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Zusammenfassung

Computational Fluid Dynamics (CFD) ermdglicht ein tiefgehendes Prozessverstéindnis und
ist zu einem wichtigen Werkzeug im Design und Scale-up von Bioprozessen geworden.
Fiir die Auslegung von Riihrkesseln wird CFD bereits flichendeckend angewendet. Im
Gegensatz hierzu ist die Anwendung bei geschiittelten Bioreaktoren, wie Schiittelkoben,
besonders bei erhohter Viskositét, sehr begrenzt. In dieser Arbeit wurde ein CFD-Modell
fiir 250 mL Schiittelkolben etabliert und fiir eine Bandbreite an Schiittelbedingungen und
Viskosititen bis zu 100 mPa-s angewendet. Anhand der CFD-Simulationen wurden der
volumetrische Leistungseintrag, der kra-Wert und die Scherrate berechnet. Die simulierte
Fliissigkeitsbewegung stimmt mit experimentell ermittelten Fliissigkeitsverteilungen
iiberein. Der berechnete volumetrische Leistungseintrag weicht im Mittel 0,18 kW/m?® von
experimentellen, volumetrischen Leistungseintrigen ab. Die kra-Werte sind, iiber drei
GroBenordnungen, im Mittel doppelt so hoch, wie publizierte Daten. Die Scherrate wurde
auf zwei verschiedene Weisen berechnet, wobei die erste Variante ungeniigende
Ergebnisse erzielt. Die zweite Variante, die anhand des grof3ten Eigenwerts des Strain Rate
Tensors berechnet wird, ist im Mittel 16 % kleiner, als publizierte Daten. Schlussendlich
heben die CFD-Simulationen hervor, dass der Ubergang zwischen in- und auBer-Phase

Bedingungen in Schiittelkolben inhdrent gradueller Natur ist.

Die Prozessiiberwachung ist ebenso von entscheidender Wichtigkeit fiir die
Bioprozessentwicklung. Klassische Probennahme und Auswertung ist allerdings
zeitaufwindig und stellt ein Kontaminationsrisiko da. Daher ist die Online-Uberwachung
wichtiger Prozessparameter zu bevorzugen. In dieser Arbeit sind Online-Uberwachung der
Gelostsauerstoffsittigung (DOT), des pH-Wertes, des Streulichtes und der Viskositét in
einem einzigen Messsystem flir Schiittelkolben, ShakeVisc genannt, kombiniert. Die DOT-
Messungen wurden mit sauerstoffsensitiven, fluoreszierenden Nanopartikeln realisiert. Fiir
die pH Messungen wurden pH-sensitive, fluoreszierenden Sensorspots verwendet. Das
Streulicht wurde mittels eines neuentwickelten, optischen Sensors bei 610 — 630 nm
gemessen. Der Versatz der Winkelposition der rotierenden Fliissigkeit korreliert mit der
Viskositdt. Dieser Versatz wurde anhand der Fluoreszenzintensitit der sauerstoffsensitiven
Nanopartikeln und, zum ersten Mal, anhand der Streulichtintensitit bestimmt. Das
ShakeVisc-System wurde erfolgreich fiir Kultivierungen von Escherichia coli,

Paenibacillus polymyxa and Xanthomonas campestris angewendet.
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Abstract

Computational Fluid Dynamics (CFD) has become a pivotal tool in the design and scale-
up of bioprocesses by providing deep process insights. It has been extensively researched
and used in stirred tank reactors. Research for shaken vessels, like shake flasks, especially
at elevated viscosity, is, however, very limited. In this work, a CFD model for 250 mL
shake flasks has been established, simulating a variety of shaking conditions, including
viscosity of up to 100 mPa-s. CFD model results were then used to calculate volumetric
power input, volumetric gas-liquid mass transfer rate (kpa) and shear rates. Simulated fluid
flow agrees well with experimentally recorded liquid distributions. Calculated volumetric

power inputs deviate on average by 0.18 kW/m?

from experimentally determined
volumetric power inputs. kra values, spanning almost three orders of magnitude, deviated
by less than a factor of two from published data for ki a values in shake flasks. Shear rates
were calculated in two ways, where the first showed unsatisfactory results. The second
approach, which is based on the largest eigenvalue of the strain rate tensor, was on average
16 % smaller than indicated by published data for effective shear rates in shake flasks.
Lastly, the CFD model highlighted the inherently gradual nature of the transition between

so-called in-phase and out-of-phase operating conditions in shake flasks.

Process monitoring is also crucially important for design and scale-up of bioprocesses.
Traditional offline sampling is, however, highly laborious, a risk for contamination and
provides limited time resolution. Hence, online monitoring of key process parameters is
highly advantageous. In this work, online monitoring of dissolved oxygen tension (DOT),
pH, scattered light and viscosity were combined in a single monitoring system for shake
flasks, termed ShakeVisc. DOT measurements were performed with oxygen sensitive
fluorescent nanoparticles. The pH was measured with pH sensitive fluorescent sensor spots.
Scattered light was measured at 610 — 630 nm with a newly developed optical sensor. The
shift of the angle of the bulk liquid is correlated to the viscosity. This shift was determined
based on the fluorescence intensity of the oxygen sensitive nanoparticles and, for the first
time, based on scattered light signal intensity. The ShakeVisc system was successfully
applied to cultivations of Escherichia coli, Paenibacillus polymyxa and Xanthomonas

campestris.
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Introduction 1

Chapter 1

1 Introduction

Shake flasks are widely used in the early stages of bioprocess development e.g., in strain
selection or media optimization. They are a simple, cost-effective tool and easily parallelized.
However, useful experiments, enabling a straightforward scale-up require deep process
knowledge. Shake flasks have been researched extensively in the last decades. Investigations
into the mechanisms of gas transfer?, power input®*, fluid flow™ and shear rate in shake

flasks” have been conducted.

Due to their useful rheological properties, biopolymers are used in medicine for drug delivery

and drug release systems, wound dressing and injections for joint health and as additives in the

11,12 10,13,14

food and cosmetic industry® !, Well-known examples are xanthan'!'> and alginate
Filamentous fungi are, similarly, applied industrially for the production of useful chemical
compounds, including organic acids, antibiotics, enzymes like glucoamylases and as meat
substitutes'>!°. Virtually all biopolymer solutions and culture broths of filamentous fungi are
viscous, non-Newtonian fluids, showing pronounced shear-thinning behavior, i.e., a reduction

in viscosity with increasing shear rates. The increasing viscosity during fermentation, however,

leads to a lot of problems, including diminished mixing efficiency and insufficient oxygen

supply®2°.

