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Abstract. The influence of the agitator type, agitator speed, superficial gas velocity, type
of sugar (glucose or sucrose) and the presence of yeast in the system on the gas hold-up in an
agitated vessel with 24 vertical tubular baffles (located on the circuit in the vessel) has been
presented in this paper. The measurement of gas hold-up was conducted in an agitated vessel
with inner diameter of D = (0.288 m and liquid height of # = 0.288 m. Three different agitators
were used in the experimental study. Five gas-liquid and two biophase-gas-liquid systems were
agitated in an agitated vessel. Air was used as gas. The influence of gas flow number, Weber
number, the mass fraction of aqueous sugar solution ¢;, and mass fraction of yeast suspension
ys for gas-liquid and biophase-gas-liquid systems on the gas hold-up ¢ was described

mathematically. These equations do not have equivalents in the literature.
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1. INTRODUCTION

Single-, two- and three-phase processes are carried out in an agitated vessel of various scales.
(Strek, 1981; Kamienski, 2004; Major-Godlewska et al., 2012; Petricek et al., 2018; Cudak,
2020; Cudak and Rakoczy, 2022). Adding another phase makes it much more difficult to ensure
proper hydrodynamics of such systems. An additional difficulty occurs when one of the phases
is the biological phase. This difficulty results from: the very often complicated non-linear
kinetics of such a process, the possibility of occurrence of transient states, the variability of the
structure of biological material, the required high accuracy of process parameter regulation
(temperature, pH, pO», concentration of substrates or products) and sterility, as well as: the non-
Newtonian nature of the media and its variability over time process (Bednarski and Fiedurka,
2007). In order to properly conduct tests in such systems, it is necessary to meet several
conditions:

- selecting appropriate microorganisms,

- selecting appropriate culture medium (medium)

- selection of appropriate geometric, operational and physical parameters

- selecting appropriate process conditions (temperature, pH).

Cultures of microorganisms can be used for: multiplying cells to produce food (proteins from
single cells), vaccines; production of primary metabolites, e.g. acids, alcohols, enzymes,
polysaccharides; production of secondary metabolites, e.g. antibiotics; bioremediation, e.g.
wastewater treatment, metal bioleaching; biotransformation of organic compounds; various
processes in molecular biology, e.g. production of recombinant proteins, gene cloning (Nair,
2008). The growth rate of microorganisms depends on: the type and strain of microorganisms;
composition of the medium (type and amount of nutrients, amount of harmful metabolites);
physical and chemical growth conditions (temperature, pH, water activity, redox potential)
(Bednarski and Fiedurka, 2007).

Media used for industrial breeding should, whenever possible, meet the following conditions:
maximize the yield of the product or biomass relative to the substrate, maximize the
concentration of the product or biomass, maximize the speed of product production, minimize
the production of undesirable products, be cheap and available all year round, minimize
technological difficulties - aeration , mixing, product purification, sewage and waste generation
(Szewczyk, 2003). Therefore, the media used for the cultivation of microorganisms must
contain many ingredients necessary for the proper course of metabolic processes. The main
components of the media are: water, substances constituting a source of carbon, nitrogen,

oxygen, minerals, especially phosphorus compounds, various substances that are growth



promoters or precursors of desired metabolic products (Szewczyk, 2003). The carbon source
may be: glucose, lactose, starch, sucrose, sugar beet or sugar cane molasses, whey, glycerol,
ethanol, corn and maltose syrup, citric acid and others. The sources of nitrogen used are
primarily yeast extract, fish and plant meal (rapeseed, soybean, corn germ, etc.), bovine blood
and others.

Some of the devices used in bioprocesses are bioreactors with (one or more) agitators. The use
and selection of an appropriate agitator or agitator configuration is necessary to evenly
distribute nutrients and microbial populations throughout the entire volume of the vessel
(Gogate et al., 2000; Newell and Grano, 2007; Zhu et al., 2009; Bustamante et al., 2013; Gelves
et al., 2014; Xie et al., 2014; Cudak, 2016; de Jesus et al., 2017). In the case of aerobic
processes, it is necessary to facilitate gas exchange supplying the appropriate amount of oxygen
to the system, i.e. appropriate aeration (Devi et al.,2014). One of the parameters on the basis of
which we can determine the state of the system is the share of gas retained in the liquid.
Obtaining optimal values of the share of gas retained in the liquid requires appropriate selection
of geometric parameters (both the agitated vessel and the agitator) and operational conditions
prevailing in the system (Brusciglio et al., 2013; Wan et al., 2016; Amiraftabi et al., 2020).

