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Abstract

The oxygenmass transfer coefficient, kLa, is a critical parameter in bioprocess performance, influencing
the design of stirred tank reactors. During a fermentation process, the behavior of bubbles and the
kLa can be effected by various components present in the broth. This study investigates the effect of
organic compounds (ethanol, glycerol and acetic acid), which are produced during a yeast fermentation
process (S. cerevisiae). It is concluded that acetic acid appears to decrease the geometric mean
bubble diameter, in aqueous solutions. As a surfactant, the acetic acid molecules accumulate in the
gas-liquid interface, thereby inhibiting bubble coalescence. This leads to an increase in interfacial area
and a 34% rise in kLa has been measured. Glycerol, however, showed no significant impact in water.
Ethanol should exhibit a similar trend to acetic acid, as reported in previous literature (Puiman, Elisiário,
et al., 2022). Remarkably, when these organic compounds were added to growth medium for a yeast
fermentation - which consist of synthetic medium, glucose and vitamins - the effects were negligible.
This likely due to the coalescence-enhancing properties of antifoam, which is present in synthetic media.
On the other hand, the concentrations of the organic compounds tested were relatively low. In addition,
during the fermentation process, the production of organic compounds did not significantly affect the
bubble size. A slight increase in kLa was observed, arguably due to a reduction in working volume.

Whilst performing the tests, the kLa was measuring with three different experimental determination
methods: the dynamic pressure method, the dynamic gassing-out method, and the gaseous oxygen
balance method. The dynamic gassing-out method appeared a bit more consistent than the dynamic
pressure method, possibly due to pressure stabilization issues. The gaseous oxygen balance method
did not provide consistent results throughout the entire fermentation, as the method is sensitive and
relies on very accurate gas measurements, especially when the oxygen consumption is low. The dy-
namic gassing-out method proved to be stable and provided the most results used for comparisons of
experiment. However, considering its limitations, it requires validation with a ground truth, such as a
validated reliable chemical method.

The experimental kLa data was compared with predicted values, using empirical correlations. All
predicted values remained within 50% margin to the experimental values (determined with dynamic
gassing-out method). To be able to use these prediction models in bioprocess design, further investi-
gation is essential.
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Nomenclature

Symbols

𝑎 𝑚2/𝑚3 Interfacial area
𝐴𝑏 𝑚2 Surface area of bubble
𝐴𝑆𝑇 𝑚2 Cross sectional area of stirred tank
𝑐𝐿 𝑚𝑜𝑙/𝑚3 Liquid phase gas concentration
𝑐∗𝐿 𝑚𝑜𝑙/𝑚3 Liquid phase gas concentration (saturated)
𝑑𝑏 𝑚 Bubble diameter
𝑑32 𝑚 Sauter mean diameter
𝐷 𝑚2/𝑠 Diffusion coefficient
𝐷𝐿 𝑚2/𝑠 Diffusion coefficient of the gas in the liquid
𝐷𝑅 𝑚 Diameter of Rushton turbine impeller
𝐷𝑆𝑇 𝑚 Diameter of Stirred Tank
𝐹𝑂2 𝑚𝑜𝑙/ℎ Flow of oxygen
𝑔 𝑚/𝑠2 Gravitational acceleration
𝐻 𝑚𝑜𝑙 𝑚3/𝑏𝑎𝑟 Henry’s law constant
𝑘 𝑃𝑎 𝑠𝑛 Consistency index
𝑘𝑐 𝑃𝑎 𝑠𝑛 Casson consistency index
𝑘𝐺 𝑚/ℎ Gas phase mass transfer coefficient
𝑘𝐿 𝑚/ℎ Liquid phase mass transfer coefficient
𝑘𝐿𝑎 ℎ−1 Volumetric mass transfer coefficient
𝑛 - Number of bubbles
𝑛 - Flow behavior index
𝑁 𝑠−1 Rotation rate
𝑂𝑇𝑅 𝑚𝑜𝑙/𝑠 ⋅ 𝑚3 Oxygen Transfer Rate
𝑂𝑈𝑅 𝑚𝑜𝑙/𝑠 ⋅ 𝑚3 Oxygen Uptake Rate
𝑝 𝑏𝑎𝑟 Pressure
𝑝𝑜 𝑏𝑎𝑟 Partial pressure
𝑃 𝑊 = 𝑘𝑔 ⋅ 𝑚2/𝑠3 Power
𝑃𝑜 - Power number
𝑃/𝑉 𝑊/𝑚3 Power to volume ratio
𝑄𝐺 𝑚3/𝑠 Gas flow rate
𝑟𝑏 𝑚 Radius of bubble
𝑟𝑆𝑇 𝑚 Radius of stirred tank
𝑠 1/𝑠 Surface renewal rate
𝑡𝑒 𝑠 Exposure time
𝑈𝑠 𝑚/𝑠 Superficial gas velocity
𝑉𝑏 𝑚3 Volume of a bubble
𝑉𝐺 𝑚3 Volume of gas
𝑉𝐿 𝑚3 Volume of liquid
𝑉𝑇𝑂𝑇 𝑚3 Total volume
𝑣 𝑚/𝑠 Velocity
𝑦𝑂2 - Oxygen gas fraction
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𝛾 𝑠−1 Shear strain rate
𝜖 - Gas holdup
𝜇 ℎ−1 Growth rate
𝜇𝑐 𝑃𝑎 𝑠 Casson viscosity
𝜇𝑒𝑓𝑓 𝑃𝑎 𝑠 Effective viscosity
𝜇𝑔 𝑃𝑎 𝑠 Gas viscosity
𝜌 𝑘𝑔/𝑚3 Density
𝜎 𝑁/𝑚 Surface tension
𝜏 𝑃𝑎 Shear stress
𝜏0 𝑃𝑎 Shear yield stress

Dimensionless numbers

𝑊𝑒 =
𝜌 ⋅ 𝑣2 ⋅ 𝑑𝑏

𝜎 (1)

𝑅𝑒𝑓𝑙𝑜𝑤 =
𝜌 ⋅ 𝑑𝑏 ⋅ 𝑣

𝜇 (2)

𝑅𝑒𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 =
𝜌 ⋅ 𝑁 ⋅ 𝐷2𝑅

𝜇 (3)

𝐹𝑟 =
𝐷𝑅 ⋅ 𝑁2
𝑔 (4)

𝑃𝑜 = 𝑃
𝜌 ⋅ 𝑁3 ⋅ 𝐷5𝑅

(5)

𝑆ℎ =
𝑘𝐿 ⋅ 𝑑𝑏
𝐷 (6)

𝑆𝑐 = 𝜈𝐷 = 𝜇
𝜌 ⋅ 𝐷 (7)
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1
Introduction

1.1. Context of research project

Microbial fermentation is a powerful and sustainable tool in industrial biotechnology (Li et al., 2014).
Industrial fermentation processes use various microorganisms to convert raw materials into industrial
products, for example, biomass, chemical compounds, and proteins (Humphrey and Lee, 1992). The
use of microorganisms in manufacturing processes is considered a more environmentally friendly al-
ternative to traditional chemical and energy-intensive processes (Verma, 2022). In the field of biopro-
cessing, aerobic fermentation processing takes a prominent position, due to its shorter duration and
increased process intensity compared to anaerobic fermentation (Verma, 2022).

An essential condition for aerobic fermentation is sufficient oxygen availability. Oxygen molecules
must be dissolved in the fermentation broth to be accessible to the cells. However, oxygen is a very
hydrophobic molecule, resulting in low solubility in water (Straathof and Heijnen, 2020), which causes
a challenge for effective mass transfer. As a result, the oxygen mass transfer coefficient (kLa) often be-
comes a limiting factor, especially when scaling up the process (Garcia-Ochoa and Gomez, 2009). For
example, Vos et al. (2015) reported that they had to operate their aerobic cultures at reduced growth
rates due to oxygen transfer constraints.

This thesis focuses on oxygen mass transfer, but the same trends are expected for other gases with low
solubility in water, such as CO, CO2 and H2 (Puiman, Elisiário, et al., 2022). These gases are substrates
in syngas fermentation, a process that uses gas molecules to produce value-added compounds, such
as ethanol (Phillips et al., 2017). When renewable syngas is used, this technology may contribute to
sustainable chemical production in a circular, biobased manner (Elisiário et al., 2022). Nevertheless,
just like in aerobic fermentation, gas-liquid mass transfer limits the fermentation rate, particularly in the
case of a high cell density process (Abubackar et al., 2011).

In literature, it is shown that the oxygen mass transfer rate could be affected by various factors, such
as operating conditions (Muregi et al., 2021) and and broth composition (Volger et al., 2024). Franz
et al. (1980) also noted that organic solutes impact gas holdup and bubble size, both of which are
linked to mass transfer. During a fermentation process, different organic compounds are produced,
affecting bubbles andmass transfer dynamics (Zieminski and Hill, 1962). For example, in fermentations
with baker’s yeast, S. cerevisiae, the most abundant product is ethanol, plus a minor amount of other
by-products such as acetate and glycerol (Otterstedt et al., 2004). Even in the presence of oxygen,
yeast cells can metabolize glucose by alcohol fermentation, instead of fully oxidizing glucose to water
and CO2 (Busti et al., 2010). This capacity makes yeast an interesting model system. When the
concentrations of these products rise throughout the batch process, it could be hypothesized that their
effect on bubbles also increases. Therefore, this thesis examines how these fermentation products
influence gas bubble behavior and the oxygen mass transfer.

In this thesis, oxygen mass transfer is the central focus, quantified by the overall oxygen transfer co-
efficient (kLa). The kLa is an important scale-up factor and often used to compare the efficiency of
bioreactors (Moutafchieva et al., 2013). The 𝑎 in kLa represents the interfacial area: the area available

1



1.1. Context of research project 2

for mass transfer. Since the interfacial area is directly related to bubble size, gas bubble sizes were
measured in various solutions in a stirred tank reactor. Additionally, the kLa was determined using
three experimental methods: the dynamic gassing-out method, the dynamic pressure method, and the
gaseous oxygen balance method, to evaluate which method is the most feasible.
This thesis also examines the effects of organic compounds produced during a yeast fermentation pro-
cess, specifically acetic acid, ethanol, and glycerol. These compounds were studied in water-based
systems and their effects were also obtained in a fermentation process. Since fermentation broths
contain numerous other components, their potential influence on kLa is also considered.
The kLameasurements were compared with predictions from empirical correlations. These correlations
required the measurement of liquid properties, such as surface tension and viscosity, which were ob-
tained from the fermentation samples. The rationale for the chosen research direction and the research
questions are provided in Section 1.4.
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1.2. Theoretical background

1.2.1. Oxygen Mass Transfer

The Oxygen Transfer Rate (OTR) is the amount of oxygen transferred from the gas to the liquid phase
(Straathof and Heijnen, 2020). In a fermentation process, the rate of oxygen consumption by the
microorganisms is defined as the Oxygen Uptake Rate (OUR) (Garcia-Ochoa et al., 2010). The uptake
rate capacity exceeds the oxygen transfer capacity, and therefore the OTR equals the OUR. The OTR
(Equation 8) is determined by the driving force (𝑐∗𝐿 − 𝑐𝐿) and the volumetric mass transfer coefficient
(𝑘𝐿𝑎). The driving force is the difference between the maximum dissolved oxygen concentration (𝑐𝐿∗,
solubility), which can be determined with Henry’s law (Equation 9, Phillips et al., 2017), and the actual
dissolved oxygen concentration 𝑐𝐿.
The parameter 𝑘𝐿𝑎 is often treated as a single entity in mass transfer studies, but it is also interesting
to study 𝑘𝐿 and 𝑎 separately. The term 𝑘𝐿, representing the liquid-side mass transfer coefficient, will be
discussed in section 1.2.2. The interfacial area, 𝑎 is directly linked to the diameter of the gas bubbles,
as smaller bubbles have a relatively larger area for mass transfer (Equation 13, Heijnen and Van’t Riet,
1984). Additionally, the interfacial area 𝑎 is also related to the gas holdup via Equation 10. The gas
holdup (Equation 11, Lehrer, 1971) is defined as the volume fraction of gas within the total volume
(gas and liquid phases combined) (Tao et al., 2019). The superficial gas velocity (Equation 12) is the
velocity at which gas passes upwards through a stirred tank (Saravanan et al., 2009). As many of these
parameters and equations are related, an overview of these relationships is shown in Figure 1.1.

𝑂𝑇𝑅 = 𝑘𝐿𝑎 ⋅ (𝑐∗𝐿 − 𝑐𝐿) (8)

𝑐∗𝐿 = 𝐻 ⋅ 𝑦𝑂2 ⋅ 𝑝 (9)

𝑎 = 6 ∗ 𝜖𝑑32
(10)

𝜖 =
𝑉𝐺

𝑉𝐺 + 𝑉𝐿
(11)

𝑈𝑠 =
𝑄𝐺
𝐴𝑆𝑇

=
𝑄𝐺

𝜋 ⋅ 𝑟2𝑆𝑇
(12)

𝑎 =
𝑛 ⋅ 𝐴𝑏
𝑉𝐿

=
𝑛 ⋅ 4𝜋𝑟2𝑏
𝑉𝐿

(13)
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Figure 1.1: Interrelated parameters with effect on the oxygen mass transfer in a stirred tank reactor.
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1.2.2. Mass transfer description models

This section delves into the mass transfer coefficient, 𝑘𝐿, by exameing it through mass transfer models.
As the 𝑘𝐿 is affected by many conditions, such as broth composition, temperature and bubble diameter
(Straathof and Heijnen, 2020), a deeper understanding of these models provides valuable insights into
how these conditions impact mass transfer.

Two film model

When oxygen is introduced into the system through air bubbles, mass transfer occurs from the gas
phase to the liquid phase. This can be described by the film model, a theory invented by Nernst in 1904
and later developed by Lewis and Whitman (1924) into the two film model (Sherwood, 1974). When
considering an air bubble in water, the oxygen concentrations in the gas is higher than in the liquid,
which drives diffusion of molecules across the interface. Each phase is well mixed, but turbulence
dies out at the phase boundary (Doran, 2013), where equilibrium is achieved between the two phases.
Between the interface and the bulk, the model assumes two stagnant films, where a concentration
gradient exists, shown in Figure 1.2. Oxygen molecules will diffuse from the gas bulk into the gas film,
then from the gas film into the liquid film, and finally into the liquid bulk.

