas forming at greater and
greater depths, the gas-retaining capacity of the medium
increases with increasing energy potentials in the flow
circuits.

The formation of a dispersed gas phase means that the
saturation state is reached in the liquid phase, which re-
stricts, and under certain conditions stops the mass trans-
fer of CO, between the yeast cells and the medium. Liter-
ary sources [1-5] point out the negative effects of elevat-
ed concentrations of dissolved carbon dioxide on fermen-
tation dynamics. So, at the CO, pressure 0.1 MPa, the re-
duction of yeast growth is recorded, and at the pressure of
0.8 MPa and the temperature 15°C, fermentation stops.
Although these data do not give a complete picture of the
physical state of the medium, they confirm the significant
effects of dissolved CO..
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An overview of literary sources leads to the conclu-
sion about the availability of information about character-
istics of anaerobic and aerobic processes of fermentation,
physical-chemical properties of gas-liquid media, features
of osmotic pressure, etc.

So in the study [1], the stages of alcohol fermentation
under the conditions of primary fermentation of wine mate-
rials are considered. The composition of the input material
streams of grape must has certain characteristics, but the
classical principles of alcohol fermentation, including that
in the presence of saprophytic microflora, are preserved.

The paper [2] presents the results of analytical studies
concerning the colligative properties of fermentable sug-
ar-containing media. The dynamics of osmotic pressure
changes, and the transformation of organic substances are
registered.

The publication [3] is devoted to a general technical
and thermodynamic approach to the intensification of heat
and mass exchange processes in food technologies. It pre-
sents modern technologies based on the use of closed en-
ergy circuits and discrete impulse influences.

The interconnections between transformations of or-
ganic substances and osmotic media pressures are investi-
gated in [4, 5], with the corresponding mathematical for-
malizations obtained.

In the publication [6], the peculiarities of transfor-
mations in fermentable media are analyzed, accompanied
by thermodynamic transformations at the level of entropy
estimates.

Modern ideas in the technology and physiology of
wort fermentation [7] are supplemented by including the
description of methods of obtaining non-alcoholic beer.

Publications [8, 9] are devoted to the physical and
physical-chemical principles of the existence of the bio-
logical world, and the work [10] refers to the peculiarities
of the synthesis of bioenergetic potentials of ethanol in the
agro-sector.

The research [11] is devoted to the features of indus-
trial fermentation processes. The publication [12] pro-
vides information about the intensification of anaerobic
fermentation technology.

However, there are no attempts to evaluate the pos-
sibilities for the intensification of mass transfer pro-
cesses due to the interaction of the alternating pressures
and the levels of solubility of the gas phase.

The aim of the study. In the form of a local conclu-
sion, let’s point out the practicability of limiting the peri-
ods of media’s saturated states. Obviously, this is how the
processes of fermentation are completed, and therefore
the purpose of this study is to look for the ways of creat-
ing technologies to restore media according to the param-
eter of the unsaturated state.

The research task is connected with the creation of
phenomenological (theoretical) justification of the possi-
bilities of regenerating the culture media of anaerobic
fermentation to renew the modes of the active mass trans-
fer with yeast cells and renew their activity.
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Research materials and methods

The basis for our research is the gas solubility law
and, related to it, Pascal’s law about hydrostatic pressures,
and regularities concerning the conditions of continuity of
media.

The well-known provisions concerning the hydrody-
namics of gas-liquid media and the effects of flow circuits
on the mass transfer processes are used. Some conclu-
sions were formulated basing on the phenomenological
generalizations.

Results of the research and their discussion

With the state of the medium physically complying
with the condition (1), we turn to the search of transition
processes modes, by which the flowing concentration of
carbon dioxide ¢ will be less than this indicator in the sat-
uration state with the representation of the condition:

c<Cs. (@)

Achieving this proportion means a decrease in the
medium’s resistance to the mass transfer on the boundary
where the phases are separated, and the renewal of the lat-
ter. When a dispersed phase appears in the liquid phase of
a fermented medium, it is an indication that the boundary
state in the form c = ¢, is reached and cannot be exceeded.
However, a move towards a decrease of the saturation
constant is possible due to the decrease in the pressure Py
in the gas over-liquid phase, which will be immediately
reflected in the full volume of the gas-liquid medium. In
Fig. 1, this process is represented by the line segment AB
on the isotherm t, with a decrease of the saturation con-
stant by the Ac; value:

ACg =Csy —Cqy - ®)

The system’s double response to the pressure reduc-
tion will be the growth of gas-retaining capacity, firstly,
due to the formation of an additional dispersed gas phase
at the level Ac; and, secondly, due to the expansion of the
existing gas phase. However, at the level of the condition
(4), the situation does not improve, since the liquid phase
remains in the saturation state. The fulfilment of the con-
dition (5) means reducing the amount of dissolved CO, in
the medium in accordance with the final pressure P; at
this stage. It is important that, during the transition of
pressure from P, to P;, the medium is in the saturation
state.