Most notably, the viscosity is one of the major contributors to the so-called out-of-phase
phenomenon, described by Biichs et al.>**. The out-of-phase phenomenon, describes a situation,
where the centrifugal force caused by the orbital shaking motion of the shaking table is
insufficient to accelerate the liquid phase. At in-phase operating conditions, the bulk liquid

follows the shaking motion of the shaker, whereas at out-of-phase operating conditions a



2 Introduction

complete collapse of the bulk liquid, with uncoordinated liquid movement, can be observed.
Low shaking frequency, low filling volume, small shaking diameters and, importantly, high
viscosity all contribute to out-of-phase operating conditions. Biichs et al. suggested the
dimensionless phase number as an indicator for the degree, to which the liquid is out-of-phase
with the shaking motion®*. Based on experimentally determined volumetric power inputs, they
found a critical phase number of 1.26, below which the out-of-phase phenomenon
predominates®. At in-phase operating conditions, the volumetric power input increases
continuously with increasing viscosity, but at out-of-phase operating conditions, the volumetric
power input becomes far less predictable and stagnates or sometimes even declines. Biichs et
al. provide a correlation of the Reynolds number and modified Newton number for in-phase
operating conditions, enabling the calculation of volumetric power inputs®. Azizan et al. further
investigated the out-of-phase phenomenon and used experimental liquid distributions in shake

flasks to determine a new critical phase number of 0.91°.

As mentioned, biopolymers exhibit non-Newtonian properties, requiring the estimation of shear
rates, to accurately determine the effective viscosity in shake flask experiments. Giese et al.
developed a correlation for effective shear rates in shake flasks for in-phase operating
conditions with shear-thinning fluids’. They used a power law approach to model the shear-

thinning behavior.

The oxygen transfer in shake flasks is best described by the so-called “two sub-reactor model”
from Maier et al.>. In this model, the oxygen transfer into the rotating bulk liquid is the first
sub-reactor and can be calculated with the models by Kawase and Moo-young?' or by
Gnielinski*. The second sub-reactor is the liquid film, which is formed and left behind on the
flask wall by the rotating bulk liquid. The oxygen transfer into this liquid film is modelled with
Higbie’s penetration theory. An increase in viscosity significantly lowers the diffusion
coefficient in the bulk liquid and film. It, however, also leads to thicker liquid films on the shake
flask wall. Giese et al. found, that small increases in viscosity lead to an increase in the
maximum oxygen transfer capacity, despite the reduction of the oxygen diffusion coefficient in
the liquid®®. The increasing liquid film thickness, leading to an increased capacity to store
oxygen in the film, explains this effect. At a specific film thickness, however, the oxygen
transfer in the film is no longer limited by the capacity to store oxygen in the film. Rather, the
duration until the bulk liquid rolls over the liquid film again, which depends on the shaking
frequency of the shaking table, limits the oxygen transfer. The liquid film no longer reaches

oxygen saturation during the revolution, hence, the reduction of the oxygen diffusion coefficient,
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with increasing viscosity, outweighs the benefits of an increased capacity to store oxygen. The
maximal oxygen transfer capacity is reached at roughly 10 — 20 mPa-s in shake flasks. Besides
the discussed model by Maier et al.2, multiple attempts to correlate the kia value to the operating
conditions in shake flasks have been published**?%. However, to our knowledge, only Henzler
and Schedel included the viscosity in their correlation by fitting to experimental data for a

variety of viscosities.

The discussed investigations into the out-of-phase phenomenon, volumetric power input and
oxygen transfer are all based on online monitoring of shake flask cultivations. In general, online
monitoring is an immensely powerful tool in generating process knowledge. Computational
Fluid Dynamics (CFD) is another pivotal tool for bioprocess design. For large stirred tanks, in
later stages of bioprocesses, CFD is already widely used in academia and industry alike?* 3%, In
contrast, prevalence of CFD for shake flasks is much lower. Only a limited body of research

exists on the topic®® .

The first aim of this thesis is to establish and verify a CFD model for shake flasks at a variety
of shaking conditions and viscosity. The CFD model will be used to predict fluid flow,
volumetric power input, volumetric gas-liquid mass transfer rate (kra) and shear rates. The
second aim of this thesis is the combination of DOT, scattered light, pH and viscosity online
monitoring into a single system called ShakeVisc. DOT and pH will be measured with
commercially available nanoparticles and sensor spots from PyroScience. Scattered light will
be measured by a sensor developed with PyroScience. Viscosity can be determined from the
nanoparticle and scattered light signal. Importantly, DOT and scattered light measurement will

be triggered to ensure measurement within the rotating bulk liquid.
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Chapter 2

2 Computational Fluid Dynamics for Shake Flasks

2.1 Background

Computational Fluid Dynamics (CFD) has proven to be an extremely valuable tool for the
computation of common process performance indicators in stirred tank reactors (STRs), such
as volumetric power input, mixing times and inhomogeneities, gas hold-up, shear stress and kra
293843 In contrast, CFD applications for small scale, shaken bioreactors, such as microtiter
plates***, shake flasks®*** and other small cylindrical vessels*’ are scarce in the scientific
literature. Zhang et al. used a CFD model for shake flasks to calculate the volumetric power
input and kra for a variety of shaking parameters*!. Similarly, Li et al. calculated the kia value
from CFD models, while investigating the influence of baffles in shake flask*’. Furthermore,
they determined the effect of shear stress on mycelial cell cultures. Liu et al. also used a CFD
model to compute kra and shear stress in baffled and unbaffled flasks, in order to investigate
the effects on plant cell cultures®. In contrast to Li et al.*’, they not only calculated average
shear stress, but also proposed an approach to estimate the distribution of hydromechanical
stress. To our knowledge, Mehmood et al. published the only CFD simulations in shake flasks
with non-Newtonian, shear-thinning liquids. The effect of the shear-thinning behavior is,
however, minuscule. Above shear rates of 100 s™!, which is exceeded in virtually all shake flask
experiments, the fluids show a Newtonian plateau, resulting in an elevated viscosity of up to
3 mPa-s with essentially Newtonian behaviour*?. They calculated power dissipation and kia,

assuming laminar flow, outlining the importance of these parameters for culture performance
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of a filamentous microorganism*?. Discacciati et al. performed simulations for small cylinders
at an extremely high viscosity of 1000 mPa-s*’. CFD models have also been already used for
the development of novel shaken bioreactor designs*®**!. For example, He et al. used a CFD
model, employing a RNG k-epsilon turbulence model, to design a novel well type for microtiter
plates, computing the kra at a variety of shaking conditions, including viscosities of up to

30 mPa-s*®.