Figure 1.2: Stagnant film at the gas-liquid interface around a gas bubble, described by two film theory (Wen et al., 2021).

The theory assumes that all resistance to mass transfer relies in the films, rather than the bulk liquid
(Mishra and Upadhyay, 2022). Both films have their own resistance, represented by the gas-phase
and liquid-phase mass transfer coefficients, 𝑘𝐺 and 𝑘𝐿, respectively. As the oxygen diffusion in the gas
phase is much faster than in the liquid phase, the mass transfer resistance of the gas film is negligible
(Heijnen and Van’t Riet, 1984), and only the parameter 𝑘𝐿 is obtained to determine the mass transfer.

Penetration theory

The two film model assumes hypothetical stagnant films, but the velocity at the surface is not truly
zero (Treybal, 1955). According to Perlmutter (1961), this simplification does not adequately capture
the complexities of mass transfer mechanisms between phases. Higbie (1935) stated that the time
of exposure between the phases is short, so that the concentration gradient would not have time to
develop (Treybal, 1955). To replace the two film theory, Higbie proposed the penetration theory. This
model describes the liquid phase as being composed of ”packages” (Chung, 1968), shown in Figure 1.3.
As a gas bubble rises in the liquid, the liquid packages slip along the bubble’s surface, where they are
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exposed to the gas for a finite period before being replaced. During this period of exposure, diffusion
of oxygen molecules occurs, and the change in concentration penetrations into the small package. It is
assumed that each of the packages stays in contact with the gas for the same period of time (NPTEL,
2013).

The mass transfer coefficient can be calculated with Equation 14 (Garcia-Ochoa and Gomez, 2005).
The value of 𝑘𝐿 depends on the molecular diffusion coefficient, 𝐷, and the exposure time 𝑡𝑒.

𝑘𝐿 = 2 ⋅ √
𝐷

𝜋 ⋅ 𝑡𝑒
(14)

Figure 1.3: Higbie’s penetration theory (NPTEL, 2013) Figure 1.4: Danckwerts’ surface renewal theory (Liao and
Lucas, 2018)

Surface renewal theory

The penetration theory has a significant assumption that the contact time for all the packages is the
same. While this may be plausible in laminar flows, it is often unrealistic in most real-world scenarios
(Mishra and Upadhyay, 2022). In an effort to apply Higbie’s approach in turbulent systems, Danckwerts
(1951) assumed that the bubble surface is periodically refreshed by eddies, which are rotating fluid
regions (Figure 1.4. These eddies continuously expose fresh liquid to the gas, while sweeping away
and mixing parts of the surface which have been in contact with the gas back into the bulk. Eddies are
exposed for various lengths of time (Treybal, 1955), and during the time of exposure the liquid absorbs
gas.

Within this theory, 𝑘𝐿 can be determined with the diffusion coefficient and the surface renewal rate, 𝑠,
which represents the same volume of liquid that is being renewed (Morsi and Basha, 2015).

𝑘𝐿 = √𝐷 ⋅ 𝑠 (15)
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1.2.3. Bubble flow & behavior

This section explores bubble dynamics and behavior, which play a key role in determining bubble size.
Understanding these mechanisms is essential for describing the effect of organic solutes and other
fermentation broth components.

Flow pattern

In order to understand the oxygen mass transfer, it is essential to examine the hydrodynamic phenom-
ena within the bioreactor. In gas-liquid stirred tank reactors, operation flow regimes are broadly clas-
sified into three categories: the flooding regime, loading regime, and the complete dispersion regime
(Shewale and Pandit, 2020 & Warmoeskerken and Smith, 1985). In the complete dispersion regime,
gas bubbles recirculate continuously both above and below the impeller, causing gas to be distributed
uniformly throughout the vessel. The bioreactor system in this study operates within the complete dis-
persion regime, characterized by turbulent flow that includes vortex formation and substantial mixing
within the reactor. According to Doran (2013), Rushton turbines generate a radial flow pattern, creat-
ing separate circulation currents both above and below each impeller. Visual observation of the flow
patterns were compared with those documented by Hoseini et al. (2021) and Taghavi et al. (2011), and
the patterns are illustrated in Figure 1.5.

Figure 1.5: Flow pattern in stirred vessel equipped with dual Rushton turbines (Rutherford et al., 1996).

Bubble formation and break-up

In aerated stirred tank reactors, gas is introduced through the sparger, generating bubbles at the sub-
merged orifices (Martín et al., 2008a). Next, the impeller rotation moves these initial bubble into the
blades, where they break-up due to collision with the blades and are subsequently dispersed at the
discharge stream (Martín et al., 2008b). According to Shimizu et al. (1999), the bubble break-up can
also result from strong shear forces present in the boundary layer of the impeller blade.

Beyond break-up at the impeller, bubbles can also break within high kinetic energy turbulent eddies
(Hasan, 2017). Nambiar et al. (1990) stated that breakage is likely to occur in the zone surrounding
the impeller, where the turbulence intensity is very high. Hinze (1955) described the break-up via bulgy
deformation due to turbulent flow. Local pressure differences cause initial bulges on the surface of the
globule, which develop into protuberances, leading to the bubble splitting up. This mechanism can also
be described as a balance between disruptive forces acting on a bubble and stabilizing surface tension
forces (Alves et al., 2002). When the ratio of the two forces exceeds a critical value, the bubble breaks.
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Bubble coalescence

When two (or more) bubbles in a liquid come into contact and merge to form a single, larger bubble, this
is called bubble coalescence (Figure 1.6). Coalescence can occur when two bubbles collide, trapping
a small amount of liquid between them, known as the dimple. Subsequently, this liquid drains until the
liquid film separating the bubbles reaches a critical thickness (Prince and Blanch, 1990). At this point,
the intermolecular forces between the bubbles become prominent, leading to a rupture of the film and
causing the bubbles to merge together (Zieminski et al., 1967). If the time period is not sufficient for
the film to reach its critical thickness, the bubbles do not coalesce.

Figure 1.6: Bubble coalescence mechanism (P. Chen et al., 2005)
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1.2.4. Effects of organic solutes

Adding organic compounds to the system alters key liquid properties, such as surface tension and vis-
cosity. These properties also change during the progression of a fermentation process (Garcia-Ochoa
and Gomez, 2005), for example by the production of alcohols and acids. These changes significantly
impact bubble dynamics and thereby also the bubble size, leading to variation in kLa. Therefore, it
is valuable to study how organic solutes influence the hydrodynamic processes described in Section
1.2.2 and 1.2.3. Other components commonly found in fermentation broths are also evaluated.

Organic solute molecules have an amphiphilic structure, comprising a hydrophilic (polar) group and
a hydrophobic (apolar) segment, typically a hydrocarbon chain. These molecules are surface active,
meaning they tend to accumulate in the gas-liquid interface (Keitel and Onken, 1982). The hydrophilic
group will point into the liquid phase, forming hydrogen bonds with water molecules, while the hydropho-
bic part aligns with the gas phase. By interfering with and thereby disrupting the strong hydrogen bonds
between water molecules, these solutes weaken surface cohesion, reducing the surface tension.
As the carbon chain length of organic molecule increases, the overall polarity of the compound de-
creases (Jamialahmadi andMüller-Steinhagen, 1992). Formic acid, which is highly polar, readily blends
with the water molecules. In contrast, acetic acid, with a more hydrophobic carbon chain, integrates
less into the water phase, and will accumulate in the gas-liquid interface. Therefore, this effect becomes
more pronounced with compounds possessing longer carbon chains.

Effects on bubble behavior

Regarding bubble formation at the orifices, Alves et al. (2002) suggest that surfactants do not have a
significant effect on the initial bubble formation process. Bubble break-up, however, is influenced by
the density, viscosity and interfacial tension of the two phases (Hinze, 1955). The extent of deforma-
tion is effected by the stabilizing interfacial tension and deforming forces of turbulent eddies (Nachtigall
et al., 2012). If the stabilizing interfacial tension decreases, the breakage rate will increase (Bąk and
Podgórska, 2013), which will decrease the bubble diameter (Sathyagal et al., 1996). Nambiar et al.
(1990) also indicated that surfactants promote bubble break-up though reduction of the interfacial ten-
sion. Their mechanism proposes that pressure fluctuations not only induce surface depressions, but
also remove surfactant molecules at the interface. As a results, the freshly generated dynamic interfa-
cial tension in that region is higher than the static interfacial tension on the rest of the bubble, which
generates an inward flow. This additional stress promotes this breaking mechanism, as illustrated in
Figure 1.7.

Figure 1.7: Bubble break-up mechanism influenced by surfantant molecules (Nambiar et al., 1990).
(a) Bubble before interaction with eddy (b) Formation of bulge .

Just like the bubble break-up process, coalescence is also affected by solutes. According to Heijnen
and Van’t Riet (1984), the coalescence rate is dependent on the liquid surface properties, varying
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from coalescing (e.g. pure liquids) to non-coalescing (e.g. water-salt systems). Alves et al. (2002)
confirmed that the bubble diameter is larger in coalescing systems than in non-coalescing systems. In
non-coalescing systems, merging of bubbles can be hindered by surfactants via coalescence inhibition,
described by Keitel and Onken (1982). This mechanism involves the hydrophilic group in the liquid
phase. The oxygen atoms in the polar group are more electronegative and will draw electron density
towards themselves, resulting in a partial negative charge, known as surface polarization. Therefore,
repulsive forces arise between two closely approaching bubbles, thereby inhibiting the first step of
bubble coalescence, illustrated by the red arrow in Figure 1.6.
The inhibition of bubble coalescence can also be described by the Marangoni-effect. Due to nonuniform
surfactant distributions along the gas-liquid interface, a surface tension gradient arises (Taghavi et al.,
2011). This induces Marangoni flow towards the center on the dimple (Lu et al., 2019), slowing the
drainage of the film, and thereby inhibiting bubble coalescence. Another recognized effect is that when
a bubble rises through the liquid, the Marangoni stress rigidifies the bubble interface. This increases
the drag force, thereby decreasing the bubble rising velocity (Wang et al., 2024).

Figure 1.8: Bubble coalescence inhibition by the Marangoni-effect. The Marangoni stress (𝜏𝑀) induced inwards flow,
preventing film drainage (Wang et al., 2024).

Although this thesis focuses on organic compounds, it is important to consider other components
present in fermentation broths. One of the key components of synthetic media is salts, with the de-
tailed composition provided in Table 2.1. According to Heijnen and Van’t Riet (1984), the addition of
salts makes a liquid non-coalescing. Considering the coalescence mechanism in Figure 1.6, Arjunwad-
kar et al. (1998) explained that the presence of electrolytes causes a surface tension gradient in the
film between the two interacting bubbles, known as the Gibbs-Marangoni pressure (Rommens, 2024).
This gradient suppresses film thinning, preventing the bubbles form merging together. Coalescence
inhibition becomes significant when the salt concentration exceeds the transition concentration. This
transition concentration makes the point at which the bubble size shifts from its initial size (uninfluenced
by salt) to its final size (affected by salt).
Duignan (2021) provided a more extensive explanation of this process. He stated that when certain
mixtures of surface-enhancing and surface-depleting salts are used, their effects can counterbalance
each other, resulting in no inhibition of coalescence.

The occurrence of foam in bioprocesses is very common and the generally adopted strategy to control
it is the use of an antifoam agent (Arjunwadkar et al., 1998). Antifoam agents tend to enhance the
bubble coalescence, resulting in larger bubble sizes (Kawase and Moo-Young, 1990) and a reduction
of interfacial area.

In addition to the surface tension, liquid viscosity is also a property that can impact bubble behavior.
According to Heijnen and Van’t Riet (1984), high viscosity results in larger bubbles in a bubble column.
Similarly, Arjunwadkar et al. (1998) observed an increase in the proportion of large bubbles due to
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enhanced coalescence. This is further supported by Pedersen et al. (1994), who reported that higher
viscosity promotes bubble coalescence.

Effects on mass transfer models

When surfactants accumulate at the gas-liquid interface, shown in Figure 1.2, they can influence the
mass transfer coefficient 𝑘𝐿. Garcia-Ochoa and Gomez (2005) state that the surfactants will form a
mono-layer, inhibiting oxygen diffusion and introducing additional resistance to the mass transfer. This
phenomenon is confirmed by Dai et al. (2004), who note that the molecules reduce the mass trans-
fer efficiency by hindering the oxygen transport through the interface. This accumulation occurs with
organic solutes, such as alcohols and acids, as well as antifoam agents (McClure et al., 2017) and
proteins (Arjunwadkar et al., 1998), all of which create an additional barrier to oxygen transfer at the
gas-liquid interface.

Observing the mass transfer models described in Figure 1.3 and 1.4, the presence of surface-active
agents can alter the surface properties of bubbles. According to J. Vasconcelos et al. (2003), the ac-
cumulation of these molecules will change the bubble from being mobile to rigid. Bubbles with mobile
surfaces will contain more curvature, while rigid bubbles tend to behave like solid spheres. Baird and
Davidson (1962) explains that the surface-active molecules suppress the formation of ripples, reducing
disturbances at the gas-liquid interface. J. Vasconcelos et al. (2003) emphasizes that Higbie’s pene-
tration theory (Figure 1.3) applies only to bubbles with mobile surfaces. The mobility of the surface
determines the rate at which new liquid is brought into contact with the gas, which influences the gas
transfer rates (Prins and Van’T Riet, 1987). Therefore, a rigid interface will lead to a reduction in the
liquid film mass transfer coefficient kL (McClure et al., 2017).