Thus, the pressure reduction does not improve the sit-
uation of mass transfer at the interface of phase separa-
tion, but reducing the concentration of dissolved gas leads
to a decrease in osmotic pressure for this component. This
feature is practically the only technical opportunity to or-
ganize oscillations of osmotic pressures at the expense of
physical influences. Obviously, as for the fermentation
dynamics, this result can be considered positive.

The outgassing process lags somewhat behind the
pressure drop dynamics due to the inertial properties of
the media. But the limited time pause after reaching the
given P, leads to the case of cg, which is the completion
of the first stage. Its important feature is that, in the iso-
thermal process and in the linear relationship between the
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value ¢, and P, only a range of pressure changes in the
form of P, — P, matters, and not the absolute pressure val-
ues.

A fast pressure increase in the over-liquid gas phase
by the difference:

AP =P, -P; (6)

leads to a positive disturbance of the equilibrium at the

phase interface, because the condition (4) is fulfilled and

the liquid phase of the medium becomes unsaturated. In

this case, the initial driving factor of the mass transfer
process is determined by the condition:

ACq(iy =Csp —Csygi) » @)
where index (i) is the index of the initial parameter of the
value.

It is obvious that the flowing concentration of dis-
solved CO, is variable in the form of the time function.
The same holds true for the driving factor Ac, = Ac,(t).

The final value of the second stage corresponds to:

Cs(f) =Cs2.- ()

The existence of the second stage means the possibil-
ity of renewal of active mass transfer of CO, at the inter-
face of phase separation.

This phenomenological representation of the physics
of mass transfer processes between the liquid phase and
yeast is a certain approximation to the real processes,
since it relates to a static point of view on the medium, in
which the influence of geometric parameters, the presence
of flow circuits with the peculiarities of their kinematic
characteristics etc. are not taken into account. However,
an important conclusion from this is that overcoming bar-
riers of saturation in fermentable media requires processes
in which self-sustaining or organized pressure changes are
achieved. The self-sustainability of the latter is connected
with the presence of vertical flow circuits and the mani-
festation of a gravitational field in the form of hydrostatic
pressures and Archimedes forces.

The passing of the dispersed gas phase is accompa-
nied by the appearance of ascending gas-liquid streams
and, at the same time, the descending streams with un-
steady parameters as for their structure and kinematics.
Although the level of instability of such characteristics is
important, however, in general assessment of the hydro-
dynamics of media, the presence of flow circuits is posi-
tive for a number of aspects, including the creation of var-
iable pressures in the volumetric zones of the ascending
and descending parts of the flow circuits. It is obvious that
these are hydrostatic pressures that decrease in the medi-
um’s ascending streams with the formation of an addi-
tional dispersed gas phase. In the descending parts, the in-
crease in hydrostatic pressures increases the solubility of
CO,. In this case, the hydrodynamics of the medium with
the parameters of gas-holding capacity and the reduced
rate of the gas phase are secondary phenomena associated
with the life of microorganisms and with CO, synthesis.
The intensity of fermentation and the volume of the cul-
ture medium determine the velocity and volume of the
generated gas phase. Thus, this regulates how the geome-
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try of the medium influences (by means of the technolog-
ical apparatus’s geometry) the medium’s gas-holding ca-
pacity and energy potentials, the power of flow circuits
and the possibilities of restoring the liquid phase proper-
ties in the saturation and desaturation modes.

The processes of fermentation in given cycles are unin-
terrupted. This leads to an increase in total pressures in the
over-liquid volume of the apparatus, followed by the opera-
tion of the safety valves and the removal of excess CO,
outside. This process is accompanied by a partial desatura-
tion in full volume, but the flowing concentration still cor-
responds to the state of saturation with new pressure indica-
tors. The subsequent gradual increase in the pressure in the
over-liquid volume only occurs at the expense of the further
desaturation of the medium with the fulfillment of the con-
dition c=c,. The transition to a relation c=c, is only

possible with the forced increase of pressure in the over-
liquid volume as well as in the volume of the gas-liquid
medium. In this case, the use of carbon dioxide for such an
increase is undesirable due to the increased saturation on
the phase interface. However, a rapid pressure increase in
the system provides transition to the desired condition
c<cg. This positive effect on the medium is combined

with the effects of the presence of flow circuits in accord-
ance with the superposition principle.