In the case of geometric parameters, the greatest influence on the gas hold-up is the type of
agitator in the case of vessels with slender (H/D > 1) configuration of the agitators (Moucha et
al., 2003; Bao et al., 2015; Busciglio et al., 2017). Comparing different systems of single
agitators or agitator configurations, it can be concluded that the highest values of the gas hold-
up are obtained for systems with a single Rushton turbine agitator or a configuration of several
such agitators (Newell and Grano, 2007; Mueller and Dudukovic, 2010). In the case of gas-
liquid or gas-solid-liquid systems, this is beneficial. However, when there is a biophase in the
system, it may lead to its destruction due to the generation of high shear stresses by the agitator
(Campesi et al., 2009; Collignon et al., 2010; Yang et al., 2014). In this case, it is necessary to
replace the Rushton turbine agitator (or agitators) with agitators with lower shear stresses, e.g.
Smith turbine agitator (CD6) or A315. However, obtaining comparable values of the gas hold-
up requires supplying more energy to the system. In addition to the agitators, the gas hold-up is
influenced by the baffles: their number, type and location in the bioreactor. The most important
operating parameters include the agitator speed and the volumetric gas flow rate through the
system (superficial gas velocity).

It can be clearly stated that the gas hold-up increases both with the increase in the agitator speed
and with the increase in the volumetric gas flow rate through the agitated vessel. However, how

big this increase is depends on the other parameters of a given system (Chinnasamy et al., 2015;



Major-Godlewska and Radecki, 2018; Jamshed et al., 2018; Barros et al., 2022). Additionally,
the gas hold-up is influenced by the physical properties of the individual phases included in the
system: density, viscosity, surface tension, concentration (Saravanan et al., 2009; Major-
Godlewska et al., 2003, 2011; Cudak, 2014; Khalili et al., 2018; Jamshidzadeh et al., 2020; Liu
et al., 2020; Major-Godlewska and Cudak, 2022). The selection of the most advantageous
system of vessel-agitator-baffle-type of individual phases requires many studies on the
influence of various parameters on the gas hold-up (Major-Godlewska and Cudak, 2022).

The research results presented in this paper aim to determine the influence of the agitator type,
agitator speed, superficial gas velocity, type of sugar (glucose or sucrose) and the presence of

yeast in the system on the gas hold-up in an agitated vessel with 24 vertical tubular baffles.

2. MATERIALS AND METHODS

The gas hold-up ¢ was measured in an agitated vessel with vertical tubular baffles. The vertical
tubular baffles can be an alternative to flat baffles. They constitute baffles in the agitated vessel,
and after supplying a hot or cold medium to them, they can work as vertical tubular coils (Karcz
et al., 2001). Their purpose in such a case may be to maintain a constant temperature in a
process; for example, in multiplication of microorganisms.

The diameter of the agitated vessel was D = 0.288 m. The agitated vessel was filled by liquid
or bioliquid up to the H = D. The vertical tubular baffles consisted of J = 24 vertical tubes.
Tubes were arranged symmetrically in the circuit of diameter Dp = 0.7D inside the agitated
vessel. The outer diameter of a single tube was B = 0.02D. Three different agitators: Rushton
turbine (RT) agitator, Smith turbine (CD6) agitator and A315 agitator were used in the
experimental study. The diameter of the agitators used for the tests was the same d = 0.33D but
the number of blades was Z = 6 for the Rushton turbine (RT) and Smith turbine (CD6) and Z =
4 for A315 agitator. When choosing the Rushton turbine (RT) agitator, the reason was that it
is a standard agitator used in many processes, characterized by good mixing intensity.
Unfortunately, this agitator is also characterized by the generation of high shear stresses, which
is not favorable in the case of biofluids. Therefore, it seems appropriate to replace the Rushton
turbine (RT) agitator with a Smith turbine (CD6) agitator or an A315 agitator, which are
characterized by a modified blade shape. These agitators are characterized by much lower shear
stress for a given blade shape (curves or large surface area). The gas sparger was formed in the
shape of the ring with diameter dg = 0.7d. The gas sparger of-bottom clearance was e = 0.54,

where /1 was the distance of the agitator from the bottom 4 = 0.17H.