Besides, Haycock and Garner (1959) point out that contamination with surface active agents decreases
circulation. Smaller bubbles are related with a smaller degree of turbulence (Pedersen et al., 1994).
Heijnen and Van’t Riet (1984) demonstrated a relation between the reduction in 𝑘𝐿 and the reduction
in bubble size (for bubbles smaller than 2 mm), as smaller bubbles have less circulation. According to
Khan (1990), if the surface is contaminated, than the frequency of surface renewal - in which eddies
are impelled into the interface - must be damped, leading to a reduction in mass transfer coefficient 𝑘𝐿.
The viscosity of the continuous phase also impacts the mass transfer coefficient. An increase in vis-
cosity reduces the degree of liquid turbulence (García-Ochoa and Gómez, 1998). Diminishes turbulent
eddies will lead to less surface renewal (Volger et al., 2024), thereby decreasing the mass transfer. In
a fermentation broth, high concentrations of biomass are expected to influence the broth viscosity and
thus the 𝑘𝐿 (Puiman, Elisiário, et al., 2022). Glucose is often used as carbon source and also increase
the viscosity of the solutions (Rivas-Interián et al., 2019).
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1.2.5. Experimental kLa determination

Numerous experimental methods to determine the kLa are described in literature. Chemical methods,
such as the sulfite oxidation method or the CO2 absorption method, are unsuitable for microbial pro-
cesses (Garcia-Ochoa and Gomez, 2010) and were therefore not used in this project. Instead, physical
and biological methods, which can be applied in the presence of living cells, are described below.

Dynamic gassing-out method

This method is one of the most extensively described methods in literature. In this approach, oxygen
is first removed from the solution by sparging it with nitrogen. Afterwards, air is reintroduced, and the
dissolved oxygen (DO) profile is monitored using a DO probe (Van’t Riet, 1979). The mass balance
for the dissolved oxygen concentration is shown in Equation 16. By integrating this, the equations in
Figure 1.9 are derived.

𝑑𝑐𝐿
𝑑𝑡 = 𝑘𝐿𝑎 ⋅ (𝑐∗𝐿 − 𝑐𝐿) (16)

Figure 1.9: Dissolved Oxygen profile during dynamic gassing-out method (Garcia-Ochoa and Gomez, 2009)

Unfortunately, this method has some limitations. The DO probe has a certain response time, causing
a delay in the measurements. According to Van’t Riet (1979), the response time is defined as the time
needed to record 63% of a stepwise change. For this project, the response time was determined to
be 17 seconds (determination is provided in Appendix C), suggesting that a correction would improve
accuracy. Nonetheless, due to time constrains, implementing this correction is outside the scope of
this project.

Furthermore, this method assumes that the gas phase is ideally mixed, a condition that is not met in
these experiments. According to Linek et al. (1991), this is a severe limitation, causing erroneous kLa
values. During the bubbles’ residence in the solution, oxygen transfer to the liquid phase alters the gas
composition, resulting in a non-uniformmixing across bubbles. Additionally, the transition from nitrogen
(N2) to air does not instantaneously replace the gas within bubbles. The non-coalescing nature of the
fermentation broth further hinders bubble merging, preventing uniform gas composition.
It is worth mentioning that the lack of ideal gas phase mixing is more pronounced at large-scale biore-
actors, as highlighted by Linek et al. (1989). Studies using this method often apply it on larger scales;
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for instance, Chang et al. (1989) uses a 38 L bioreactor and Dang et al. (1977) a 50 L bioreactor.
Given that the bioreactor in this study is only 1.5 L, the impact of non-ideal gas mixing is expected to
be less significant. For a 1.5 L bioreactor, the transition period between two gases was estimated to
be approximately 4 seconds. In significantly larger bioreactors, this transition period is expected to be
considerably longer.

Dynamic pressure method

This method is proposed by Linek et al. (1989), as an alternative to the dynamic gassing-out method.
Instead of changing the gas composition, a pressure step is introduced, which causes a simultaneous
change in oxygen concentration across all bubbles of the dispersion. As shown in Equation 9, the
maximum dissolved oxygen concentration can be adjusted by either modifying the oxygen composition
(𝑦𝑂2 ) or the pressure (𝑃). Scargiali et al. (2010) later proposed a simplified dynamic pressure method,
which significantly reduces data processing complexity. This simplified approach yields a similar data
treatment to the dynamic gassing-out method, as both share the same underlying principle.

Gaseous oxygen balance method

The third method relies on the oxygen mass balance in the gas phase. This approach assumes uni-
form distribution of oxygen concentration in both the gas and liquid phase, resulting from ideal mixing.
Another key assumption is steady-state conditions, resulting in the following gas-phase oxygen mass
balance:

𝑑𝑁𝑂2
𝑑𝑡 = 𝐹 𝑖𝑛𝑂2 − 𝐹

𝑜𝑢𝑡
𝑂2

− 𝑉𝐿 ⋅ 𝑂𝑈𝑅 = 0 (17)

The oxygen consumption by the cells (OUR) is equal to the Oxygen Transfer Rate, which is shown in
Equation 8. By rearranging the equation, the kLa can be calculated.

𝑘𝐿𝑎 =
𝐹 𝑖𝑛𝑂2 − 𝐹

𝑜𝑢𝑡
𝑂2

𝑉𝐿 ⋅ (𝑐
∗
𝐿 − 𝑐𝐿)

(18)
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1.2.6. Bubble size measurements

Bubble sizes are measured in various systems using different methods. Many researchers use cam-
eras to capture bubble images, either with a photo-optical probe submerged in the solution (Puiman,
Elisiário, et al., 2022) or with a high speed photographic camera (Basařová et al., 2018). Another
approach involved guiding bubbles through a glass capillary and measuring their diameter with a pho-
toelectric probe (Keitel and Onken, 1982). In this thesis, a conical optical fiber is employed for bubble
measurements, referred to as the fiber probe.

The probe is put into the solution pointing downwards and performs measurements on the bubbles that
get pierced by the tip. The measurement relies on the reflection of a laser beam at the tip of the probe.
A laser signal is emitted through the probe, where it gets partially reflected at the tip, and the internal
refraction is then detected by an optoelectronic module (A2 Photonic Sensors, 2019). The refraction in
air is at least a tenfold higher than in water, allowing the phase at the fiber tip to be determined (Lefebvre
et al., 2022). By distinguishing these two phases, the void fraction (gas holdup) is easily obtained by
measuring the time fraction when the probe is submerged in air (A2 Photonic Sensors, 2019). The
laser refraction is illustrated in Figure 1.10.

Figure 1.10: Internal refraction of the fiber probe. The laser refraction is higher when the probe’s tip is submerged in gas
(above) than in liquid (below)

Figure 1.11 shows the measurement of a single bubble, with increased voltage when the fiber tip is
immersed in the gas phase. In addition to the residence time, the exit velocity of each bubble is mea-
sured to determine its size. This velocity is derived from the measured Doppler signal, combining the
wave reflected at the fibers tip and at the G/L interface (Lefebvre et al., 2022). With both the velocity
and the residence time of the individual bubble, the bubble size can be determined. If both the entry
and exit velocity cannot be measured properly, the corresponding bubble is considered invalid.

Figure 1.11: Measurement profile of a valid bubble (Rommens, 2024). The oscillation is enlarged to improve the readability.
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1.2.7. Empirical kLa correlations

To predict kLa values, a high number of correlations are proposed in literature, in both dimensional
and dimensionless form (Garcia-Ochoa and Gomez, 2010). These correlations are functions of many
factors that influence the kLa, such as the geometry of the vessel and stirrer, physico-chemical prop-
erties of liquids, the superficial gas velocity and the operational conditions (Gagnon et al., 1998 and
García-Ochoa and Gómez, 1998).

Correlations with exponential variables

Van’t Riet (1979) proposed a relation for the determination of the kLa in stirred vessels for non-viscous
systems (Equation 19). Many authors applied linear regression on their data with this equation, resulting
in a wide variation of exponent values. The variables 𝛼 and 𝛽 generally have values between 0 and 1
(Calderbank and Chandrasekharan, 1981).

𝑘𝐿𝑎 = 𝐶 ⋅ 𝑈𝛼𝑠 ⋅ (
𝑃
𝑉 )

𝛽
(19)

As the kLa is also correlated with the liquid effective viscosity, García-Ochoa andGómez (1998) included
that parameter, obtaining Equation 20. The constant C depends on the geometrical parameters of the
vessel and stirred employed, and the exponent values again show a great variation among authors
(Gagnon et al., 1998). García-Ochoa and Gómez (1998) also proposed to substitute 𝑃/𝑉 by the stirred
speed 𝑁, as can be seen in Equation 21.

𝑘𝐿𝑎 = 𝐶 ⋅ 𝑈𝛼𝑠 ⋅ (
𝑃
𝑉 )

𝛽
⋅ 𝜇𝛾𝑒𝑓𝑓 (20)

𝑘𝐿𝑎 = 𝐶 ⋅ 𝑈𝛼𝑠 ⋅ 𝑁𝛽 ⋅ 𝜇
𝛾
𝑒𝑓𝑓 (21)

These correlations will be affected by the rheological model used to describe the effective viscosity, as
the fermentation broth is a non-Newtonian fluid. The rheological models are elaborated on in Appendix
J.

Dimensionless correlations

Besides the dimensional relations above, literature also proposes many dimensionless correlations,
including more parameters than the previous ones.

García-Ochoa andGómez (1998) proposed the correlation shown in Equation 22. The authors describe
the viscosity with the Ostwald-de Waele model, also known as the power law model.

𝑘𝐿𝑎 = 9.8 ⋅ (
𝜌𝑁2−𝑛𝐷2𝑅
𝑘𝐾𝑛−1 )

2/3

⋅ (
𝑁𝐷𝑅
𝑈𝑆

)
−2/3

⋅ (
𝜌𝑁2𝐷3𝑅
𝜎 ) ⋅ (

𝐷𝐿
𝐷2𝑅
) (22)

García-Ochoa and Gómez (1998) proposed another correlation (Equation 23), in which they used the
Casson model to describe the viscosity.

𝑘𝐿𝑎 = 0.3 ⋅ (
𝜌𝑁𝐷2𝑅
𝜇𝑐

) ⋅ (
𝑁𝐷𝑅
𝑈𝑠

)
−2/3

⋅ (
𝜌𝑁2𝐷3𝑅
𝜎 ) ⋅ (

𝐷𝐿
𝐷2𝑅
) (23)

Perez and Sandall (1974) proposed another correlation (Equation 24). They also assumed that the
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relationship between shear stress and shear rates can be represented by the power law. However,
they adjusted the calculation of the effective viscosity, as can be found in Appendix J.

𝑘𝐿𝑎 = 21.24 ⋅ 𝑅𝑒
1.11
𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 ⋅ 𝑆𝑐0.5 ⋅ (

𝐷𝑅𝑈𝑠
𝜎 )

0.447

(
𝜇𝑔
𝜇𝑒𝑓𝑓

)
0.694

⋅ (
𝐷𝐿
𝐷2𝑅
) (24)

Finding correlations that align with the experimental conditions in this thesis proved to be challenging.
Therefore, it must be notes that the equations proposed by García-Ochoa and Gómez (1998) were
originally developed for stirred vessels equipped with two six-curved-blade turbines, rather than the six
flat-blade turbines (Rushton) used in this study. Furthermore, Equation 24 was designed for systems
with a single six flat-blade turbine, whereas two turbines were used in the conducted experiments for
this thesis.
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1.3. Literature

This section outlines the relevant findings from literature on the studied organic compound, specifically
acetic acid, ethanol, and glycerol. The effects of these compounds are examined in both water-based
systems and fermentation broths. In fermentation processes, the potential influence of other compo-
nents should also be considered.

Effect of organic compounds in water systems

Numerous studies have investigated the effects of organic solutes on bubble sizes and oxygen mass
transfer in water-compound solutions. For instance, Zieminski and Hill (1962) demonstrated that the
rate of oxygen transfer from air bubbles to water increases when small quantities of specific alcohols
or carboxylic acids are added to the solution. Additionally, Zieminski et al. (1967), reported a threefold
increase in bubble surface area and a 4.5-fold increase in oxygen mass transfer rate specifically due
to acetic acid. Jamialahmadi and Müller-Steinhagen (1992) found that alcohols (including ethanol) and
organic acids (including acetic acid) reduce bubble size, leading to a higher gas holdup. They observed
a 38% reduction in bubble diameter due to ethanol and a 45% reduction due to acetic acid. Addition-
ally, Keitel and Onken (1982) determined for many organic compounds an inhibition concentration for
coalescence restraint, where bubble size significantly decreased. These thresholds were 20 mM for
ethanol, and 0.2 mM for acetic acid. Studies on the effect of glycerol on bubble sizes have primarily
focused on very high concentrations, ranging from 27% to 100% (Franz et al., 1980, Samaras et al.,
2014), far exceeding the concentration levels found in fermentation broths (Table 3.2). This is likely to
investigate the effect of viscosity, rather than bubble coalescence inhibition. Özbek and Gayik (2001)
studied the kLa in glycerol solution and found no change in its value between 0% and 10% glycerol.

Effect of ethanol in fermentation broths

Puiman, Elisiário, et al. (2022) demonstrated a 74% reduction in Sauter diameter in ethanol solution,
resulting in a sixfold increase in kLa. Similar trends, albeit to a lesser extent, were observed in medium
and fermentation broths. Although a decrease in kL was observed, the significant increase in interfacial
area more than compensated for this, resulting in enhanced oxygen mass transfer. Puiman, Abraham-
son, et al. (2022) also simulated gas-liquid mass transfer in an industrial CO-to-ethanol fermentation
process and observed an increase in mass transfer coefficient. They attributed this to ethanol produc-
tion inhibiting bubble coalescence, resulting in smaller bubbles. Beyond these two studies by Puiman,
literature on the influence of organic fermentation products - such as glycerol and acetic acid - on mass
transfer in fermentation broths remains scarce. One notable finding in the literature is from Braasch
and Braasch (1934), who observed that adding 0.01% to yeast wort reduced bubble size and thus
increased the transfer area. However, the details of this patent are not publicly accessible.