A comprehensive validation of CFD models is crucial to achieve reliable results. In principle.
two avenues for directly validating the liquid flow in shake flasks exist. Firstly, the internal
fluid flow can be recorded with techniques like Particle Image Velocimetry®*>* (PIV) and
Particle Tracking Velocimetry®>>¢ (PTV). Both techniques are the most common and accurate
techniques to measure the internal liquid flow in STRs®! . They have already been used before

5738 and shake flasks by Palacios-Morales et al.*”.

in the small scale, e.g., cylindrical bioreactors
Palacios-Morales et al. provide a great inside into the flow behavior in shake flask and
investigate the effects of baffle structures of the fluid flow. They do so for a single set of
experimental conditions at a relatively low shaking frequency of 150 rpm. Unfortunately, this
does not provide enough data for thoroughly validating a CFD model for shake flasks. Secondly,
the liquid flow in CFD models for shake flasks can be validated by the externally observable
liquid distribution. This approach has already been used in the literature for the validation of
larger, orbitally shaken, cylindrical bioreactors®®®!. The orbital shaking motion in orbitally
shaken experiments drives the liquid along the flask wall, leading to distinct, externally
observable liquid distributions (see Fig. 2-1). In non-baffled shake flasks such liquid
distributions are in a quasi-steady state, except for the angular rotation due to the shaking
motion. Hence, CFD models for shake flasks can simply be validated by comparing the liquid
distribution, taken from CFD simulations, to photographs of the rotating bulk liquid in shake
flasks*!'. The necessary photographs can be obtained with a rotating camera, where the angular
position relative to the centrifugal force and, hence, to the bulk liquid remains constant®>%3,
Although a direct comparison to photographs is possible, the approach is hardly quantifiable
and highly subjective. Zhu et al. improved this approach by recording the liquid distribution of
orbitally shaken cylinders with filling volumes of 2.5 to 10 L and smaller cylinders with a

conical bottom with high-speed cameras, measuring the liquid height in those videos®*®!.
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Central z-axis of rotation
for 2D liquid distribution
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e

Fig. 2-1: Liquid distribution as a function of viscosity

Photographs of the rotating liquid in shake flasks are adapted from Sieben et al.** and shown at (A) 2.3
mPa-s, (B) 16 mPa-s and (C) 82.5 mPa-s, taken with a rotating camera, which is fixed, relative to the
direction of centrifugal force and, hence, in a fixed position to the bulk liquid®>%. The centrifugal force
is pointing in the negative y-direction in all 3 images. With the dashed red line, the liquid contact line at
the intersection of liquid, glass and air is highlighted. This contact line is considered representative for
the entire liquid distribution and responds to changes in the operating conditions, as shown for viscosity.
The contact line is, therefore, an ideal tool to validate CFD calculations. Shaking conditions: Filling
volume (Vi) = 30 mL, shaking frequency (n) = 150 rpm, shaking diameter (do) = 5 cm, temperature (T)
=25°C

Azizan et al. aimed to provide quantitative data for the liquid distributions in shake flasks™>®.
Based on previous work by Ottow et al.®, the devised measurement system employed non-
invasive fluorescence measurements. Liquid contact lines at the intersection of liquid, air and
glass were recorded at 14 distinct heights, each 5 mm apart. Liquid contact lines are
representative of the entire liquid distribution and are responsive to changes in the operating
conditions. Illustrations of such liquid contact lines are depicted as dashed red lines in Fig. 2-1
for a variation of the viscosity. The overall shape of the liquid distribution and, consequently,
the liquid contact line changes with the increase in viscosity. For all three viscosities, the
centrifugal force points in the same direction, indicating the shaker tray is in the same angular
position. The leading edge of the rotating bulk liquid is shifted against the shaking direction,
out of alignment with the centrifugal force, as can be seen in Fig. 2-1. This is the on-set of the
out-of-phase phenomenon described previously. Sieben et al.**, Ladner et al.®® and Hoffmann
et al.%” have previously exploited this shift of the leading edge against the shaking direction to

measure the viscosity in shake flask experiments.

The aim of this chapter is to establish and validate a CFD model for shake flasks from waterlike

to viscosity of 100 mPa-s. The model will be validated with experimental liquid distribution

1 5,6

data from Azizan et al.”®, in terms of the shape of the liquid distribution and overall position



8 Computational Fluid Dynamics for Shake Flasks - Materials and Methods

relative to the centrifugal force, at a variety of shaking conditions. Furthermore, the simulations
are compared to experimentally determined volumetric power inputs and the volumetric power
input correlation from Biichs et al.**, kpa values, calculated with the correlation by Henzler and

Schedel?® and shear rates, calculated with the correlation by Giese et al.”.

2.2 Materials and Methods

2.2.1 The interFoam solver

The CFD simulations in this work were performed with OpenFOAM version 9, released by the
OpenFOAM Foundation®. For an accurate estimation of the liquid movement in shake flasks,
the interface between gas and liquid phase must be resolved. When handling incompressible
and immiscible fluids, the Volume of Fluid (VOF) method is the standard approach for this
situation. Instead of solving a set of Euler equations for each fluid separately, the VOF method
needs to solve only one set of Euler equations for the average conditions in each mesh cell. The
VOF method only requires a single extra conservation equation for the volume fraction. This
leads to a significantly lower computation effort, compared to “true” two-phase simulation
approaches. In the simulations in this work the interFoam solver was used for performing the
VOF simulations. It solves the standard conservation equations for mass and momentum for

incompressible fluids:

d(pU) Eq.2
T+V~(pUU) =-Vp+V-(t+7)+pg+F,

where U, p, p, 1, 11, g and F, are the velocity in m/s, density in kg/m?, pressure in Pa, viscous
. . . . . 2 .
and turbulent stress in Pa, gravity acceleration on the reverse z-axis in m/s” and surface tension

in N/m?. Additionally, the VOF method implements a conservation equation for the interface:

da Eq.3

atL + V- (aU)=0

where ar encodes the volume fraction of liquid phase in each mesh cell. Accordingly, the

following constraint on o exists:

Zai=1 Eq. 4
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where 0; encodes the volume fraction of phase i. In this work only two phases are simulated, a
liquid and a gas phase i.e., water and air. If the volume fraction for the liquid phase ar = 1, the
cell in question is entirely filled with water and for ar = 0 with air. In the case of 0 <or <1 the
cell is part of the free surface between both phases. Furthermore, the volume fraction is used to

determine the average density and viscosity as follows:

p=ay,-p,+1—ay) pg Eq. 5
n=a, n+0—-a) ng Eq. 6

where pr, pg, N and ng are the density and viscosity of the liquid and gas phase, respectively.

)69,70

The surface tension is modelled as a continuum surface force (CSF , calculated as follows:

F, = okVa, Eq.7
Va Eq. 8
- (5)
“ Val

where o is the surface tension constant in N/m? and « is an approximation of the curvature at
the interface®’°. Previously, a critical Reynolds number for turbulent flow of 60,000 in shake
flasks has been proposed by Peter et al.”!. Although a Reynolds number of 60,000 is not
achieved under usual shaking conditions for 250 mL shake flasks, some experiments in this
work come close (Re ~ 55,000 for conditions in Fig. 2-7G). Hence, at least transitional flow is
to be expected for some of the simulated conditions. Nevertheless, a simulation for fully laminar
conditions was conducted in preliminary calculations. Volumetric power input for this fully
laminar simulation was, however, only half of the experimentally determined volumetric power
input. Therefore, the k-omega Shear Stress Transport (k-omega SST) turbulence model was
utilized in the simulations’?. The k-omega SST model implements the k-epsilon model in the
free shear stream, but switches to the k-omega model for better model performance up to the
shake flask wall, through the viscous sublayers. This makes the k-omega SST model applicable

as a low Reynolds number turbulence model.