The experimental study was carried out for gas-liquid and biophase-gas-liquid systems. The
liquid phase for gas-liquid system was: distilled water, aqueous solution of glucose with a mass
fraction of cg = 0.03 kga/kg and c; = 0.06 kga’kg, aqueous solution of sucrose with a mass
fraction of ¢s = 0.03 kga/kg and ¢s = 0.06 kga/kg. Similarly, for the biophase-liquid system:
aqueous solution of glucose of ¢g = 0.06 kga/kg or sucrose of ¢z = 0.06 kga/kg as liquid and the
fresh pressed baker's yeast Saccharomyces cerevisiae produced by Lesaffre Polska S.A. with
mass fraction y; = 0.02 kga/kg as biophase. The gas phase was air. The volumetric gas flow rate
was Vg = <2.78:10%; 5.56-10*> m’/s and its corresponding superficial gas velocity wog =
4Vg/nD? = <4.27-103; 8.53-10>> m/s. The gas hold-up measurements were conducted for the
range of good dispersion of gas bubbles in liquid. The smallest agitator speeds for all
measurement series are shown in Fig. 1 in the form of a dependence of n = f(type of agitator).
On the other hand, the highest agitator speeds were these values at which surface aeration of

the liquid in the vessel did not occur yet.
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Fig. 1. Dependence of nc: = f(type of agitator)

The dynamic viscosity coefficient 77 for Newtonian liquids was determined using a Hoppler
viscometer. Values of the dynamic viscosity coefficient 7, density p and surface tension o for

fluids are shown in Table 1.

Table 1. The values of dynamic viscosity coefficient 7, density p and surface tension o for

Newtonian liquids

systems liquid n,Pas | pkgm’® | o, N/m
1 water 0.001 998 0.072

2 aqueous solution of glucose ¢, = 0.03 kga/kg | 0.00102 1010 0.073

3 aqueous solution of glucose ¢, = 0.06 kga/kg | 0.00105 1019.5 0.0792
4 aqueous solution of sucrose ¢s = 0.03 kga/kg | 0.00102 1011 0.0697
5 aqueous solution of sucrose ¢s = 0.06 kga/kg | 0.00107 1022.5 0.0744




For a given system, each time its rheological parameters (m and K) were measured, which
enabled the calculation of the dynamic viscosity coefficient from the equation:

Moy =K-y™? (1)
The rheological parameters of the biofluid varied in the range of m and K, density p and surface

tension o for biofluids shown in Table 2.

Table 2. Ranges of rheological parameters, density p and surface tension o of the biofluid (non-

Newtonian liquids)

systems Biophase-liquid system Rangesm | RangesK, | p kg/m® | o, N/m
Pas™

3 +yeast | Aqueous  solution  of | 0.755- 0.00725- 1021 0.0802
glucose ¢ = 0.06 kga’kg | 0.837 0.00379
and traditional yeast ys =
0.02 kga’kg

5+ yeast | Aqueous  solution  of | 0.821- 0.00469- 1024 0.0812
sucrose ¢s = 0.06 kga/kg | 0.847 0.00418
and traditional yeast ys =
0.02 kga’kg

Rheological parameters were determined using a rheoviscometer of RT 10 manufactured by
Haake. The measurements were carried out using a system of two coaxial cylinders (DG 41).

The gas hold-up ¢ was calculated from Equation (2) using the values /; — determined as height
of a gas liquid (biophase-gas-liquid) mixture in the agitated vessel (which was calculated as

average with 10 values) and H — liquid height in the agitated vessel.
_ N
¢ = hg+H

)

3. RESULTS AND DISCUSSION

On the basis of the experimental study, the set of gas hold-up ¢ values was obtained for seven
different gas-liquid or biophase-gas-liquid systems. An analysis was carried out on the basis of
10560 measurement points. The agitator speed ranged from ne (Fig. 1), for a given type of
agitator, to n < 14 1/s. The results corresponded to turbulent regime for gas-liquid systems Re
€ <58450; 126200> and for biophase-gas-liquid systems Re € <28830; 73800>.

Based on the conducted research, it was found that the gas hold-up ¢ increased with the increase
of the agitator speed n and the superficial gas velocity wog. Analyzing the data presented in Fig.
2, for an agitated vessel with Rushton turbine (RT) agitator, taking into account the type of two-

phase gas-liquid system, it was observed that at constant values of the agitator speed n =11 1/s,



the lowest values of @ were obtained for the air-system 1 amounting to: ¢ = 4.57 % for wog =
4.27-103 m/s, ¢ = 6.16 % for wog = 6.4-10° m/s and @ = 6.49 % for wog = 8.53-10 mys.
Comparable values of ¢, by about 7%, were observed when the gas was dispersed in the systems
3, 5 and 3 + yeast. By comparing the values ¢ obtained for the air-system 5 with the values ¢
obtained for the air-system 5 + yeast at a constant value of n = 11 1/s and wog = 4.27-107 m/s,
it was found that the addition of yeast into the system resulted in approximately 11% lower
values of gas hold-up.