Effect of other fermentation broth components

It is also valuable to consider what is known in literature about other fermentation components. The
batch fermentation begins with glucose, vitamins, and synthetic medium, which contains among others
salts and antifoam (Pluronic PE6100). Further details about the additives are provided in Table 2.1.
Arjunwadkar et al. (1998) demonstrated that the addition of salts makes liquids non-coalescing, exhibit-
ing higher mass transfer rates. Specificly, the effect of (𝑁𝐻4)2𝑆𝑂4 was examined by Rommens (2024),
who reported a transition concentration beyond which coalescence is inhibited. The concentration in
our medium exceeds this proposed threshold. Additionally, Rivas-Interián et al. (2019) studied medium
contraining 𝐾𝐻2𝑃𝑂4 𝑀𝑔𝑆𝑂4, showing an increase in interfacial area and kLa, attributed to the inhibition
of bubble coalescence.

Arjunwadkar et al. (1998) reported a substantial decrease in mass transfer coefficient at increasing
antifoam concentration, although their study uses a different antifoam component than the one present
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in our medium. Additionally, other authors demonstrated even that low concentrations of antifoam
agents can reduce oxygen mass transfer (McClure et al., 2017; Morão et al., 1999; J. Vasconcelos
et al., 2003). Similarly, Elibol (1999) observed a significant reduction in kLa caused by Pluronic F-68, a
compound similar to Pluronic PE6100, though differences in physical properties may result in varying
effects.

Regarding glucose, Garcia-Ochoa and Gomez (2005) reported a 11% decrease in kLa with the addition
of 10 g/L. In contrast, Rivas-Interián et al. (2019) reported a minimal decrease in bubble diameter and
minimal increase in kLa. These findings suggest that the reported results are inconclusive, although
the overall impact of glucose appears to be relatively low.

As biomass is produced during the fermentation process, the cells may also have effect. Puiman,
Elisiário, et al. (2022) stated that high biomass concentrations (10 g/L) are expected to influence the
broth viscosity and thus the kL. In contrary, some authors propose that cells enhance oxygen mass
transfer by consuming oxygen as it diffuses through the gas-liquid interface ((Garcia-Ochoa & Gomez,
2005; Tsao, 1968)).

Experimental kLa determination methods

The three methods used in this thesis for kLa determination have been reviewed literature by various
authors. The dynamic gassing-out method is considered simple and relatively accurate (Garcia-Ochoa
et al., 2010). However, several authors have highlighted that response time of the dissolved oxygen
(DO) probe can lead to inaccuracies in kLa determination (Cerri et al., 2016, Tribe et al., 1995). Addi-
tionally, Linek et al. (1991) demonstrated that that this method tends to underestimate kLa values due
to limitations in gas phase mixing.
The dynamic pressure method has been shown to produce accurate kLa values, as reported by Linek
et al. (1989). This approach was further validated in a simplified form by Scargiali et al. (2010), con-
firming its reliability.
According to Van’t Riet (1979), the gaseous oxygen balance method offer a straightforward kLa deter-
mination. However, it requires high gas flow rates and highly sensitive measuring equipment (Garcia-
Ochoa and Gomez, 2009). Cruz et al. (1999) reported inadequate results with this method, explained
by the low rate of oxygen consumption by the microorganism.

Empirical kLa correlations

Considerable efforts have been made to establish quantitative relationships for kLa in terms of associ-
ated variables (Rivas-Interián et al., 2019). Numerous authors have proposed correlations based on
their experimental oxygen mass transfer data. For instance, Van’t Riet (1979) developed a correlation
for water systems that depends on the power-to-volume ratio and the superficial gas velocity, achiev-
ing an accuracy of 20-40 %. Supported by Equation 19, he illustrated a relationship between kLa and
𝑃/𝑉 , suggesting that increased stirring power consumption or reduced volume would lead to a higher
kLa. Building on this, Gagnon et al. (1998) created correlations for various impeller geometries, which
provided a sufficiently accurate representation of their experimental data.
For more complex systems, such as non-Newtonian fluids, García-Ochoa and Gómez (1998) proposed
a dimensionless correlation that expressed the Sherwood number as a function of the Reynolds and
the Weber number, with a reported error of ± 10%. Additionally, Perez and Sandall (1974) fitted exper-
imental data to a comparable correlation with a standard deviation of 5%.
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1.4. Research gap & Project scope

Given that the kLa can be influenced by a large variety of settings, geometries and solutes, various
fermentation conditions were considered when choosing the direction of this research. During the setup
of this research it was ensured that the variable factors, proposed to be studied, should be applicable
on a yeast fermentation process.

Experimental settings
The impeller speed was set at 400 rpm, as higher speeds made it impossible to measure bubble sizes
with the fiber probe. Investigating the effects of different sparger types could provide valuable insights;
however, precise observation would require measuring bubble diameters directly at the sparger (Heij-
nen and Van’t Riet, 1984). This is challenging because the fiber probe is fixed in permanent positions
within the ceiling of the bioreactor. Additionally, since yeast cells grow optimally at 30°C, the tempera-
ture was fixed at this level.

Fermentation broth components
During a fermentation process, proteins are excreted by the cells. According to S. Chen et al. (1992),
air bubble diameter decreases with increasing protein concentration, but the available data is limited.
Besides, regulating protein concentration during fermentation is challenging, as cells naturally excrete
proteins. Data about the effect of biomass is also limited, but the literature indicates that cells have
a small effect on coalescence rate (Volger et al., 2024). Regulating biomass concentration is equally
difficult, and it cannot be isolated from other variables during fermentation, making it challenging to
observe the effects.
Sugars such as glucose and sucrose are commonly used as carbon sources in bioprocesses. In the
batch fermentation processes conducted for this research, regulating sugar concentration is also chal-
lenging due to the nature of batch operations.
Excessive foam formation is undesirable from an operational perspective, making the addition of an-
tifoams generally necessary to prevent foaming (Doran, 2013). Several studies indicate that low con-
centrations of antifoam agents can reduce oxygen transfer rates, as discussed in Section 1.3. Since
the aim of this research is to enhance mass transfer, this will not primarily be the focus. However, it
is important to note that antifoam agents are present in the synthetic media used in this study. The
synthetic media also contains salts, and the presence of electrolytes is known to inhibit bubble coales-
cence, potentially enhancing mass transfer. However, salts can also act as inhibitors of S. cerevisiae
(Casey et al., 2013) leading to reduced growth and ethanol yield (Wei et al., 1982).
Organic compounds, such as alcohols, carboxylic acids, glycols and ketones, are among the most
prominent fermentation products. Keitel and Onken (1982) described their ability to decrease bubble
size, making them relevant for further investigation. The first conducted fermentation revealed acetic
acid, ethanol, and glycerol as the most abundant products. Consequently, this research focuses on
these three compounds.

1.4.1. Research questions

Previous studies have demonstrated a clear relationship between organic compound concentrations
and bubble sizes, enhancing oxygen mass transfer, as described in Section 1.3. However, most experi-
ments were conducted in water system, excluding the influence of other fermentation broth components.
To address this gap, this research includes measurements performed throughout yeast fermentation
processes, and the following research question was established:

1. What is the effect of fermentation products (acetic acid, ethanol, and glycerol) on the inter-
facial area of gas bubbles, and therefore also the oxygen mass transfer (kLa) in a stirred tank
reactor?

The kLa can de determined experimentally using various methods. Previous literature describes certain
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inaccuracies and limitations associated with the three methods obtained in this research. These uncer-
tainties, along with interest in the practical implementations of the methods, lead to the formulation of
the second research question.

2. What is the most feasible experimental method to determine the oxygen mass transfer (kLa)
in a stirred tank reactor?

With the growing interest in the design of bioprocesses, like fermentations, understanding the most
influential parameters is essential for accurate kLa prediction (Puiman, Elisiário, et al., 2022). Many
correlations to predict the kLa are proposed in literature, leading to the third research question.

3. Is it possible to predict the oxygen mass transfer (kLa) in a stirred tank reactor with empirical
correlations within an acceptable deviation range?



2
Materials & Methods

2.1. General setup & devices

The experiments were conducted with an 1.5 L bioreactor from Applikon Biotechnology, integrated with
a Biostat B Plus benchtop bioreactor controller from Sartorius. The bioreactor was equipped with two
6-blade Rushton turbine impellers, which were rotated at 400 rpm by the Stirrer Controller P100 from
Applikon Biotechnology. Each impeller has a diameter of 4.5 cm and a blade height of 1.15 cm and
they were positioned 5 cm apart along the central shaft. The temperature was maintained at 30 °C
throughout the experiments. For the abiotic measurements, the volume was 1 L. The gas flow rate was
set at 0.5 L/min, with a gas composition of 30% air and 70% nitrogen gas. This was equal to an oxygen
feed flow of 78 mmol/h, creating an oxygen-limited environment during fermentation. The yeast strain
used in these experiments was Saccharomyces cerevisiae (CEN.PK.113-7D). An initial volume of 1.4
L was required to account for the volume reduction as samples were withdrawn from the fermentation
broth. A detailed description of the medium composition and fermentation additives, including glucose
and vitamins, is provided in Table 2.1. All experimental conditions, including those for the abiotic tests,
were selected to mimic actual fermentation conditions.

Component Formula Product Code Concentration
Ammonium Sulphate (𝑁𝐻4)2𝑆𝑂4 Merck 1211 5 g/L
Potassium dihydrogen phosphate 𝐾𝐻2𝑃𝑂4 Merck 4877 3 g/L
Magnesium sulphate.7H2O 𝑀𝑔𝑆𝑂4 ⋅ 7𝐻2𝑂 Baker 0168 0.5 g/L
Pluronic PE6100 BASF 50073570 0.2 g/L
Trace elements - Appendix A Stock solution 1 mL/L

D(+)-Glucose Monohydrate 𝐶6𝐻12𝑂6 ⋅ 𝐻2𝑂 J.T.Baker 0113 28 g/L
Vitamins - Appendix A 1 mL/L

Table 2.1: Composition of synthetic media for S. cerevisiae (row 1-5) and other added nutrients (row 6-7) (de Hulster, 2019a).
Details about the Trace elements and vitamins are provided in Appendix A

The dissolved oxygen concentration was measured with a Dissolved Oxygen (DO) probe (PM10/794)
from AppliSens Sensor Innovation. The solution was sparged with a gasmixture (30% air, 70% nitrogen
gas) to calibrate the 100% level of dissolved oxygen. The gas composition of the off-gas was measured
with the ServoPro 4900 Multiga from Servomex. The inflowing gas was controlled with two Smart Mass
Flow Controllers from Brooks. All data was logged with the computer using MFCS Shell Software. To
apply pressure on the bioreactor, a pressure head from Tescom Europe.

The biomass concentration during the fermentation was determined with Optical Density (OD) mea-
surements at a wavelength of 660 nm, conducted with Spectrophotometer UV-1800 from Shimadzu.
Additionally, 10 mL fermentation broth was filtered to remove the liquid, and dried on the filter in the mi-
crowave. Following, he dry weight was determined with a laboratory scale to quantify the biomass. The
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concentrations of other compounds, like sugars and acids, were measured using High Performance
Liquid Chromatography, model 1260 Infinity from Aligent Technologies.

The viscosity measurement were performed using a DHR-3 Rheometer from TA Instruments, equipped
with the Concentric Cylinder geometry. The device brought the sample up to 30 °C, consistent with the
temperature used in all experiments. During the measurement, shear stress (± 1 Pa) was applied, and
the resulting shear strain rate was measured. From this data, the effective viscosity was determined
using different rheological models, explained in Appendix J.

The surface tension measurements were conducted with a Bubble Pressure Tensiometer (BPT Mobile,
KRÜSS Scientific). Since these measurements were performed at 20.5 °, a temperature correction
was applied. Following the methodology outlined by Perez and Sandall (1974), the correction was
assumed to be the equivalent to that which applies to the surface tension of water against air (Janssen
and Warmoeskerken, 1987).

The density was determined by weighing 1 mL of the sample. The volume was collected using a 1 mL
Pipetman from Gilson, and its weight was measured with the AG204 DeltaRange balance from Mettler
Toledo. Preferable, a density meter from Anton Paar was used for these measurements, but that device
is not suitable for samples that contain cells.

The velocity and size of individual bubbles were measured with the M2 Analyzer from A2 Photonic
Sensors. The acquisition frequency was 15625 kHz (estimated maximum velocity 1.2 m/s), pretrigger
was 100 𝜇𝑠 and block duration was 30.000 or 40.000 𝜇𝑠. The exposed length of the optical fiber is ± 7.1
mm, with a diameter of 125 𝜇m, a microscopic picture is shown in Figure 2.1. The probe was positioned
in the solution pointing downwards, measuring the diameter of bubbles pierced by the fiber. A detailed
description of the operation principle of the device is provided in Section 1.2.6. After the measurement,
a bubble size distribution was generated from all valid bubbles. Further data processing is described
in Appendix D.
According to van der Bom (2023), ± 1000 valid events are required for an accurate determination of
the bubble size, which was challenging to achieve in this setup. Bubbles are measured properly if they
approach the probe from below, which is often disrupted in turbulent flow. The optimal position of the
probe tip, yielding the highest validation rate, was determined to be 15 cm above the workbench. This
corresponds to 1 cm above the highest Rushton turbine, and the flow at this position moves upwards
(Figure 1.5).
The bubble sizes measured by the fiber probe were validated using pictures captured with the Sony
Alpha A7 II camera. Details of the verification are provided in Appendix B.

Figure 2.1: Fiber probe tip observed under a microscope
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2.2. Experimental kLa determination

Three different methods were deployed to determine the kLa in various conditions. They are described
more profoundly in Section 1.2.5.

Dynamic gassing-out method

This method is based on a step-change in the inlet gas oxygen concentration. The solution was first
sparged with nitrogen and then with the 30% air / 70% N2 mixture, to create an absorption profile,
comparable to the one shown in Figure 1.9. The kLa value was obtained from the absorption profile,
by fitting the curve to the data using the scipy.curve_fit function in Python.

Dynamic pressure method

In addition to the dynamic gassing-out method, the dynamic pressuremethod was employed. Instead of
introducing a step change in oxygen concentration, a step change in pressure was applied. However,
increasing the pressure from 1 to 1.2 bar required up to 2 minutes, which was too long compared
to the actual measurement duration. To address this, the pressure was released instead, creating a
desorption profile, comparable to the one in Figure 1.9. Following the same approach as the dynamic
gassing-out method, the kLa values were determined by curve fitting.