In OpenFOAM the k-omega SST model from Menter et al.”? is implemented. They give the
conservation equations for the turbulent kinetic energy (k) and the specific energy dissipation

rate (w) as follows:

d(pk)
ot

Eq.9

+ V- (pUk) = P — B*pwk + V - [( + 0y VK]
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d(pw) YP Eq. 10
or V- (pUw) =2-P - Bpw? + V- [(n+ g,n)Vw]
t
+2(1-F) pc;‘“z Vk - Ve

with P being the limiter of the production of turbulent kinetic energy, 1, 1. the viscosity and
turbulent viscosity, respectively and F; a blending function. B*, ok, y and oy are model

coefficients. The production limiter is given as:

P = min(n,VU:S, 105" pkw) Eq. 11

where S is the strain rate tensor. The strain rate tensor is the symmetric part of the gradient of
the velocity vector field. The symmetric part describes the rate of shearing and stretching in the
velocity field. The antisymmetric part, called vorticity tensor or spin tensor, describes only
rotational movement. F; is a blending function, which leads to the transition from the k-omega

SST to the k-epsilon model and is defined as:

Eq. 12
_ vk 500n\ 4po,, a
F; = tanh{ {min [max ( ——, > , 5
prwy y?wp) CDryy
where y is the normal distance from the nearest wall and CDx 1s given as:
o
CDy,, = max (zp Uk - Y, 1071°) Fa. 13
For the turbulent viscosity, Menter et al.”? give the following expression:
N¢ a.k Eq. 14

; ~ max (a,w; |ISIIF,)

where a; is another model coefficient, ||S|| a scalar measure for the strain rate tensor and F> a

second blending function, which is defined as:

vk 500n\]" Fq. 15
F, = tanh [[max { ——, >
B*wy y?wp

The scalar measure for the strain rate tensor is defined as follows:
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|IS|| = v2S:S

Eq. 16

- [ 16+

N aW)Z N (au N av)z N (617 N 6w>2 N (6u N 6w>2
0z dy 0x dz 0dy dz Ox

where u, v and w are the velocity components in direction of the cartesian coordinates x, y and

z. All model coefficients, used in Eq. 9 - Eq. 16, are given in Table 2-1. Model coefficients,

which are given with subscripts 1 and 2 are also blended with blending function Fi, according

to the following expression:

@ =@1F +¢@,(1 - Fp) Eq. 17

Table 2-1: Model coefficients of the k-omega SST model.

Model coefficient

Value [-]

g*
aq
Oje1
Ok>
O
3V )
B
B
Y

0.09
0.31

0.85

1

0.5
0.856
0.075
0.0828
5/9
0.44

Simulations were transient and performed with an adjustable time step, limited by a maximal

Courant number of 1 and additionally, a maximal time step of 0.005 s.

Material parameters for the simulations (see Appendix 1) were taken from the VDI Heat Atlas’.

2.2.2 Modelling the shaking motion

Shake flasks are usually agitated on orbital shakers with a given shaking diameter and shaking

frequency. Directly simulating this shaking motion requires a recalculation of the positioning
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of mesh at each timepoint. To avoid the computational expense of mesh recalculation, the
modelling approach from Li et al. was implemented*’. They reduced the shaking motion down
to a cyclic centrifugal force, sweeping around the stationary shake flask. The forces in the x and

y direction can be calculated as follows:

o d Eq. 18
Fx=w2-70-cos(a)-t)

L, d Eq. 19
Fy=a)2-—0-sin(a)-t)

where @, do and t are the angular velocity in rad/s, shaking diameter in m and point in time in
s. All simulations in this work were performed with a runtime of 10 s. In the first 0.5 s of this
runtime the shaking frequency linearly ramps up from a standstill to the desired shaking

frequency.

2.2.3 Shake flask geometry and mesh generation

Generally, the geometry of shake flasks consists of a partial torus for the lower part and an
added cone for the upper part of the shake flask. Two approaches to model the intersection
between lower torus and upper cone are used in this work (Fig. 2-2). The first approach is

1.7* and is used for the

consistent with one in the simplified mechanistic model by Biichs et a
comparison to the simplified mechanistic model. It approximates the lower part as a quarter
torus (90°) with an added cone as the upper part of the flask’*, as illustrated in Fig. 2-2A, leading
to a sharp transition between lower and upper part of the shake flask. In the second approach
the curvature of the torus is extended until it is in line with the slope of the added cone (107.2°),
as shown in Fig. 2-2B, creating a smooth transition between lower and upper part. This second
approach resembles the real shake flask geometry much more closely (see Appendix 2). All
dimensions are otherwise consistent between both approaches. They include a torus radius of
14.5 mm (Fig. 2-2), maximal diameter of 81.6 mm (Fig. 2-3B) at a height of 14.5 mm, tapering
down to a diameter of 30.7 mm at a height of 99 mm (Fig. 2-3B), equating to an angle of 16.76°
for the cone, as can be seen in Fig. 2-2. The rise of the center of the bottom in the shake flask,
formed during the cooling step in the production of shake flasks, is modelled in neither approach.
Instead, a flat bottom with a diameter of 52.6 mm is assumed (Fig. 2-3B). Mean precise inner
shake flask dimensions were taken from three shake flasks, after milling them to exactly half

their maximal outer diameter (done by Aachener Quarzglas-Technologie Heinrich GmbH &
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Co.KG). Photographs of the three shake flasks are shown in the supplementary information
(Appendix 2).

Shake flask wall geometry

>

Quarter
torus

Smooth
transition

14.5 mm
14.5 mm

Fig. 2-2: Schematic illustration of the shake flask geometry.

Two approaches in modelling the basic shape of shake flasks are shown. (A) The shake flask is modelled
as a quarter torus (r = 14.5 mm) with an added cone (16.76°) for the upper part, leading to a sharp
transition between the segments’™. (B) The curvature of the torus (r = 14.5 mm) is extended until it is in
line with the slope of the cone (16.76°), leading to a smooth transition.

After the implementation of the basic flask geometry, the meshing was performed with the
blockMesh and snappyHexMesh utilities, included in OpenFOAM. The finished mesh for the
flask geometry with a smooth transition between torus and cone part (refer Fig. 2-2B) is shown
in Fig. 2-3. During the meshing process blockMesh is used to create a first, basic mesh, which
is then refined or chiselled to precisely fit the intended geometry with snappyHexMesh . In
this work a cylindrical, hexahedral mesh with a diameter slightly larger than the maximal shake
flask diameter is created with blockMesh. Afterwards the mesh is refined with the three steps
of castellation, snapping and an addition of layers with snappyHexMesh. During castellation all
mesh cells of the cylindrical mesh, which are more than 50 % outside of the flask geometry, are
removed. Additionally, refinement steps, dividing one cell into eight, can be included. In this
work one refinement region was applied to the entire inside of the shake flask, affecting all cells
of the mesh. Furthermore, two refinement steps with the shake flask wall as the refinement
surface were applied during castellation. The resulting edges of the cell refinement are clearly
visible in Fig. 2-3. One can be seen with a diameter of 22.1 mm in Fig. 2-3b and one roughly
I mm from the shake flask wall in the close-up view in Fig. 2-3A. The castellation creates a

jagged surface at the flask wall. During snapping, vertex points of those initially hexahedral
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cells are moved on the flask wall surface. Affected cells are no longer necessarily hexahedral
afterwards. Although this step leaves a perfectly smooth surface, some, if not all, of the cells at
the surface might be irregularly shaped leading to potentially poor CFD performance. Therefore,
in the last step of snappyHexMesh additional layers of hexahedral cells can be added parallel
to the snapped surface. In this work, three additional layers were added at the shake flask wall,
as can be seen in Fig. 2-3A. The first layer, closest to the wall, is the thinnest layer with a
thickness of roughly 140 pm, with following layers being 20 % larger than the preceding layer.