The presence of cooling systems in the fermentation
apparatuses is due to the need to stabilize the temperature
of the fermented medium at the nominal level by divert-
ing biological heat in accordance with the Gay-Lussac
equation:

CeH1506 =2C,H;OH+2CO, +169kJ.  (9)

When we know the fermentation dynamics, the power
of the diverted heat is estimated. The intensity of heat loss
is influenced by the coefficients of heat exchange, heat
transmission, heat transfer surface, and temperature dif-
ference. The heat transfer coefficients on the heat ex-
change surfaces are determined by the hydrodynamic
states of the liquid phases and depend on the intensity of
the flow circuits created, among other things, by cooling
the medium.

With the shirt cooling system (Fig. 2), in the peripher-
al zones, the downstream flows of the liquid phase are
formed. Their temperature, without clearly defined
boundaries, is 5-7°C lower than the corresponding pa-
rameter in the central part of the medium.

The presence of a temperature gradient in the cross-
sections of the medium, in conjunction with the flow cir-
cuits, further increases the solubility level of carbon diox-
ide. The effects of local cooling zones and variable hydro-
static pressures are represented by the dependences
in Fig. 3.

The saturation parameters csn at the input of the
downstream part of the flow circuit at a temperature ta=t;
and at the pressure P; correspond to point A on the graph.
Let us assume that, along with the continuous down-
stream motion of the local zone, the temperature in it will
decrease to the value tz = t; under the condition of an iso-
bar process with the value ¢ = t; reached at P, = const.
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However, in the case of circulation, the hydrostatic pres-
sure P # const, and in the lower part of the apparatus, the
final pressure is P,. That is why, in the isothermal process
at ta = t3, the increase in solubility would be equal to Ac,
and at the medium’s temperature tg = tj, the increase in
solubility becomes Acs.
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Fig. 2. Circulation circuits
in the fermentation apparatus

Fig. 3. Graphic dependences for determining the re-
ducing potential of solubility CO,

All else being equal, the influence of temperatures on
the solubility of CO, is shown by the tangents of the an-
gles of the isotherm to the horizontal axis:

_CsB. _Ssa
tgoy, =P tgo, =P

where o, and o, are angles of inclination correspond-

(10)

ing to isotherms 1 and 3.

On the basis of the condition (10), the saturation con-
stant of the medium, when the values of temperature t;
and pressure P, are known at the point D, is determined:

Csp =Potgoyy, (11)
and the overall result of the recovery potential of the solu-
bility of CO,:

C
ACgp =Csp —Csp =Ptgar, —Pitgoy, =P, %‘CSA (12)
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Approbation of the research results. Approbation of
theoretical studies was carried out on fermentation ma-
chines of “Brewery on Podil”. It showed a decrease in the
fermentation time by 15-17%.

Conclusions

1. Thus, it can be called a fact that the existence of
zones for the restoration of solubility is associated with

nized deterministic circulation. This direction can be con-
sidered the first step in the improvement of apparatuses
and technologies of fermentation. The next step should
deal with regulated influences. They are exerted through
using alternating pressures in combination with variable
temperatures to ensure limiting the saturation states of di-
gestible media on CO, with the corresponding technolog-
ical and economic consequences.

3. Due to such conditions it is possible to get rid of the
disadvantages of the final stage of fermentation, at which
the indicators of the intensity of flow circuits and the need
for the dynamics of cooling of the media are leveled.
Achieving such state discontinues the processes of their
local transitions to unsaturated states. Increasing osmotic
pressures in combination with the saturation of media
with carbon dioxide on the physical level leads to biostat-
ic effects.

such components as flow circuits of gas-liquid media,
cooling systems and hydrostatic pressures. It is important
that the factors mentioned depend on the geometrical pa-
rameters of the technological devices, which is confirmed
in modern sizes and ratios of cylindrical conical devices
(CCD) for the fermentation of media in the brewing in-
dustry.

2. The increase in the height of the media in the iso-
volume apparatuses leads to limiting the irregularity level
of the flow circuits, which shows the prospects of orga-
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