Gaseous oxygen balance method

The third method was based on the gaseous oxygen mass balance, and the kLa could be determined
with Equation 18. The OTR was determined by measuring the oxygen concentration in the inflowing
and outflowing gas, while 𝑐𝐿 was measured with a DO probe (Van’t Riet, 1979). The saturation con-
centration, 𝑐∗𝐿 , was calculated using Henry’s law (Equation 9), in which the outlet gas concentration is
used for 𝑦𝑂2 (Garcia-Ochoa and Gomez, 2010).

Since this technique is based on precise oxygen concentration measurements, highly sensitive mea-
suring equipment is essential (Garcia-Ochoa and Gomez, 2009). Especially if the oxygen uptake is low,
the concentration difference between the inlet and outlet gas stream is minimal. To enhance accuracy,
additional controls and measurements have been implemented. The inlet oxygen concentration was
monitored continuously throughout the fermentation, rather than being assumed constant at 20.95%.
The mass flow controllers were validated, and if required, flow adjustments were made. The atmo-
spheric pressure in the laboratory was also monitored, instead of assuming that it is always exactly 1
atm. The reactor volume is accurately determined by weighing samples and marking the bioreactor for
consistent volume reference. Additionally, the bioreactor seals are verified to prevent any gas leaks.
As the temperature in the lab was 20.5°C, this value was used for ideal gas law calculations.
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2.3. Conducted experiments

To investigate the effect of fermentation broth components on the bubble size and kLa, the abiotic ex-
periments outlined in Table 2.2 were conducted. The focus was on three organic compounds: acetic
acid, ethanol, and glycerol, as these were the most abundant products from the fermentations. The
tested concentration range for these organic compounds was based on their levels in the final fermen-
tation sample (Table 3.2). Due to time constrains, ethanol could not be tested individually. However,
its effects on the bubble size and kLa have been previously studied in a stirred tank reactor (Wagenaar,
2021, Puiman, Elisiário, et al., 2022).

A yeast batch fermentation process requires nutrients, thus glucose, vitamins and synthetic media
must be present. To assess the effect of fermentation products, the impact of these additives was also
studied.

Medium Additives Concentration
Water Acetic acid 0 - 5 mM

Water Glycerol 0 - 20 mM

Synthetic medium - -

Synthetic medium Glucose 28 g/L
Vitamins 1 mL/L

Synthetic medium Glucose 28 g/L
Vitamins 1 mL/L
Ethanol 120 mM
Glycerol 20 mM
Acetic acid 5 mM

Table 2.2: Overview of conducted abiotic experiments.

Three batch fermentations were performed with the medium composition provided in Table 2.1. On
September 19th, 8.3 mM acetic acid was added to the broth at the start of the fermentation, to observe
its potential effects during a fermentation process. All fermentations were intentionally oxygen limited
(30% air, 70% N2), to examine whether improvement by acetic acid would be possible.

Date Additives
Ref1 August 28th -
Aa1 September 19th 8.3 mM acetic acid
Ref2 October 22nd Unit 1 -
Ref3 October 22nd Unit 2 -

Table 2.3: Caption
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2.4. Empirical kLa correlations

Besides experimental determination of the kLa, it is interesting to compare the obtained values with val-
ues from prediction models, described in Section 1.2.7. The conditions that were used in the performed
experiments, and the measured liquid properties of the fermentation samples are used as input for the
correlations. The constants and exponential variables were retrieved from literature, to compare the
values proposed by different authors.

Equation 19 is designed for water systems, and therefore used to predict kLa values that are compared
with experimental kLa values from experiments with water. For the mixtures with organic compounds,
due to low concentrations, the effects on liquid properties were minimal, leaving it outside of the scope
of this thesis. To predict the kLa during the fermentation processes, correlations with exponential vari-
ables (Equation 20 and 21) en dimensionless correlations (Equation 22, 23, and 24) were applied. The
experimental conditions are shown in Table 2.4, and the measured liquid properties are presented in
the Results, Section 3.3.

Parameter Reference
Diffusion coefficient 𝐷𝐿 2.5 ⋅ 10−9 𝑚2/𝑠 Xing et al., 2014
Diameter of impeller 𝐷𝑅 4.5 𝑐𝑚
Rotation rate 𝑁 6.67 𝑠−1
Power 𝑃 0.295 𝑊 Equation 5
Power number 𝑃𝑜 5.4 Janssen and Warmoeskerken, 1987
Power to volume ratio 𝑃/𝑉 295 𝑊/𝑚3

Superficial gas velocity 𝑈𝑠 1.061 ⋅ 10−3 𝑚/𝑠 Equation 12
Volume 𝑉 1 ⋅ 10−3 𝑚3

Gas viscosity 𝜇𝑔 20.63 ⋅ 10−6 𝑃𝑎 𝑠 Lemmon and Jacobsen, 2004
Density 𝜌 995.68 𝑘𝑔/𝑚3 Janssen and Warmoeskerken, 1987

Table 2.4: Parameters used for empirical kLa correlations. The table also includes parameter to calculate the power with
Equation 5.
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Results & Discussion

3.1. Abiotic experiments

3.1.1. Dynamic kLa determination methods

Two similar dynamic methods were used to experimentally determine the kLa: the dynamic pressure
method and the dynamic gassing-out method. The conditions for this particular experiment were an
exception compared to those described in Section 2.1, with a gas composition of 100% air a tempera-
ture maintained at 20.5 °C. The solution in the bioreactor was pure water.

Pressure 𝑘𝐿𝑎 (ℎ−1) Gassing-out 𝑘𝐿𝑎 (ℎ−1)
51.56 40.93
45.16 40.53
48.83 42.29
52.54

Average 49.52 41.25
Standard deviation 2.86 0.75

Table 3.1: Experimental kLa values for two similar determination methods.

The results in Table F.1 show a difference in average kLa values obtained using the two dynamic meth-
ods. The standard deviation of the dynamic pressure method is a higher than that of the dynamic
gassing-out method, reflecting greater variability among its measurements. This could be attributed to
the available equipment, which required reading the pressure meter by eye and and manually adjusting
the pressure. This made it challenging to achieve exactly 1.2 bar. However, the standard deviation is
within an acceptable range, allowing the method to be applied in abiotic experiments with acetic acid.

26
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3.1.2. Solutions with fermentation broth components

Before analyzing the bubble size data, it is important to note that these measurements do not represent
the bubble sizes throughout the entire reactor. As Takahashi and Nienow (1993) demonstrated, bubble
sizes can vary depending on their position within the reactor. Additionally, the fiber probe measures
the bubble at the height where it pierces the bubble, which may not be exactly at the bubble’s center.

Organic compounds

To study the effect of fermentation products on the bubble size and the kLa in a batch process, the
impact of two individual organic compounds were tested: acetic acid and glycerol.

Figure 3.1: Geometric mean bubble diameter in water-compounds solutions in a stirred tank reactor. The error bars indicate
the 95% confidence interval.

Figure 3.2: kLa results in water-compound solutions in a stirred tank reactor. The error bars indicate the standard deviation. All
dynamic gassing-out measurements were performed in triplicate. For the dynamic pressure measurements a detailed

explanation is provided in Appendix F.



3.1. Abiotic experiments 28

In Figure 3.1 is shown that an increasing acetic acid concentration results in a reduction in bubble di-
ameter of 7%. As a surfactant, acetic acid promotes bubble breakup through the mechanism illustrated
in Figure 1.7 and inhibits bubble coalescence due to surface polarization. Both effects contribute to
smaller bubbles, resulting in a larger interfacial area. Figure 3.2 demonstrates that as the bubble size in
acetic acid solutions decreases, the kLa increases. The acetic acid molecules in the gas-liquid interface
are assumed to hinder oxygen transport (Section 1.2.4). Additionally, as the gas bubbles become more
rigid and less mobile, surface renewal is reduced, limiting transport. Despite the proposed reduction in
kL, the effect of increased surface area dominates, resulting in an overall increase in the mass transfer
coefficient of 35% (Figure 3.2). These results for acetic acid align with the trends reported by Zieminski
et al., 1967. However, the differences they observed were significantly larger, which might be due to
the use of higher concentrations in their experiments.

Although ethanol was not individually examined in this thesis, literature (Wagenaar, 2021, Puiman,
Elisiário, et al., 2022) suggests that its effects in aqueous solutions are similar to those of acetic acid,
as discussed above.

On the other hand, within the tested concentration range, glycerol appears to have no significant effect
on the bubble size (Figure 3.1) or the kLa (Figure 3.2), as the value remains relatively constant. This
observation is consistent with the findings of Özbek and Gayik (2001), who reported no change in kLa
a at low glycerol concentrations.

In Figure 3.2, the blue and green kLa values were determined using the dynamic gassing-out method.
For acetic acid solutions, the dynamic pressure method was also applied. However, the results exhibit
significant variability, as indicated by the relatively large error bars, and the kLa values do not align
with those obtained from the dynamic gassing-out method. This deviation is likely attributed to the
sensitivity of the DO probe, because the data points available for curve fitting were limited (elaborated
in Appendix F). Consequently, these results do not provide additional insights into the dynamic pressure
method. In practice, establishing a constant pressure of 1.2 bar before each kLa measurement proved
time-consuming. The available pressure head required manual adjustment using a knob, followed by
waiting for the pressure to stabilize before further adjustments could be made to reach the desired
level. A more efficient approach would involve a device capable of setting a specific pressure level and
automatically increasing the pressure until the target value is achieved.

Fermentation nutrients

The effect of fermentation additives, such as synthetic media and nutrients (Table 2.1), on bubble
behavior and kLa was studies.

Figure 3.3: Geometric mean bubble diameter in water; synthetic media; synthetic media, glucose and vitamins. The precise
composition is provided in Table 2.2.
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(a) Dynamic kLa values for different solutions. (b) Dynamic kLa values for different volumes.

Figure 3.4: Comparison of dynamic kLa values for fermentation additives.
(a) From left to right compounds were added to the solution: water; synthetic medium; addition: glucose & vitamins; addition:

acetic acid, ethanol, and glycerol. The compositions are detailed in Table 2.2.
(b) Solution with synthetic medium, glucose, and vitamins was tested at different volumes.

The bubble diameter in synthetic media was higher compared to water, and the addition of glucose
caused a slight increase (Figure 3.3). However, the bubble data in this experiment is limited, resulting
in large error bars. Despite this, the kLa results correlate with the bubble data, showing lower values
for synthetic media and synthetic media with glucose (Figure 3.4a).
The fermentation additives in Table 2.1 can be obtained to analyse this result. Synthetic media includes
salts, which are known to inhibit bubble coalescence, leading to smaller bubbles (Arjunwadkar et al.,
1998). However, since the bubbles diameter increased compared to water (Figure 3.4a), the presence
of Pluronic PE6100, the antifoaming agent, appears to have a stronger effect. Literature on the effect
of this particular compound on bubble sizes is limited, but the decrease in kLa is in line with previous
studies (Elibol, 1999, McClure et al., 2017). The addition of glucose to the synthetic medium causes a
slight increase in bubble diameter and a corresponding decrease in kLa. This could be attributed to a
higher viscosity, reduced surface renewal, and a lower kL (Volger et al., 2024). However, this remains
speculative, and especially the small difference could be within the confidence interval.

The addition of organic compounds (to the solution with synthetic media and glucose) shows no sig-
nificant impact on the kLa (Figure 3.4a). These findings suggest that while kLa could be increased
in water-based experiments, the effect is negligible in the presence of synthetic media. However, it
should be noted that the concentrations of organic compounds in these experiments were relatively
low, corresponding to levels produced during oxygen-limited fermentations. For comparison, Puiman,
Elisiário, et al. (2022) reported a remarkable change in kLa after the addition of 50 g/L ethanol, whereas
only 5.5 g/L was added in this study.

Lastly, the effect of working volume was also observed, with solutions containing synthetic media, glu-
cose and vitamins. Figure 3.4b demonstrates that kLa decreases at a higher working volume. In this
experiment, the determination of kLa was based on the time required to reach 100% dissolved oxygen.
Therefore, this results seems reasonable, as larger volumes require more time to saturate the water
with oxygen. The results can be further explained by Equation 19, which indicates that a increase in
volume leads to a lower P/V ratio, and consequently, a smaller kLa.
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3.2. Fermentations

Fermentation performance

To study bubbles size and kLa in yeast fermentation, three batch processes were successfully con-
ducted. Approximately every hour, a sample was collected to measure the biomass and solute concen-
trations in the fermentation broth. Additionally, the dissolved oxygen was measured using a DO probe,
and the CO2 production was measured in the off-gas.

Figure 3.5: Concentrations of fermentation broth components and gas fractions throughout batch fermentation Ref1. The
orange data corresponds to the left y-axis, and the blue data corresponds to the right y-axis. Fluctuations in the DO and off-gas

CO2 curves caused by dynamic gassing-out measurements were removed for improved readability.

Figure 3.5 shows the progress of fermentation Ref1. During fermentation, glucose and dissolved oxy-
gen levels decreased, accompanied by an increase in biomass and the production of CO2 and organic
compounds (acetic acid, ethanol, glycerol). Progress data of Aa1, Ref2, and Ref3 are presented in
Appendix G. Since the process takes approximately 15 hours, it was challenging to sample throughout
the entire fermentation. For batches Ref1, Ref2, and Ref3, fermentation was initiated in the morning,
leading to missing the final samples. On the contrary, batch Aa1 was inoculated late in the evening
and progressed overnight, thus only the final stages were sampled.

Compound Ref1 Aa1 Ref2 Ref3
Biomass 2.48 g/L 2.14 g/L 2.67 g/L 2.26 g/L
Ethanol 135 mM 134 mM 124 mM 119 mM
Glycerol 15.9 mM 19.3 mM 14.6 mM 11.9 mM
Acetic acid 2.37 mM 11.73 mM 4.26 mM 2.26 mM
Growth rate 0.07 h-1 0.14 h-1 0.12 h-1 0.11 h-1

Table 3.2: Concentration of most abundant fermentation products in final sample.