The generated, final mesh has about 1.4-10° cells in total.

Direction of

centrifugal force
B X —>
30.7 mm :
A
Normal 0.8
to wall
"""""" L 0.6 =
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E B
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04 ©
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©
=
I':: i ! ] I i ; — (0.2
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Fig. 2-3: Cross-section of the meshed shake flask.

In (B) the cross-section of the entire shake flask mesh can be seen. A close-up view of the wall is depicted
in (A). The 3D model of the shake flask is meshed with the OpenFOAM utility snappyHexMesh. First, a
cylindrical base mesh is created with blockMesh. Two refinement steps (factor 8 increase in mesh
resolution), introduced during the castellated meshing of snappyHexMesh can be seen. One refinement
step is introduced at a diameter of 22.1 mm. A second one can be seen near the shake flask wall in (A).
Additionally, three wall layers, depicted in (A) are introduced. Wall layers are orientated parallel to the
shake flask wall, as indicated by the arrow normal to the wall in (A). A completely flat bottom with a
diameter of 52.6 mm is modelled. In total, the meshed shake flask model consists of roughly 1.4 million
cells. The color scale from white to blue indicates the water fraction of the simulated CFD case. Simulated
conditions: Viscosity (1) = 16.7 mPa-s, shaking diameter (do) = 2.5 cm, filling volume (Vi) = 40 mL,
shaking frequency (n) = 250 rpm, surface tension (c) = 70 mN/m, contact angle (®) = 20°, temperature
(T)=25°C
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2.2.4 Extraction of liquid contact lines

Liquid contact lines, as a representation of the entire liquid distribution, are extracted with the
probes post processing function, included in OpenFOAM. The probes function can be used to
return field values of mesh cells closest to a provided combination of cartesian coordinates. In
the case of this work, the liquid volume fraction ar is returned for sampled cells. Cells are
sampled along the flask wall with a distance of 0.5 mm in the z-axis and 1°-degree steps around
the central z-axis of the shake flask, leading to roughly 72000 sampled positions. For each
sampled angle, the liquid contact line is determined separately. To this end, all cells with an ar
value above 0.5 are considered as cells filled with water and below 0.5 with air. Descending
from the top of the shake flask all changes from air filled to water filled cells and vice versa are
recorded and plotted over their respective angle, leading to representations like Fig. 2-5. The
described process is usually repeated for multiple, normal distances from the wall (Fig. 2-3A),
as can be seen in Fig. 2-6 and Fig. 2-7. Even for the first repetition of the extraction of liquid
contact lines, a distance of 50 um is chosen to ensure sampled positions are within the mesh
cells. Positions exactly on the shake flask wall might not be considered as within the meshed
geometry by the probes function. For further repetitions, the normal distance is increased by

200 pm up to a normal distance of 1050 pm.

2.2.5 Simplified mechanistic model of liquid distributions in shake flasks

For a first comparison of the liquid contact lines, the simplified, mechanistic model for liquid

distributions in shake flasks by Biichs et al.”*

was used. The model entirely neglects viscous
forces and describes the shaking motion as a superposition of a translatoric and an opposing
rotation of the shake flask. This allows for an approximation of the liquid distributions inside
of the shake flask as an intersection of a symmetrical paraboloid and the shake flask wall
geometry, where the overall shape of the paraboloid is determined by the centrifugal force.
Further, the height of the origin of the paraboloid is adjusted until the volume encapsulated in
the intersection of paraboloid and shake flask wall matches the desired filling volume. Lastly,

it should be noted, that the simplified model uses the same basic shake flask geometry as shown

in Fig. 2-2A, where a sharp transition between the lower torus and upper cone occurs.

2.2.6 Calculation of volumetric power input from CFD simulations

To calculate the volumetric power input from CFD simulations, the relationship to the energy

dissipation rate was used:
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Eq. 20

P—
y, — P

where P, V1 and ¢ are the power input in W, the liquid volume in m® and the energy dissipation
rate in W/kg. This approach has been used before for the simulation of shaken system in
general®*’ and shake flasks specifically*!. The total energy dissipation consists of the

dissipation of the mean flow and dissipation caused by the turbulence. The energy dissipation

of the mean flow can be calculated according to:

n 2 Eq. 21
Em = ;usn d

The turbulent energy dissipation can be taken from the conservation equation of turbulent
kinetic energy (Eq. 9):

& = [kw Eq. 22
Hence, the energy dissipation rate for the entire liquid volume can be calculated as follows:

e . _ Eq. 23
o, (- IS + Brwk) - av,
V.

E =

It should be noted, that the liquid volume for a specific cell 1 in Eq. 23 must be calculated
according to the VOF model as:

Vii=Vi-ay, Eq. 24
where VL ; Vi and av; are the liquid volume, total cell volume and liquid volume fraction of cell

1.

2.2.7 Calculation of the phase number

The phase number is calculated according to Biichs et al. as follows*:

d, Eq. 25
Ph = —-(1+3-logio(Resim))

where Ph and Renm are the phase number and Reynolds film number. The Reynolds film

number is given as:
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> 2 Eq. 26
1
/ 4 (V.3

2.2.8 Volumetric power input correlation

Volumetric power inputs for shake flasks can be calculated from the correlation of the modified

Newton number (Ne’) and Reynolds number (Re)* by Biichs et al.*:

Ne' =70 -Re 14+ 25-Re %% + 1.5+ Re™02 Eq. 27

where the Reynolds number [-] and modified Newton number [-] are given as follows:

, P Eq. 28
Ne =—1
cn3. 4.3
p-nd-d*-V;
R p-n-d? Eq. 29
e =—
n

where n, d and VL are the shaking frequency, the largest inner flask diameter and the filling
volume. Biichs et al.>* derived this correlation of Reynolds and modified Newton number from
volumetric power inputs determined experimentally at a variety of shaking conditions for 100
to 2000 mL shake flasks. The derived correlation includes only experiments, which were

deemed to be in-phase by Biichs et al., based on a critical phase number of 1.26.