Increasing the conventional value of the superficial gas velocity wog = 4.27-107 m/s for n =
const increases the value of ¢ by approximately 10% on average for wog = 6.4-10° m/s and by
approximately 20% for wog = 8.53-10 m/s for systems 3, 3 + yeast, 5 and 5 + yeast. A greater
influence of wog was found for the air-system 1 and it was approximately 35% and 40%. The
addition of biophase to the gas-liquid system had little significance when yeast was added to an
aqueous solution of glucose (system 3). However, the influence of the system was visible when
the yeast was added to an aqueous solution of sucrose (system 5). In this case, the difference
between the gas-liquid system, where the liquid is the system 5, and the biophase-gas-liquid
system, where the biophase-liquid is the system 5 + yeast is approximately 14% (n =11 1/s,
Wog = 6.4-107 m/s).

Adding glucose or sucrose to the model system (system 1) causes an increase in the ¢ value in
all analyzed cases (Fig. 2). This influence decreases with an increase in the agitator speed » and
with an increase in wog. Assuming n = const, adding sugar to the system increased the value of
@ for an aqueous glucose solution (system 3) by approximately 53 %, 29 %, 28 % respectively
for wog = 4.27-1073 m/s, wog = 6.4-10 m/s wog = 8.53-103 m/s (n = 11 1/s ), by about 27 %, 22
%, 17 % respectively for wog = 4.27-10° m/s, wog = 6.4-10° m/s wog = 8.53-10° m/s (n = 13 1/s),
and for an aqueous sucrose solution (system 5) by about 28 %, 25 %, 22% respectively for wog
=4.27-10° m/s, wog = 6.4-107 m/s wog = 8.53-10° m/s (n = 12 1/s), by about 26 %, 23 %, 17 %
respectively for wog = 4.27-107 m/s, wog = 6.4-107 m/s wog = 8.53-10° m/s (n = 13 1/s).
However, assuming woe = 8.53-107 m/s, adding glucose to the system (air-system 1) increased
the value of ¢ by approximately 28%, 22%, 17%, and in the case of adding sucrose by
approximately 26%, 22%, 17% forn =11 1/s, 12 1/s, 13 1/s, respectively.
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Fig. 2. Dependence ¢ = f(n) for the Rushton turbine (RT) agitator

Analyzing the data presented in Fig. 2, it can be concluded that adding yeast (system 3 + yeast)
to an aqueous glucose solution (system 3) caused an increase in the value of @ by approximately
15% (n = 11 1/s, wog = 8.53-10° m/s), 18% (n = 12 1/s, wog = 8.53-10 m/s) and 25% (n = 13
1/s, Wog = 8.53-10 m/s), and also for n =13 1/s, weg= 6.4-10~ m/s by about 12%. The biophase-
gas-liquid systems (air-system 5 + yeast) and the gas-liquid system (air-system 5) behaved
differently. In this case, higher values of ¢ were obtained only at lower gas flow rates (wog =
4.27-10° m/s and wog = 6.4-107 m/s). Adding yeast to such a system reduced the hold-up ¢ by
approximately 10%, 15%, 8% for n =11 1/s, 12 1/s, 13 1/s, respectively (wog=4.27-107 m/s)
and by about 13%, 13%, 11% for n =11 1/s, 12 1/s, 13 1/s, respectively (wog= 6.4-107 m/s).

Fig. 3 shows the influence of the type of agitator used for testing the gas hold-up ¢. The
influence of the type of agitator on the gas hold-up ¢ depends on the agitator speed n of the
agitator, the superficial gas velocity wog, the type of liquid and the presence or absence of yeast
suspension in the system. The greatest influence of the type of agitator on the gas hold-up ¢
was found, in most cases, for the lowest agitator speed n = 11 1/s and the lowest values of wog
=4.27-103 m/s. In this case, replacing the Rushton turbine agitator with a Smith turbine agitator
resulted in a decrease in the value of the hold-up ¢ by approximately 15-30%, depending on
the type of liquid and the presence or absence of yeast suspension. Even greater differences in
the obtained values of the gas hold-up ¢ can be seen when replacing the Rushton or Smith
turbine agitators with the A315 agitator. In this case, for lower agitator speed » = 11 1/s and
lower value superficial gas velocity wog = 4.27-10° m/s, the decrease in the gas hold-up ¢ is
approximately 30-90% - replacing the Rushton turbine agitator (RT) with the agitator A315 and
approximately 40-60% - replacing the Smith turbine agitator (CD6) with the A315 agitator. The
influence of the type of agitator on the gas hold-up decreased both with increasing n and wog.