The growth rates in Table 3.2 show some variation, with the highest growth rate observed in fermen-
tation Aa1. This result may be attributed to the addition of 8.3 mM acetic acid in that fermentation,
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potentially enhancing mass transfer. However, the reliability of the growth rate calculation, detailed in
Appendix H, raises concerns. For Ref1, Ref2, and Ref3, the calculation is based on the initial part of
the exponential growth phase, while the calculation for Aa1 relies on the final part. In none of the batch
processes, the exponential growth phase was fully captures. Besides, the calibration curves between
dry weight and OD660 do not met the guideline of acquiring five data points (Appendix H).

Despite the difference in growth rate, no significant differences in fermentation performance were ob-
served, as indicated by comparable biomass concentrations and product yields.

Bubble size and kLa

During the fermentation processes, bubble diameters were measured using the fiber probe. The geo-
metric mean values indicate that the bubble sizes remained relatively constant throughout the experi-
ment (Figure 3.6). However, for the fermentations Ref1 and Ref3, the bubble data was limited (details
in Appendix E), causing some deviation. Ref2 was conducted simultaneously with Ref3, and due to
the use of a single fiber probe, bubble sizes were not measured. To further support the observation of
consistent bubble sizes, violin plots were generated and provided in Appendix E.

The bubble sizes measured during fermentation Aa1 were larger compared to the other fermentations.
A different fiber probe position could clarify this result, but for all fermentations the used height and
top plate hole were consistent. Besides, since Figure 3.1 demonstrates a decrease in bubble size with
increasing acetic acid concentrations, the addition of this compounds is unlikely to be the cause. As
fermentation broth are complex systems, further research is needed to explain this inconsistency.

Figure 3.6: Geometric mean bubble diameters throughout the fermentation processes. The error bars indicate the 95%
confidence level.

During the fermentation processes, the kLa was determined experimentally with the dynamic gassing-
out method and the dynamic pressure method (Figure 3.7). Fermentation Aa1 occurred primarily
overnight, limiting the opportunity to perform kLa measurements. During fermentation Ref2, the DO
probe used for the dynamic pressure method exhibited significant noise after autoclaving. As a result,
the kLa obtained from this method showed substantial variability, and could not be reliably used to
assess the progression of kLa during fermentation.
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The dynamic gassing-out method indicated a slight increase in kLa during the fermentations Ref1 and
Ref3. According to Figure 3.6, a increase in interfacial area is not the reason for this. This could be
attributed to the amount of volume, which decreases throughout the fermentation as samples were
taken. This correlates to the abiotic results obtained in Figure 3.4b, due to a decreasing P/V ratio
(Equation 19). Another possible explanation is that the presence of cells enhances mass transfer, as
cells consume oxygen in the gas-liquid transfer layer (Volger et al., 2024).

Figure 3.7: Results of kLa measurements performed during fermentations. The dynamic pressure method and the dynamic
gassing-out method was used.

Lastly, the kLa was also determined using the gaseous oxygen balance method. During fermentation
Aa1, a gas leakage occurred in the valve cabinet, and during fermentation Ref2, the noise in the DO
data was too severe for this analysis. Therefore, this method could be applied to Ref1 and Ref3, as
presented in Figure 3.8. Graphs of the oxygen consumption, 𝐹 𝑖𝑛𝑂2 − 𝐹

𝑜𝑢𝑡
𝑂2

, and the liquid phase oxygen
concentration, 𝑐𝑙, used as input for the kLa calculation (Equation 18), can be found in Appendix I. This
calculation is highly sensitive to small deviations in input data, resulting in the spread of data points.
Additionally, the initial kLa values of fermentation Ref1 are unrealistically high, which could be due to the
very small driving force in the numerator, as the dissolved oxygen oxygen concentration is still almost
at the saturation concentration. To improve the reliability of this methods, additional measurements
were performed after Ref1, as explained in Section 1.2.5. This could explain the difference in shape of
the graphs between Ref1 and Ref3. During the last part of the exponential growth phase, between 10
and 15 hours, the kLa values from both fermentations are within the same order of magnitude, around
45 h-1. This value is higher than the results measured with the dynamic gassing-out method, which
reports kLa values between 25 and 35 in that time interval. However, the results from Ref3 exhibit the
same rising trend as observed in Figure 3.7.
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Figure 3.8: Results from kLa determination with the gaseous oxygen balance method.
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3.3. Empirical kLa correlations

In this section is observed whether the experimentally obtained 𝑘𝐿𝑎 values exhibit similarity with those
predicted by correlations. The used correlations can be found in Section 1.2.7.

3.3.1. Prediction of kLa for water system

For non-viscous systems, Equation 19 can be applied to calculate the kLa. Previous literature provides
various values for the constant 𝐶 and exponents 𝛼 and 𝛽, as presented in Table 3.5. Using these
variables, along with the experimental conditions outlined in Table 2.4, the kLa was calculated and
compared to the experimental values shown in Section 3.1.1 (Figure 3.9).

Author C 𝛼 𝛽 𝑘𝐿𝑎 (ℎ−1)
Van’t Riet, 1979 2.6 ⋅ 10−2 0.5 0.4 29.66
Pedersen et al., 1994 3.9 ⋅ 10−3 0.45 0.67 29.1
Linek et al., 1991 3.84 ⋅ 10−3 0.4 0.654 36.85
Gagnon et al., 1998 2.938 ⋅ 10−3 0.504 0.833 38.28
J. M. T. Vasconcelos et al., 2000 8.3 ⋅ 10−3 0.49 0.62 35.44

Table 3.3: Values for the constant and exponential variables obtained from literature, to predict the kLa with Equation 19. All
authors used Rushton turbines as impellers.

Figure 3.9: Predicted and experimental kLa values for a water system. The experimental results are discussed in Section 3.1.1.

All predicted kLa values are lower than the experimental values, indicating that the correlations tend to
underpredict the mass transfer rates. Except for Van’t Riet (1979), all other studies utilized a working
volume at least ten times larger than the volume used in this thesis, which may explain the observed
deviations. The correlation proposed by Gagnon et al. (1998) is closest to the experimental values,
with a deviation of 7% compared to the dynamic gassing-out method. All predicted values are within a
30% deviation from the value obtained with the dynamic gassing-out method.
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3.3.2. Prediction of kLa during fermentations

To predict kLa values during a fermentation process, more parameters are used compared to predic-
tion values for water systems. These parameters consist of experimental conditions (Table 2.4), and
physical and rheological properties, which are measured from the taken samples from fermentation
Ref3 (Table 3.4). The properties from fermentation Ref1 were also measured (Appendix K), but the
rheological properties were unreliable and therefore not used for kLa prediction.

Property 0 h 4 h 6 h 8 h 11 h

Density 𝜌 (𝑘𝑔/𝑚3) 1018 1012 1033 1015 1014
Volume 𝑉 (𝑚𝐿) 1512 1373 1291 1210 1107
Surface Tension 𝜎 (𝑚𝑁/𝑚) 40.3 40.5 40.9 40.6 40.7
Consistency Index 𝑘 (𝑃𝑎 𝑠𝑛) 0.062 0.049 0.054 0.055 0.061
Flow Behavior Index 𝑛 0.40 0.47 0.51 0.42 0.40
Effective Viscosity:
Power-law

𝜇𝑒𝑓𝑓 (𝑚𝑃𝑎 𝑠) 4.48 4.74 6.42 4.34 4.54

Effective Viscosity:
Casson

𝜇𝑐 (𝑚𝑃𝑎 𝑠) 1.38 1.63 2.20 1.62 1.51

Effective Viscosity: Perez
and Sandall, 1974

𝜇𝑒𝑓𝑓 (𝑚𝑃𝑎 𝑠) 5.23 5.46 7.32 5.05 5.29

Table 3.4: Measured physical and rheological properties of fermentation samples from Ref3. The samples were withdrawn
from the broth at various time point.

Table 3.4 provides the properties measured from the Ref3 fermentation samples. The density values
remain relatively constant, except for the measurement after 6 hours. The volume decrease throughout
the fermentation, due to sample collection from the broth. No significant changes in surface tension
were observed during the process. Since fermentation broth behaves as a non-Newtonian fluid, the
effective viscosity (𝜇𝑒𝑓𝑓 ) can be described with two rheological models: the Ostwald-de Waele (Power
Law) model and the Casson model, discussed in Appendix J. Notably, the calculated 𝜇𝑒𝑓𝑓 values differ
significantly depending on the chosen rheological model. The effective viscosity values indicate that
the viscosity of the sample taken after 6 hours is significantly higher than the other samples, which is
accompanied by an increased density value. This difference could potentially be attributed to insuf-
ficient mixing. However, to ensure that each sample contained well-mixed broth, a pre-sample was
collected to flush the sampling tube before taking the actual measurement. For the remaining data, a
rising trend in viscosity and density could be expected, due to biomass production, but this was only
observed between 0 and 4 hours. Despite some variability in the effective viscosity values, the un-
processed rheology data (Figure J.1) suggest a relatively stable viscosity throughout the fermentation
process. This discrepancy could be attributed to the data processing, which is elaborated in Appendix
J.

To incorporate the effects of the viscosity in the kLa prediction, Equation 20 and 21 are proposed by
García-Ochoa and Gómez (1998), extending the previously used Equation 19. The constant and expo-
nential variables to be used in the relations depend on the choice of rheological model used (Table 3.5).
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Equation Rheological model C 𝛼 𝛽 𝛾
20 Power-law 6.14⋅10−4 0.5 0.6 −0.5
20 Casson 3.97⋅10−4 0.5 0.6 −0.5
21 Power-law 2.63⋅10−4 0.5 2 −0.5
21 Casson 1.56⋅10−4 0.5 2 −0.5

Table 3.5: Values for constant and exponential variables obtained from García-Ochoa et al. (2000). They are used to predict
the kLa for fermentation Ref3 with Equation 20 and 21.

Figure 3.10: Values for kLa for fermentation Ref3, predicted with Equation 20 and 21. The predicted results can be compared
with the experimental data, measured with the dynamic gassing-out method.

The higher viscosity observed in the sample after 6 hours clearly leads to a reduction in kLa (Figure
3.10). With 𝛾 being -0.5, this results follows from Equation 20 and 21. Furthermore, García-Ochoa and
Gómez (1998) indicated that increased viscosity reduced surface renewal, thereby decreasing oxygen
mass transfer.
Aside from this particular sample, Equation 20 (orange and blue) appears to show a rising trend that
correlates with the experimental data. This is likely due to the reduction in volume, which decreases the
P/V ratio. Equation 21 does not include a volume parameter and remains relatively constant throughout
the process. During the initial part of the fermentation, the predicted values from Equation 21 align
closely with the experimental values, determined with the dynamic gassing-out method. All predicted
values remain within an error margin of 45% compared to the experimental data. The deviation could be
attributed to the variety in impeller. García-Ochoa and Gómez (1998) designed their equations based
on a dual six-curve-blade turbine system, while flat blades were used in this study.

The kLa can also be described with dimensionless correlation, shown in Equations 22, 23, and 24. The
parameters to fill in the relations are show in Table 2.4 and 3.4. Each dimensionless correlation used
a different rheological model to describe the viscosity.
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Figure 3.11: Empirical correlations are used to predict kLa values during fermentation Ref3. The predicted values are
compared with the experimental values, measured with the dynamic gassing-out method.

Figure 3.11 highlights the significant impact of viscosity on the prediction models, as evidenced by the
pronounced decrease at 6 hours. Beyond this, there is no clear trend among the data points, indicating
that the prediction models do not capture the increase in kLa observed with the dynamic gassing-out
method. During the initial phase of fermentation, Equation 22 aligns closely with the experimental
values. During the later stages, Equations 23 and 24 provide better alignment. The predicted data
remains within a ± 50% error margin compared to the experimental measurements.



4
Conclusion

1. What is the effect of fermentation products (acetic acid, ethanol, and glycerol) on the inter-
facial area of gas bubbles, and therefore also the oxygen mass transfer (kLa) in a stirred tank
reactor?

In aqueous solutions, acetic acid has shown to reduce the bubble size, likely due to the inhibition of
bubble coalescence caused by the Marangoni effect (Wang et al., 2024)). This reduction in bubble
size leads to an increased interfacial area, thereby enhancing kLa. While ethanol was not examined
individually, but literature (Wagenaar, 2021, Puiman, Elisiário, et al., 2022) suggest a similar trend as
observed for acetic acid. In contrast, glycerol appeared to have no significant effect on the bubble size
and oxygen mass transfer in water.

When bubbles and kLa are measured in synthetic medium (Table 2.1), notable differences are observed
compared to water. This is likely the effect of the antifoam agent Pluronic, which enhances bubble co-
alescence (McClure et al., 2017). The obtained kLa value is significantly lower, arguably due to the
decreased interfacial area and reduction in kL. This reduction occurs because the antifoam surfactant
molecules hinder oxygen transport across the gas-liquid interface.
The addition of acetic acid, ethanol, and glycerol to synthetic medium solution, which includes glucose
and vitamins, does not appear to have a significant effect. It is plausible that other components domi-
nate behavior of bubbles, given the relatively low concentrations of the added organic compounds.

During the conducted fermentation processes, the bubble size remained relatively constant. As fer-
mentation broth is a rather complex system, this could be due to the presence of various components.
However, there is no significant increase or decrease in bubble size throughout the fermentation due
to the production of acetic acid, ethanol, or glycerol, within the produced concentration rate.
The kLa measurements show a slight increase throughout the fermentation process. This could be
attributed to a decrease in volume, causing a smaller P/V ratio in Equation 19, or to enhanced mass
transfer by cells as they consume oxygen in the transfer layer (Volger et al., 2024).

To address the research question: in aqueous solutions, acetic acid and ethanol do reduce bubble
size and enhance oxygen mass transfer in a stirred tank reactor. However, within the relatively low
concentration range tested, this effect is not observed in synthetic medium or in fermentation broth.
The influence of glycerol is negligible.