2.2.9 Diffusion coefficient for small molecules

The diffusion coefficient is necessary to calculate the kra value. For the calculation of the
diffusion coefficient Dr, the Stokes-Einstein Gierer-Wiertz estimation is used’®. It is an
extension of the Stokes-Einstein equation, which is the ratio of thermal energy and friction

forces and can be given for spherical molecules as follows:

D =————
L 6T N Ty

where kg is the Boltzmann constant, T the temperature, 1 the dynamic viscosity and rm the

molecule radius. This equation follows the assumption of a particle randomly moving through
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a continuous medium. However, for the traversal of small molecules, i.e., gases the assumption
of a continuous medium does not hold. Instead, the physical interactions of traversing small
molecule and molecules of the liquid phase, moving randomly in space, should be considered.
The interaction of molecules can be expressed as a modification of the friction forces in the
standard Stokes-Einstein equation. Gierer and Wirtz modelled this behavior as the correction

factor fow’®:

P (?4—%)—1 Eq. 31

where B is the ratio of radii of the solute and solvent. Applying the assumption of hard spheres,

Evans et al. estimate the radii of solute and solvent based on the molecular weights as follows’®:

1 3 uw Eq. 32
oy, =
M 4T perr Ny

where MW is the molecular weight, pefr the effective density and Na Avogadro’s constant.
Gierer and Wirtz give an effective density of 619 kg/m~, which they obtained by fitting
measurement data for 109 combinations of 44 solutes and 5 solvents’®. Combining Eq. 30, Eq.

31 and Eq. 32 yields the following equation for the diffusion coefficient:

3. 3 / MWsorute Eq. 33
kB T - M?/solvent + 1
1+ 3/ MWsolute
MWsolvent

A 3 - MWsoute
6-m-1n \/4'7T'Peff'NA

2.2.10 Calculation of the kpa value from CFD simulations

The kia value consists of the mass transfer coefficient ki and the specific surface area a. In this
work the eddy cell model by Lamont and Scott was used to calculate the ki, value for the CFD
simulations’’. Similar to the calculation of the volumetric power input, the model is based on

the energy dissipation rate (see Eq. 23) and is given as follows:
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Eq. 34

1
b = 04, (5

where Dy is the diffusion coefficient (see Eq. 33), € the energy dissipation rate (see Eq. 23) and
v the kinematic viscosity. The specific surface area a of a mesh cell i in the CFD model can be

approximated as the magnitude of the gradient of the volume fraction « of that cell*®”8:

a; = |Va;| Eq. 35

The kra value was then calculated on a per cell basis and integrated over the entirety of the CFD

model as follows:

Sy kit ag-dv Fa. 36

2.2.11 Correlation for kpa values in shake flask experiments

The correlation from Henzler and Schedel describes the kra value in shake flask experiments

as follows?®:

73 1 _8 13 7 1 Eq. 37
kya=0.5- d(%) n- dg4) . L( 9) -v(_ﬁ) . g(_ﬁ) . DSZ)
where d, n, do, VL, v, g and Dy are the largest inner flask diameter, shaking frequency, shaking
diameter, filling volume, kinematic viscosity, gravitational acceleration and diffusion

coefficient.

2.2.12 Approximation of the shear-thinning behavior as a power-law fluid

The simplest and most common approach to approximate the non-Newtonian flow behavior of
shear-thinning fluids is the power-law model, also routinely referred to as the Ostwald-de Waele
relationship. The power-law model can be given as the relationship of shear stress and shear

rate as follows:

where 1, v, K and m are the shear stress, shear rate, flow consistency index and flow behavior
index. The power-law model can also be given as the relationship of viscosity and shear rate as

follows:
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Nefr = K -ym_l Eq. 39

where 1efr is the effective viscosity for the given shear rate.

2.2.13 Calculation of the shear rate from CFD simulations

The shear rate for CFD simulations was calculated in two ways. First, as the scalar measure of
the strain rate tensor. This is a common approach, utilized in OpenFOAM’, which is given as

follows:

vi = lsl Eq. 40

where v; and ||S|| are the shear rate in mesh cell i and the scalar measure of the strain rate tensor.
The second approach uses the estimation of average shear stress based on the eigenvalues of

the strain rate tensor. Soos et al. give the equation of average shear stress as follows®’:

where 1 is the average shear stress, 1 the dynamic viscosity and Ai(S) the largest, positive
eigenvalue of the strain rate tensor S. Under the assumption of Newtonian flow behavior, the
shear rate for a mesh cell i can be easily calculated from the shear stress, leading to the following

equation:

Yi =2.5-2:(8i) Eq. 42

where y; and S; are the shear rate and strain rate tensor in mesh cell i. For both approaches the

shear rates per cell are then integrated over the liquid volume of the CFD model as follows:

Eq. 43

Under the assumption of non-Newtonian flow, the equation for shear stress (Eq. 41) cannot
directly be transformed to an estimation of the shear rate (Eq. 42). Instead, the shear stress
would need to be calculated for an intermediate viscosity, depending on some intermediate

shear rate as follows:

TLinter = 2.5 " Ninter Winter) - 41(S) Eq. 44
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where TLinter, Ninter and Yineer are the intermediate shear stress, viscosity and shear rate. An
approximation of the non-Newtonian fluid with, for example, a power-law approach (see Eq.
38) would, after rearranging, enable the calculation of the shear rate as follows:

1 Eq. 45

_ TL,inter m
Vinter,new - K

where K and m are the flow consistency index and flow behavior index from the power-law.
Hence, the calculation of the shear rate would have to be performed iteratively in the CFD,

when non-Newtonian fluids are simulated.

2.2.14 Correlation for effective shear rates in shake flask experiments

The correlation for effective shear rates by Giese et al. is given as follows’:

—0.331 Eq. 46
1 1\ m+1

P )m V.3

1
- 206w
y 06m+ v

2.2.15 Experimental data sets

Experimental data for the comparison of liquid contact lines was provided by Azizan et al.>®.
The data set includes shaking frequencies from 150 to 450 rpm, filling volumes from 15 to
40 mL, at a shaking diameter of 2.5 cm for a viscosity of 0.89 to 80 mPa-s. The data set form
Biichs et al. contains volumetric power inputs for a broad range of shaking conditions, including
different shake flasks sizes, shaking frequencies, shaking diameters, filling volumes and
viscosities®*. A subset of the data set for 250 mL shake flasks, including shaking frequencies
from 180 to 380 rpm, filling volumes of 25 and 40 mL at a shaking diameter of 2.5 cm for a

viscosity of 1 to 200 mPa-s, was used for the comparison to the CFD model.
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2.3 Results and Discussion

2.3.1 Liquid contact lines

In the initial phase of model tuning, the liquid contact lines (Fig. 2-1, red dashed lines) extracted
from the CFD model and simplified mechanistic model’®, were compared at 25 and 40 mL
filling volumes and shaking frequencies of 350 (Fig. 2-4A) and 250 rpm (Fig. 2-4B). The liquid
contact lines are not depicted in a 3D-representation, as illustrated in Fig. 2-1, but rather in a
2D-representation by rotating around the central z-axis of the shake flask (Fig. 2-1C). The
height of the contact line over one rotation is depicted. The 3D-representations are not depicted
because they quickly become incomprehensible for the comparison between CFD and
experiments. An example of a 3D-representation is included in the supplement (see Appendix

3).