In this case, this effect also depends on the type of liquid and the presence of yeast in the system.



Comparing the values of ¢ at a constant value of wog = 8.53-10° m/s and n = 13 1/s, it was
observed that for the tested systems there were no large differences in the values of ¢ when
agitators (RT or CD6) were used for mixing. Only when the agitated system was the air-system
3 + yeast, the type of agitator used (RT and CD6) was important. Higher ¢ values by
approximately 24% were obtained when the system: air- system 3 + yeast was agitated with a
turbine agitator with straight blades (RT). However, comparing the values ¢ obtained for the
Smith turbine agitator (CD6) with the values ¢ obtained for the A315 agitator, characterized by
a larger blade surface, it was found that at the same wog = 8.53-10 m/s and n = 13 1/ s higher
values by approximately 15% - 40% depending on the type of agitated system were obtained
for the Smith turbine agitator. In such a case, when selecting the type of agitator, the type of

system to be agitated should be taken into account.
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Fig. 3. Dependence ¢ = f(types of agitator); n =11 1/s (a) and n = 13 1/s (b)

The influence of the type of agitator on ¢ depends on the type of liquid phase in the system and
the presence or absence of yeast. In the case of changing the Rushton (RT) or Smith (CD6)



turbine agitator, a greater influence of the type of agitator on the value of ¢ was found for the
system with an aqueous glucose solution (system 3). However, when comparing the results
obtained for an agitator with a Rushton (RT) or Smith (CD6) turbine agitator with the results
obtained for an agitator with an A315 agitator it was found that a greater influence of the type
of agitator on the gas hold-up ¢ was obtained for the system with an aqueous sucrose solution
(system 5). In most analyzed cases, a greater influence of the type of agitator, regardless of the
liquid phase used, on the gas hold-up was found when a biological phase was added to the
system.

The influence of fluid properties on gas retention in the liquid is shown in Fig. 4. It was observed
that at the same agitator speed n = const. (Fig. 4a) the gas hold-up ¢ increased with the change
of the system and the value of superficial gas velocity wog. For example, for the biophase-gas-
liquid system 3 + yeast for n = const = 12 1/s, an approximately 33% higher value ¢ was
obtained for superficial gas velocity wog = 8.53-10~ m/s compared to the value ¢ obtained for
Wog = 4.27-10° m/s. Analyzing the values of ¢ for different systems with the same constant
value n =12 1/s and for the value of superficial gas velocity woe = 8.53-10 m/s, it was observed
that the value of ¢ was influenced by the type of liquid used in the systems. The highest value
of @ = 10.8% was obtained for the biophase-gas-liquid system 3 + yeast, and the lowest ¢ =
7.5% for the system in which the liquid was distilled water (system 1) (Fig. 4a).
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Fig. 4. Dependence of ¢ = f(n) (a) or ¢ = f(Re) (b) for the Rushton turbine agitator;
the gas-liquid system: 0,® - system 1, A, A — system 3; the biophase-gas-liquid system:
O, m — system 3 + yeast; two different superficial gas velocity wog: ©, A, 0 - 4.27-10° m/s;

o A, m-8.5310"° m/s.

Analyzing the data presented in Fig. 4b, it was found that the range of the Reynolds number Re
varied depending on the properties of the fluid used in the tests. Similar values of the Reynolds

number Re are observed for the gas-liquid system in which system 1 or system 3 was used as



the liquid. Much lower values of the Reynolds number (Re = 65291), at the same value of the
agitator speed n = 12 1/s (lines for the eye in Fig. 4b), are observed when yeast (system 3 +
yeast) was added to the system 3 compared to the values Re = 105219 obtained for the system
with aqueous glucose solution (system 3). The lack of a biological phase in the system in these
studies means that similar hold-up ¢ values can be obtained for higher Reynolds numbers. For
Wog = 4.27-107 m/s, the value of ¢ equal to approximately 8% for the gas — system 1 was
obtained for a Reynolds value approximately twice as high Re = 126203 compared to the
biophase-liquid systems (system 3 + yeast), where Re = 65291.