2. What is the most feasible experimental method to determine the oxygen mass transfer (kLa)
in a stirred tank reactor?

In the course of this thesis, three different methods to determine the kLa have been deployed, as
described in Chapter 1.2.5. The initial comparison between the dynamic methods revealed that the
pressure-based variant was less stable than the gassing-out method (Table F.1). With the equipment
that is currently available within BPE/IMB, stabilizing the pressure at a precise level is challenging,
which likely accounts for theminor instability observed. Aside from the initial comparison, other dynamic
pressure measurements provided unreliable results due to noise in the DO probe signal, highlighting
the need for a sensitive probe. The key advantage of this method - its ability to apply a sudden step-
change, which is not guaranteed with the dynamic gassing-out method - is less pronounced in smaller
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bioreactors (e.g. 1,5 L).

The dynamic gassing-out method proved to yield stable results and was used to obtain most of the kLa
measurements. Due to its simplicity, applying this method wasmore efficient than the dynamic pressure
method. However, two main limitations must be considered: the response time of the DO probe and
the non-ideal mixing of the gas phase. As a result, this method cannot be firmly established as a
ground truth without validation against another reliable and well-validated method, such as a chemical
technique. It is expected that a correction for the response time is required, before the method will be
validated. Nonetheless, it is usable for comparing different experiments and observing the effects of
various components in the solution.

As third method, the gaseous oxygen balance method was used to calculate the kLa in Figure 3.8. This
method is very sensitive to errors, and requires very accurate measurement equipment, especially at
low oxygen consumption rates. As the kLa values differ a lot throughout the fermentation processes,
the stability of this method is questionable. At the end of the exponential growth phase, Ref3 shows
the same rising trend which was obtained with the dynamic gassing-out method, but the values of kLa
are higher (around 45 h-1 instead of around 25 h-1). Validation with a reliable method is required to
establish a ground truth.

To address the research question: the measurements conducted with the dynamic pressure method
and the gaseous oxygen balance method did not yield sufficiently stable results. While they showed
potential, further research and methodological improvements are necessary. The dynamic gassing-
out method has demonstrated consistency and can be used for comparison between experiments.
However, due to its limitations, validation with another reliable kLa determination method is essential
to establish it as ground truth.

3. Is it possible to predict the oxygen mass transfer (kLa) in a stirred tank reactor with empirical
correlations within an acceptable deviation range?

Various prediction models were applied to predict kLa values based on fermentation broth properties
and experimental conditions. Predictions for aqueous experiments generally underpredicted the re-
sults, but all values were within a 30% deviation from the experimental value (determined with dynamic
gassing-out method). In addition to water systems, correlations were used to predict kLa values during
fermentation Ref3. It proved to be challenging to accurately measure rheological properties of the fer-
mentation broth throughout the process. Maintaining a critical perspective on these properties is essen-
tial, as they influence the outcomes of the models significantly. The correlations applied to fermentation
Ref3 predicted values within an 50% error margin compared to the experimental measurements.

To address the research question: all prediction results in this thesis fall within a 50% error margin
from the experimental values. This margin exceeds an acceptable deviation range (Moresi and Patete,
1988) for kLa predictions used for bioprocess design. Therefore, further research is required to refine
the empirical correlations for better alignment with the experimental results, or to explore additional
correlations for improved accuracy. Moreover, establishing a reliable ground truth for experimental kLa
determination is essential to enhance any comparison.



5
Recommendations

This section provides recommendations for future research.

Experiments with fermentation products

First, it is recommended to study a broader range of organic compounds produced during fermentation
process. Additionally, studying combinations of these compounds would provide insights into potential
synergistic effects on bubble coalescence and oxygen mass transfer. This thesis did not examen the
impact of individual fermentation broth components (e.g. salts, glucose, antifoam, vitamins). This could
bring valuable insights, particularly regarding the observed increase in bubble diameter in synthetic
media. In synthetic medium and fermentation broth, the addition and production of acetic acid and
ethanol showed no noticeable effects. However, the tested concentration range was relatively low,
raising curiosity about the threshold concentration at which these effects might become significant.
Incorporating gas holdup results into this research would enable the determination of the interfacial area
and the liquid-phase mass transfer coefficient (𝑘𝐿). These parameters could offer valuable insights into
overall oxygen mass transfer by directly correlating it with bubble behavior and mass transfer models.

Experimental kLa determination

The most important improvement is the need for a ground truth to validate the determination methods
used. This would require conducting experiments with reliable and validated chemical methods to
provide a benchmark for comparison. For both dynamic methods, a correction for the response time
of the probe would enhance the reliability of the measurements. Additionally, the dynamic pressure
method and the gaseous oxygen balance method require further development before applying on more
experiments.

Empirical kLa correlations

In this thesis, no predictions have been made for the experiments with organic compounds in water.
Adding Newtonian correlations would provide further insights in the effect of these organic compounds
on the kLa. For all correlations, but particularly the dimensionless ones, a sensitivity analysis would
bring valuable insights into the parameters with the largest impact. It would also provide benchmarks
for the required accuracy of fermentation broth property measurements. Collecting more data points by
measuring the properties of additional samples could help providing clarity, and support better trending
of properties and kLa prediction. Finally, there are numerous additional (dimensionless) correlations
that remain to be explored.
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A
Trace elements & vitamins

Chemicals Formula Product Code Concentration (g/L)

EDTA (Titriplex III®) 𝐶10𝐻14𝑁2𝑁𝑎2𝑂8 ⋅ 2𝐻2𝑂 Merck 8418 15.00
Zinc sulfate.7H2O 𝑍𝑛𝑆𝑂4 ⋅ 7𝐻2𝑂 Merck 8883 4.50
Manganese (II) chloride.2H2O 𝑀𝑛𝐶𝑙2 ⋅ 2𝐻2𝑂 Merck 5934 0.84
Cobalt (II) chloride.6H2O (Toxic) 𝐶𝑜𝐶𝑙2 ⋅ 6𝐻2𝑂 Merck 2539 0.30
Copper (II) sulfate.5H2O 𝐶𝑢𝑆𝑂4 ⋅ 5𝐻2𝑂 J.T.Baker 0104 0.30
Di-Sodium molybdate.2H2O 𝑁𝑎2𝑀𝑜𝑂4 ⋅ 2𝐻2𝑂 Merck 6521 0.40
Calcium chloride.2H2O 𝐶𝑎𝐶𝑙2 ⋅ 2𝐻2𝑂 Merck 2382 4.50
Iron sulfate.7H2O 𝐹𝑒𝑆𝑂4 ⋅ 7𝐻2𝑂 J.T.Baker 0126 3.00
Boric acid 𝐻3𝐵𝑂3 Merck 0165 1.00
Potassium iodide 𝐾𝐼 Merck 5043 0.10

Table A.1: Chemical composition of trace elements solution used in the experiments (de Hulster, 2011).

Compound Formula Product Code Concentration (g/L)
Biotin (D-) 𝐶10𝐻16𝑁2𝑂3𝑆 Calbiochem/

Merck 2031
0.05

Ca D(+) pantothenate 𝐶18𝐻32𝐶𝑎𝑁2𝑂10 Sigma 21210 1.00
Nicotinic acid 𝐶6𝐻5𝑁𝑂2 Sigma 72309 1.00
Myo-inositol (for microbiology) 𝐶6𝐻12𝑂6 Merck 4728 25.00
Thiamine chloride hydrochloride 𝐶12𝐻17𝐶𝑙𝑁4𝑂𝑆 ⋅ 𝐻𝐶𝑙 Merck 8181 1.00
Pyridoxine hydrochloride 𝐶8𝐻11𝑁𝑂3 ⋅ 𝐻𝐶𝑙 Sigma P6280 1.00
p-aminobenzoic acid 𝐶7𝐻7𝑁𝑂2 Merck 0250 0.20

Table A.2: Composition of vitamins solution used in the experiments (de Hulster, 2019b).
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B
Fiber probe verification

To validate the use of the fiber probe in a stirred tank reactor, bubble data was collected using both
the probe and with a camera. One of the images used for verification is shown on the cover of this
thesis. Bubble diameters were determined from the pictures with ImageJ. The data is compared with
the bubble size distributions (Figure B.1).

Figure B.1: Bubble size distribution of bubbles measured with the fiber probe and with a camera.

Data
Source

Valid
bubbles

Geometric
means (mm)

Median
(mm)

Minimum
(mm)

Q1 (mm) Q3 (mm) Maximum
(mm)

Camera 943 1.67 1.74 0.29 1.04 2.76 10.42
Fiber probe 960 1.66 1.70 0.23 1.10 2.48 9.15

Table B.1: Bubble size details of bubbles measured with the fiber probe and with a camera.

The bubble size distributions (Figure B.1) align reasonably well, and the bubble size details are com-
parable. These results indicate that the fiber probe is suitable for measuring bubble sizes in a stirred
tank reactor.
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C
Response time of DO probe

Van’t Riet (1979) defined the response time of a dissolved oxygen probe as the time required to records
63% of the full response of a stepwise change in oxygen concentration. This was determined by trans-
ferring the probe from a solution with sodium sulfite (𝑁𝑎2𝑆𝑂3), whose oxygen concentration is zero, to
another solution saturated with air. The probe signal was recorded, showing that it took 17.5 seconds
and 16.3 seconds to reach 63% of the final value, as presented in Figures C.1 and C.2.

Figure C.1: Response time determination 1 Figure C.2: Response time determination 2
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D
Bubble size data processing

Gas bubbles are measured with the fiber probe, as described in Section 1.2.6. When (preferably) over
a 1000 valid bubbles are measured with the fiber probe, a bubble size distribution is established. An
example of a bubble size distribution is shown in Figure D.1.

Figure D.1: Bubble size distribution (0.5 mM acetic acid)

To compare different sets of bubble size measurements with each other, violin plots are obtained, as
shown in Appendix E. As they are similar to box-plots, the stripes declare the following values: minimum
value, first quartile, median, third quartile, andmaximum. The width of the plot represents the frequency.

As bubble size distributions are often poly-dispersed, it can be challenging to describe the distribution
with a single length scale (Mohagheghian and Elbing, 2018). For the purpose of mass transfer, the
bubble size is often described with the Sauter mean diameter, shown in Equation 25 (Puiman, Elisiário,
et al., 2022, Martín et al., 2008a).

𝑑32 = 6 ⋅
∑ 𝑉𝑏,𝑖
∑𝐴𝑏,𝑖

= 6 ⋅
4
3𝜋 ∑ (

1
2𝑑𝑏,𝑖)

3

4𝜋 ∑ (12𝑑𝑏,𝑖)
2 =

∑𝑑3𝑏,𝑖
∑𝑑2𝑏,𝑖

(25)

However, because the particle diameters are cubed in the numerator, larger particles contribute dispro-
portionally more to the total sum compared to smaller particles. Therefore, the Sauter mean diameter
is more sensitive to the largest bubbles within the flow (Mohagheghian and Elbing, 2018). As a result,
using the Sauter mean diameter did not accurately represent the dataset compared to the violin plots,
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primarily due to the presence of a few outliers. As example the bubbles sizes during the fermentation
on September 19th are obtained. From the violin plots (D.3) is understood that the bubble diameter
is relatively constant throughout the fermentation. However, the Sauter diameter values show quite a
deviation throughout the fermentation process (Figure D.3).

Figure D.2: Bubble data of time slots from the fermentation on September 19th. Only a few time slots are shown to improve
the readability.

Figure D.3: Bubble size data sets throughout the fermentation on September 19th. The error bars represent the standard
deviations for the data sets at different time points.

To improve the representation of the data, large bubbles were removed with an outlier technique pro-
posed by Giovannettone et al. (2009). For every bubble diameter, a z-score was calculated with Equa-
tion 26. Every measurement with a z-score above the threshold of 𝑧𝑠 = 2.5 was not included in the
Sauter mean diameter calculation (Urban et al., 2001). The trend of the Sauter diameter of the filtered
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data set provided a more accurate presentation, but the standard deviation was still significantly large.

𝑧𝑠 =
𝑑𝑖 − 𝑚𝑒𝑑𝑖𝑎𝑛(𝑑𝑖)

𝑆 (26)

Eventually, the geometric mean (Equation 27) was used as parameter represent the bubble data, re-
ducing the impact of extremely large values and presenting data with a minor standard deviation.

𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑚𝑒𝑎𝑛 = 𝑛√𝑑𝑏,1 ⋅ 𝑑𝑏,2 ⋅ ⋅ ⋅ 𝑑𝑏,𝑛 (27)



E
Bubble size data

E.1. Abiotic experiments

Figure E.1: Bubble data at different acetic acid concentrations. The stripes declare the following values: minimum value, first
quartile, median, third quartile, and maximum. The top of the plots is not shown to improve readability, instead the maximum

values are provided in Table E.1. The width of the plot represents the frequency.

Acetic
acid

Valid
bubbles

Geometric
means (mm)

Median
(mm)

Minimum
(mm)

Q1 (mm) Q3 (mm) Maximum
(mm)

0 mM 961 1.66 1.70 0.23 1.10 2.48 9.15
0.5 mM 967 1.58 1.58 0.25 1.10 2.37 8.06
1 mM 917 1.60 1.61 0.19 1.12 2.32 8.93
2 mM 903 1.55 1.56 0.24 1.05 2.26 8.60
5 mM 774 1.58 1.58 0.25 1.05 2.37 9.77

Table E.1: Bubble size details for different acetic acid concentrations.
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Figure E.2: Bubble data at different glycerol concentrations. The stripes declare the following values: minimum value, first
quartile, median, third quartile, and maximum. The top of the plots is not shown to improve readability, instead the maximum

values are provided in Table E.2. The width of the plot represents the frequency.