Due to the fact that the simplified mechanistic model completely disregards the influence of
viscous forces on the liquid distribution, it was necessary to generate comparable conditions in
the CFD model. Since entirely removing viscous forces from the CFD model is non-trivial, a
viscosity of 1-102" Pas was chosen for the comparison instead. It should be noted that the
numerical diffusion, due to the discretization of the convective momentum transport, introduces
an additional diffusive momentum transport. The overall diffusive momentum transport should,
however, remain sufficiently low for a comparison to the simplified mechanistic model.
Excluding viscous forces results in a completely symmetric liquid contact line, as can be seen

in Fig. 2-4A and B for the simplified mechanistic model’*

and the CFD model, respectively. In
addition, the bulk liquid and maximal liquid height are perfectly aligned with the direction of
the centrifugal force, indicated by the vertical dashed black line in Fig. 2-4. Given that viscous
forces were not entirely eliminated from the CFD simulations, small deviations were anticipated.
Yet, liquid contact lines for the CFD remain highly symmetrical, only showing slight deviations
in the leading edge (left flank of the contact line) for both filling volumes at 350 rpm and 40 mL
at 250 rpm. At a filling volume of 25 mL and a shaking frequency of 250 rpm (Fig. 2-4B), the
largest discrepancy between the CFD and the mechanistic model can be seen. The leading edge
extracted from the CFD model is approximately 15° behind the leading edge of the simplified
model, resulting in a minor asymmetry in the CFD calculation's contact line. In Fig. 2-4C the
simplified mechanistic model is compared to a CFD simulation with a realistic, waterlike
viscosity of 0.69 mPa-s at the previous shaking parameters of 40 mL and 250 rpm. This example

illustrates the effect of viscous forces on the observed liquid contact line. The entire bulk liquid

and its maximal liquid height are moved against the shaking motion and positioned about 15°
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after the direction of the centrifugal force. This shift occurs along the entire leading edge of the
liquid contact line, reaching a maximum of nearly 30° at the liquid contact line's widest point.
As discussed, this shift of the leading edge of the liquid contact line against the shaking direction

has been observed previously>*64+66:67

and was recorded by Azizan et al. in their liquid
distribution data>®. The observed shift with increasing viscosity may also account for the small,
yet noticeable differences between the CFD and simplified mechanistic model in Fig. 2-4A and
B. In addition, the effects of viscous forces on the trailing liquid (right flank of the contact line)
are visible in the CFD calculation in Fig. 2-4C. A clear, extended tail from approximately 300°
onward, with a visible shoulder at a liquid height of about 15 mm can be seen. In Fig. 2-4 the
shake flask is modelled as a quarter torus for the lower part and a cone for the upper part,
resulting in a sharp transition between the lower and upper part of the shake flask at a height of
14.5 mm (refer to Fig. 2-2A), which is close in height to the extended tail. Consequently, the
extended tail after 300° in the CFD calculation is most likely formed due to this sharp transition.
1.74

The geometric model of the shake flask as a quarter torus was initially chosen by Biichs et a

for the simplified mechanistic model and replicated in the CFD accordingly.
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Fig. 2-4: Liquid contact line calculated by the CFD model, compared to the simplified mechanistic model from
Biichs et al. assuming negligible viscosity™.

The height of the liquid contact line is shown in mm, viewed from the center of the shake flask, rotating
around the z-axis (see Fig. 2-1C). For CFD results, the first wall layer, closest to the flask wall is sampled.
As indicated by the vertical dashed black line in (A), (B) and (C) the centrifugal force is pointing in the
direction of 180°. Calculations of the liquid contact line with the simplified mechanistic model by Biichs
et al. entirely neglect viscosity’. For comparison, a vanishingly small viscosity was chosen for the CFD
model in (A) and (B). In (C) a realistic waterlike viscosity was simulated with the CFD model instead.
Simulated conditions: Viscosity (n) = 1-10'° Pa's (A, B) and 0.69 mPa's (C), shaking diameter (do)
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= 2.5 cm, filling volume (V) = 25 mL and 40 mL, shaking frequency (n) = 350 rpm (A) and 250 rpm (B,
C), surface tension (o) = 70 mN/m, contact angle (®) = 20°, temperature (T) = 37°C (C)

Although the simplified mechanistic model verifies the CFD model's accuracy for negligible
viscosity, it cannot validate the CFD model for realistic viscosities. Consequently, CFD
simulations with viscosities comparable to water and higher must be compared to experimental
data. In Fig. 2-5, the experimental data from Azizan et al.>% is compared with CFD simulations
at waterlike viscosity. In a first attempt, the CFD simulation from Fig. 2C was compared to the
experimental data. This simplified approximation of the real shake flask geometry as a quarter
torus, however, produced unsatisfactory results. Although, the liquid contact line of the CFD
simulation with a quarter torus geometry in Fig. 2-5 closely matches the experimental data in
overall shape and position, the maximal liquid height and tail from 180° onward are
underestimated by up to 15 mm by the CFD model. Notably, the shoulder in the tail region at
roughly 300° is not observed in the experimental data in Fig. 2-5. Recall that this shoulder in
the tail region appears at the height of the intersection of the quarter torus and cone of the
geometric model of the shake flask (see Fig. 2-2A). Therefore, the sharp transition at the
intersection of quarter torus and cone was suspected to be at fault for the poor CFD model
performance in the tail region, when compared to the experimental data. Hence, the modelled
shake flask geometry was adjusted. The lower torus part was extended past a quarter torus, until
it was in line with the slope of the cone part (see Fig. 2-2B). This approach leads to a smooth
transition between the torus and cone and much more closely resembles the geometry of the
real shake flask (see Appendix 2). Changing the geometry to a smooth transition, eliminates the
issues in the tail region and maximal liquid to a large extent. The liquid contact line nearly
coincides with the experimentally determined liquid contact line and the maximal liquid height
of 42 mm. Solely, a minor difference in the tail of the liquid contact line can be seen. Notably,
a plateau in the tail region of the CFD simulations is no longer present. In conclusion, the
smooth transition replicates the real shake flask geometry (see Appendix 2) significantly better
and was crucial to the satisfactory performance of the CFD model. In light of this, the geometry
with a smooth transition is used in all subsequent CFD simulations. Modification of the
simplified mechanistic model to use the smooth transition shake flask model should be

considered in the future.
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Fig. 2-5: Influence of the assumed shake flask geometry on the liquid contact line.