The influence of gas flow number Kg, Weber number We, the mass fraction of aqueous
sugar solution ¢;, and mass fraction of yeast suspension ys on the gas hold-up ¢, for a two- and
three-phase systems, was presented in the form of an equation:
¢ =a, Kg® - -We® - (1+¢)% - (1+as-ys) 3)
The values of the coefficients (a1, as) and exponents (a2, as, as), the average relative error of

Equation (3) are given in Table 3.

Table 3. Values of coefficients a1, as and exponents a2, a3 and a4 in Eq. (3), the average relative

error and ranges of gas flow number Kg, Weber number We

No | Agitator | ai a a3 as as +A | ci, kga/kg | Ranges of
Kg; We
1. |RT 2.38x10% 028|088 |422 |3.19 6 water and N
A
2. | CD6 9.50x 10 | 0.37 | 1.03 | 5.11 -0.75 | 8 Sucrose QA
cs € <0;| =2 I
3. | A315 3.01x10%]051[090 |2.74 |-326 |7 0.06> S a
o O'\
4. | RT 2.32x10%]0.31]0.90 |5.15 543 4 g
water and PR
5. | CD6 1.15x10%| 037 | 1.01 |4.53 -0.10 |5 glucose \J) w
cg € <0 a0 é)
6. | A315 1.88x10*{0.53|0.97 |5.55 -3.58 |7 0.06> M

The differences between the values of the as coefficient in Equation (3) may result from the
influence of the liquid circulation generated by the individual agitators in the agitated vessel
with vertical tubular baffles on the growth of microorganisms. In the case of the agitated vessel
with the Rushton turbine agitator (RT), this circulation was the closest to radial circulation. On
the other hand, in the agitated vessel with the Smith turbine (CD6) or A315 agitator, radial-
axial circulation occurred. However, the influence of these components changed. A greater
influence of the axial component over the radial component was observed for the agitated vessel

with the A315 agitator than for the agitated vessel with Smith turbine agitator (CD6). For this



reason, the circulation generated in the agitated vessel also influenced the value of the share of
gas retained in the liquid in these vessels. The highest values of the share of gas retained in the
liquid were found for the agitated vessel with the Rushton turbine agitator (RT), lower - for the
vessel with the Smith turbine agitator (CD6) and the lowest - for the A315 agitator. It can be
assumed that the higher the ¢ values, the more favorable the conditions in the agitated vessel

for the growth of microorganisms.

4. CONCLUSIONS

Based on the data obtained, it was found that the type of (gas-liquid, biophase- gas-liquid)
system used in the tests influenced the gas hold-up ¢. Differences in the obtained ¢ values are
also visible depending on the type of agitator used (RT, CD6, A315). The value of the
conventional linear gas velocity wg and the agitator speed » are also important.

It can be clearly stated that the share of gas hold-up increased with an increase in the agitator
speed and the superficial gas velocity. However, this increase depended on other variables (type
of agitator, type of liquid, presence of biophase).

It is not possible to propose one best solution: system - agitator - parameters wog, n. When
selecting such a solution, one should take into account what type of system is mixed (gas-liquid,
biophase-gas-liquid), what parameters ¢ are required (or must be the highest) and the
consumption of power depending on the type of agitators.

The obtained results are presented in this article and described mathematically using Equation
(3), where the values of constants: ai, as and exponents: ay, a3, a4, presented in Table 3, can be
used to design and model multiphase systems characterized by identical physicochemical

properties.

SYMBOLS

B - width of the baffle, m
¢i - sugar (sucrose or glucose) mass fraction, kga/kg
D - inner diameter of the agitated vessel, m

d - diameter of the agitator, m



dy -sparger diameter, m

e - off-bottom clearance of gas sparger, m

H - liquid height in the agitated vessel, m

h - distance between the agitator and the bottom, m
he - the height of a gas-liquid (gas-biophase-liquid) mixture in the agitated vessel, m
J - number of baffles

K - consistency index, Pas™

m - flow index

n - agitator speed, 1/s

nee - critical agitator speed, 1/s

wog - superficial gas velocity, m/s

VG - volumetric gas flow rate, m> /s

¥s - yeast mass fraction, kga/kg

Z - number of agitator blades

Greek symbols

n - dynamic viscosity, Pa's
¢ - gas hold-up

p - density, kg/m?

o - surface tension, N/m

Dimensionless numbers

Ve

Kg=—5 gas flow number
2,43
We = % Weber number
nd?p
Re = - Reynolds number
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