Glycerol
(mM)

Valid
bubbles

Geometric
means (mm)

Median
(mm)

Minimum
(mm)

Q1 (mm) Q3 (mm) Maximum
(mm)

0 961 1.66 1.70 0.23 1.10 2.48 9.15
0.5 540 1.65 1.65 0.23 1.10 2.47 8.18
1 724 1.65 1.67 0.31 1.12 2.50 9.74
5 1018 1.62 1.62 0.26 1.09 2.46 9.56

Table E.2: Bubble size details for different glycerol concentrations.
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Figure E.3: Bubble data for different solutions: water; synthetic medium; synthetic medium, glucose and vitamins. The exact
composition is provided in Table 2.2. The stripes declare the following values: minimum value, first quartile, median, third

quartile, and maximum. The top of the plots is not shown to improve readability, instead the maximum values are provided in
Table E.3. The width of the plot represents the frequency.

Solution Valid
bubbles

Geometric
means (mm)

Median
(mm)

Minimum
(mm)

Q1 (mm) Q3 (mm) Maximum
(mm)

Water 961 1.66 1.70 0.23 1.10 2.48 9.15
SM 250 1.73 1.76 0.42 1.23 2.53 7.00
SM & glu 141 1.76 1.78 0.43 1.16 2.85 7.98

Table E.3: Bubble size details for different solutions: water; synthetic medium; synthetic medium, glucose and vitamins. The
exact composition is provided in Table 2.2.
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E.2. Fermentations

Figure E.4: Bubble data across time interval during fermentation Ref1 shown in violin plots. The stripes declare the following
values: minimum value, first quartile, median, third quartile, and maximum. The top of the plots is not shown to improve

readability, instead the maximum values are provided in Table E.4. The width of the plot represents the frequency.

Time
slots (h)

Valid
bubbles

Geometric
means (mm)

Median
(mm)

Minimum
(mm)

Q1 (mm) Q3 (mm) Maximum
(mm)

0 - 2 76 1.88 2.01 0.40 1.41 2.80 7.82
4 - 6 103 1.88 1.91 0.58 1.30 2.73 6.68
6 - 8 179 2.06 2.03 0.56 1.48 2.73 7.32
8 - 10 199 1.80 1.84 0.28 1.36 2.51 6.01
10 - 12 153 1.93 2.04 0.23 1.42 2.61 7.59

Table E.4: Bubble size details for time intervals during fermentation Ref1.
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Figure E.5: Bubble data across time interval during fermentation Aa1 shown in violin plots. The stripes declare the following
values: minimum value, first quartile, median, third quartile, and maximum. The top of the plots is not shown to improve

readability, instead the maximum values are provided in Table E.5. The width of the plot represents the frequency. Only a few
time slots are shown to improve the readability.

Time
slots (h)

Valid
bubbles

Geometric
means (mm)

Median
(mm)

Minimum
(mm)

Q1 (mm) Q3 (mm) Maximum
(mm)

0 - 1 576 2.22 2.30 0.25 1.68 3.14 7.61
1 - 2 889 2.19 2.24 0.18 1.56 3.07 9.40
2 - 3 988 2.20 2.23 0.35 1.58 3.11 11.66
3 - 4 896 2.15 2.28 0.16 1.53 3.10 7.84
4 - 5 959 2.20 2.26 0.30 1.58 3.16 15.63
5 - 6 929 2.24 2.25 0.50 1.62 3.19 10.52
6 - 7 914 2.25 2.35 0.24 1.65 3.20 14.03
7 - 8 927 2.22 2.29 0.20 1.56 3.10 12.37
8 - 9 618 2.22 2.28 0.41 1.61 3.13 7.38
9 - 10 626 2.28 2.32 0.32 1.59 3.31 11.90
10 - 11 879 2.18 2.25 0.16 1.63 3.14 9.24
11 - 12 588 2.26 2.30 0.41 1.65 3.27 11.85

Table E.5: Bubble size details for time intervals during fermentation Aa1.
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Figure E.6: Bubble data across time interval during fermentation Ref3 shown in violin plots. The stripes declare the following
values: minimum value, first quartile, median, third quartile, and maximum. The top of the plots is not shown to improve

readability, instead the maximum values are provided in Table E.5. The width of the plot represents the frequency.

Time
slots (h)

Valid
bubbles

Geometric
means (mm)

Median
(mm)

Minimum
(mm)

Q1 (mm) Q3 (mm) Maximum
(mm)

0 - 2 97 1.83 1.81 0.20 1.24 2.71 5.71
2 - 4 111 1.90 1.87 0.20 1.45 2.71 8.52
4 - 6 330 1.92 1.96 0.21 1.32 2.81 7.54
6 - 8 285 1.97 2.08 0.47 1.42 2.83 6.78
8 - 10 461 2.02 2.07 0.41 1.49 2.82 8.66
10 - 12 292 1.96 2.01 0.33 1.41 2.83 6.72

Table E.6: Bubble size details for time intervals during fermentation Ref3.



F
Pressure method: acetic acid

The dynamic pressure measurements in Figure 3.2 have relatively large error bars, which are derived
from the values in Table F.1.

Acetic acid concentration 0 mM 0.5 mM 1 mM 2 mM

57.8 h-1 77.71 h-1 66.46 h-1 43.92 h-1
84.94 h-1 58.2 h-1
78.59 h-1
67.25 h-1
53.96 h-1

Average 57.8 h-1 72.49 h-1 62.33 h-1 43.92 h-1
Standard deviation - 12.2 5.9 -

Table F.1: Experimental kLa values measured with the dynamic pressure method in different acetic acid concentrations.

The kLa values measured with the dynamic pressure method in 0.5 mM acetic acid solution exhibit
some instability. These values are derived by curve fitting from the desorption profiles, created by pres-
sure releases. One of these profiles (Figure F.1b) contains significantly fewer data points compared to
the profile in Figure F.1a, which is used for Section 3.1.1. This difference is likely due to the usage of
a less sensitive DO probe. As a result, it becomes more challenging to accurately determine the kLa
values, leading to a greater variability among measurements under the same conditions.

(a) Desorption profile measured with sensitive DO probe.
The kLa fitted from the curve is 43.90 h-1.

(b) Desorption profile measured with less sensitive DO probe.
The kLa fitted from the curve is 67.25 h-1.

Figure F.1: Desorption profile resulting from a pressure release from 1.2 bar to 1 bar. In practice, the DO values were
approximately 100%; however, the curve was shifted toward the x-axis to facilitate curve fitting.
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Fermentation performance Aa1, Ref2,

and Ref3

Figure G.1: Concentrations of fermentation broth components and gas fractions throughout batch fermentation Aa1. The
orange data corresponds to the left y-axis, and the blue data corresponds to the right y-axis. Fluctuations in the DO and off-gas

CO2 curves caused by dynamic gassing-out measurements were removed for improved readability.
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Figure G.2: Concentrations of fermentation broth components and gas fractions throughout batch fermentation Ref2. The
orange data corresponds to the left y-axis, and the blue data corresponds to the right y-axis.

Figure G.3: Concentrations of fermentation broth components and gas fractions throughout batch fermentation Ref1. The
orange data corresponds to the left y-axis, and the blue data corresponds to the right y-axis. Fluctuations in the DO curve

caused by dynamic gassing-out measurements were removed for improved readability.



H
Growth rate determination

Throughout the fermentation process, biomass concentration was monitored using both OD660 and dry
weight measurements. While OD can be monitored continuously throughout the fermentation process,
dry weight measurements are typically performed only when the OD exceeds a level of 2. When
multiple samples are available with both OD and dry weight measurements, a calibration curve can
be established (Figure H.1). Although the R2 values are very close to 1, it is preferable to use at least
five data points to create a reliable formula. However, for all batches this guideline was not met.

Figure H.1: Calibration curves between dry weight and the OD660 measurements, for all fermentation processes. The linear
equations and their R2 are presented.

Subsequently, these calibration curves were applied to calculate the biomass concentrations from the
measuredOD660 values. By taking the natural logarithm, the exponential growth phase (linear segment)
could be identified. The slopes of the resulting equations represent the growth rates.
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Figure H.2: Natural logarithm of biomass plotted against the time. The linear segments represent the exponential growth
phases.



I
Gaseous oxygen balance method

The kLa can be determined with the gaseous oxygen balance method using Equation 18. Therefore,
the values of the oxygen consumption, 𝐹 𝑖𝑛𝑂2 − 𝐹

𝑜𝑢𝑡
𝑂2

, and the liquid oxygen concentration, 𝑐𝑙, during the
fermentations are also valuable and are presented below.

Figure I.1: Oxygen consumption throughout the fermentation process.

The oxygen consumption was determined as the difference between the oxygen in the inflowing and
outflowing gas streams. At the start of the fermentation process, oxygen consumption is minimal. How-
ever, the graph from fermentation Ref1 begins above 1 mmol/h, suggesting the presence of a mea-
surement error or an incorrect assumed parameter value. This could, for instance, originate from the
oxygen concentration in the air, which was not measured on that date. The data from Ref3 looks more
reliable, as it increases throughout the process and decreases suddenly, which indicated the end of
the exponential growth phase.
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Figure I.2: Oxygen concentration in the liquid phase throughout the fermentation process.

As the consumption of oxygen increase throughout the fermentation, the oxygen mass transfer be-
comes insufficient to maintain the dissolved oxygen concentration, leading to its gradual decrease
(Figure I.2).



J
Rheological models

The empirical correlations described in Section 1.2.7 account for the viscosity of the solution. During
the rheology measurements, the rheometer records the applied shear stress (𝜏) and the resulting shear
strain rate (𝛾) as data (Figure J.1). The shapes of these curves indicate that the rheological behavior
of the samples is remains relatively constant throughout the fermentation process, with the exception
of the sample collected after 6 hours.

Figure J.1: Rheology measurements with samples from fermentation Ref3.

For Newtonian fluids, the viscosity is constant and can directly be calculated as the ratio of these
parameters (𝜇 = 𝜏/𝛾). However, in non-Newtonian fluids, such as fermentation broths, viscosity varies
with shear rate and must be described using rheological models. The empirical kLa correlations used
to make prediction, indicate which rheological model must be used in combination with the empirical
correlation. The different models are discussed below.

Ostwald-de Waele model / Power-law model

This model represent a relationship between the shear stress (𝜏) and the shear rate (𝛾), shown in
Equation 28. The constant 𝐾 is determined with the stirrer geometry and set at 11.5 (García-Ochoa
and Gómez, 1998). The consistency index 𝑘 (𝑃𝑎 𝑠𝑛) and the flow behavior index 𝑛 can be calculated
by taking the logarithm (Equation 29) and plotting log(𝜏) against log(𝛾). The slope will represent 𝑛 and
log(𝑘) is the intersect of the graph, which were determined with linear regression. With these retrieved
parameters, the effective viscosity can be determined with Equation 30. Perez and Sandall (1974) also
used the power-law model but added a variation to determine the effective viscosity, shown in Equation
31.
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𝜏 = 𝑘 ⋅ 𝛾𝑛 (28)

log(𝜏) = 𝑛 ⋅ log(𝛾) + log(𝑘) (29)

𝜇𝑒𝑓𝑓 = 𝑘 ⋅ (𝐾 ⋅ 𝑁)𝑛−1 (30)

𝜇𝑒𝑓𝑓 = 𝑘 ⋅ (𝐾 ⋅ 𝑁)𝑛−1 ⋅ (
3𝑛 + 1
4𝑛 )

𝑛
(31)

Figure J.2 shows that the region where the line is plotted effects the outcome of the values for 𝑘 and
𝑛. Despite the optimization of linear regression, it was challenging to obtain reliable results with this
method, resulting in some deviation between the obtained rheology values (Table 3.4).

Figure J.2: Logarithmic values of rheological measurements of fermentation Ref3.

Casson model

With this rheological model, the relation between the shear stress (𝜏) and the shear rate (𝛾) is described
using Equation 32. 𝜏0 is the yield stress (minimal stress required for the fluid to begin flowing) and 𝑘𝑐
is the Casson consistency index, used to calculate the Casson viscosity (Equation 33). Plotting the
square roots of the experimental data enables the determination of 𝑘𝑐, which is the slope. Figure J.3
suggest that the slopes should be similar, when excluding the sample after 6 hours. As can be seen in
Table 3.4, the Casson viscosity’s are relatively constant but still show a minor deviation. This could be
attributed to the second power in Equation 33, enlarging the differences between the samples.

√𝜏 = √𝜏0 + 𝑘𝑐 ⋅ √𝛾 (32)

𝜇𝑐 = 𝑘2𝑐 (33)
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Figure J.3: Square root values of rheological measurements of fermentation Ref3.



K
Rheological properties Aa1 & Ref1

Only the values from fermentation Ref3 have been compared with prediction values. However, for
fermentations Aa1 and Ref1, the viscosity was also measured, shown in Figure K.1.

Figure K.1: Rheological results from different fermentations. For fermentations Ref1 and Ref3 the last sample is shown, for
fermentation Aa1 the first sample. For Ref1, the shear rate was fixed at 0.1 Pa. For Aa1, the shear rate was fixed at 0.1 Pa,
and at 0.2 Pa for a second measurement. In contrast, for Ref2, the applied shear ranged from 0 to 1 Pa, providing a more

comprehensive rheological profile.

The data reveals significant differences in flow behavior. Fermentation Ref3 suggests shear-thinning
behavior, whereas Ref1 and Aa1 seem to exhibit shear-thickening properties. This interpretation is
supported by the flow behavior index values from Ref1, which exceed 1 (Table K.1), indicating shear
thickening. However, according to literature, fermentation broths are typically shear-thinning (McNeil
and Harvey, 1993, Newton et al., 2017). This discrepancy is likely due to the fact that samples from
Ref1 and Aa1 were frozen and subsequently defrosted, as the rheometer was unavailable for some
time. Freezing disrupts the cell membranes, releasing internal components into the broth, which can
alter the rheological properties of the samples. As a result, the properties measured from Ref1 and
Aa1 could not be reliably used for kLa prediction.

Property 8 h 9 h 10 h 11 h

Consistency Index 𝑘 (𝑃𝑎 𝑠𝑛) 0.00018 0.00017 0.00012 0.00015
Flow Behavior Index 𝑛 1.45 1.45 1.51 1.47
Effective Viscosity:
Power-law

𝜇𝑒𝑓𝑓 (𝑚𝑃𝑎 𝑠) 1.25 1.21 1.10 1.16

Table K.1: Rheological properties from fermentation Ref1 at different time points.
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