The liquid contact line is shown in mm, viewed from the center of the shake flask, rotating around the z-
axis (see Fig. 2-1C). The underlying shake flasks geometry is either modeled as a quarter torus with an
added cone for the upper part or with a smooth transition between torus and cone segment (see Fig. 2-2A
and B, respectively). CFD results are compared with experimental data by Azizan et al.>®. Simulated
conditions: Viscosity (n) = 0.69 mPa-s, shaking diameter (do) = 2.5 cm, filling volume (Vi) = 40 mL,
shaking frequency (n) = 250 rpm, surface tension (¢) = 70 mN/m, contact angle (®) = 20°, temperature
(T)=37°C

Following the selection of a shake flask geometry, the effects of an increase in viscosity on
CFD model performance was investigated. Consequently, Fig. 2-6 depicts the results of a CFD
simulation at an elevated viscosity of 16.7 mPa-s. Increasing the viscosity from waterlike
viscosity to 16.7 mPa-s results in a reduction of the Reynolds number from roughly 31.000 to
roughly 1.600. Fig. 2-6A shows the three-dimensional liquid distribution computed by the CFD
model. In addition to the leading edge of the bulk liquid, a liquid film on the inner flask wall
over the entire circumference up to the maximal liquid height is visible. Hence, the liquid
contact line of the CFD simulation cannot be extracted directly at the flask wall (normal distance
of 50 um), as done for Fig. 2-4 and Fig. 2-5. Instead, the liquid contact line is extracted multiple
times, increasing the normal distance between sampled cells and the shake flask wall with each
extraction (compare Fig. 2-3A). Fig. 2-6B depicts liquid contact lines at these normal distances.
For small normal distances between 50 and 250 um, almost constant liquid heights between 35
and 37 mm are extracted, representing the liquid film over the entire flask circumference. In
contrast, the large normal distances of 650, 850 and 1050 um surpass the liquid film and,
therefore, represent the shape of the bulk liquid. Liquid contact lines at the high normal

distances align well with the experimental data in the leading edge and overall position of the
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bulk liquid. Nonetheless, variations in the contact line can be observed in the tail region. These
disparities, however, are not surprising. The leading edge is characterized by a stark difference
in the liquid thickness normal to the wall, as evident in Fig. 2-6A. In contrast, it is challenging
to define the limits of the tail region, due to the seamless transition between the tail region of
the bulk liquid and the liquid film. Consequently, precisely defining the tail region is somewhat
arbitrary and much more error-prone, compared to the detection of the leading edge. This is the
simple, physical reality of the flow in shake flasks and affects the detection of the tail region in

experiments and CFD alike.
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Fig. 2-6: Impact of the liquid film on the extraction of the liquid contact line from CFD calculations at elevated
viscosity.

3D image of the calculated CFD case, showing a liquid film at the inner flask wall along the entire
circumference of the shake flask, up to the maximal liquid height. (B) Liquid contact lines from CFD
calculations, extracted by numerically sampling at multiple distances normal to the shake flask wall (as
indicated in Fig. 2-3A), aiming to exclude the resolved liquid film, are shown. Results for the liquid
contact line from CFD are compared to experimental data by Azizan et al.>®. Simulated conditions:
Viscosity (n) = 16.7 mPa-s, shaking diameter (dg) = 2.5 cm, filling volume (VL) = 40 mL, shaking
frequency (n) =250 rpm, surface tension (c) = 70 mN/m, contact angle (®) = 20°, temperature (T) =25°C

Concerning the observed liquid films in the CFD simulations, it should be noted that the
formation of such liquid films in shake flask experiments and its importance for the gas-liquid
mass transfer has already been discussed in the literature’>**#!, Such liquid films can also be
seen in photographs of shake flask experiments in the supplementary data (Appendix 4B,

Appendix 5B and Appendix 6B). *>*Hermann conducted approximate measurements of the
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liquid film thickness in shake flasks (see Appendix 7, Appendix 8 and Appendix 9)*2. He used
a measurement apparatus comparable to the one from Azizan et al. for liquid contact lines®, but
with a single sensor at a height of 20.6 mm. Hermann assessed liquid film thicknesses of 50
and 800 um at 1 and 35 mPa-s, respectively (see Appendix 9). Comparatively, the extraction of
liquid contact lines at numerous distances normal to the flask wall in the CFD model reveals
the liquid film thickness to be between 450 and 650 pm (Fig. 2-6B), being slightly thinner near
the maximal liquid height due to gravity. Taking into account the lower viscosity of 16.7 mPa-s
in the CFD model, the results are consistent. In CFD simulations with a viscosity comparable
to water, however, no liquid film is observed, as shown in Fig. 2-5. This is most likely caused
by an insufficient mesh resolution for liquid films with an expected thickness of about 50 pm.
The thinnest wall layer of mesh cells with an approximate edge length of 140 um perpendicular
to the wall (see Fig. 8A) are likely too large to resolve these thin liquid films. Resolving the
thin liquid film for waterlike viscosity might be possible with a finer mesh, an adaptively refined
mesh, where mesh cells are refined during CFD computation or with a Direct Numerical
Simulation. All these approaches, however, lead to significantly longer computation times, with
extreme computation times in the case of Direct Numerical Simulations. The comparison
between the CFD results and the experimental liquid contact lines from Azizan et al.>® does,
generally, not require consideration of the liquid film. Therefore, the faster computation time
of the fixed meshing is preferable and was chosen for all simulations in this work. Additionally,
the liquid film contributes very little to the overall volumetric power input, as can be seen later

on, when volumetric power inputs form model and correlation are compared.

Due to the possibility of small underestimations of the maximal liquid height in the CFD
simulations in Fig. 2-5 and Fig. 2-6B, some of the material parameters (taken from
VDI Heat Atlas”) were selected for a parameter study prior to simulating a larger data set of
shaking conditions. Surface tension, contact angle and the slope of the upper cone part of the
shake flask geometry were selected, as variables that could potentially affect the maximal liquid
height. Adjustment of the parameters were small and on a realistic scale, and unidirectional,
favoring potentially greater maximum liquid heights. Thus, a 10 % decrease in surface tension,
a 15° decrease in contact angle, and a 1° decrease in the slope of the cone were simulated.
Resulting liquid contact lines are shown in the supplementary data in Appendix 10, Appendix
11 and Appendix 12. No appreciable differences in the overall liquid contact line and maximal
liquid height were observed for any of the three adjustments. Consequently, the standard

parameters from the previous simulations were used for a larger set of CFD simulations.
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In order to thoroughly validate the model against the experimental data provided by Azizan et
al.>®, a larger set of CFD simulations were conducted following the optimization of the model.
For the larger set of CFD simulations, nine combinations of shaking conditions were selected,
including shaking frequencies between 150 and 450 rpm and filling volumes between 15 and
40 mL. For each of the nine combinations, experimental data on the liquid distribution by
Azizan et al>® is available. CFD simulations were performed for a waterlike viscosity of
0.89 mPa-s and an elevated viscosity of 16.7 mPa-s. A subset of four of the shaking conditions
for both viscosities are shown in Fig. 2-7. Fig. 2-7A, C, E and G depict the results at the
waterlike viscosity, while Fig. 2-7B, D, F and H depict the results at the moderate viscosity of
16.7 mPa-s. The extraction of liquid contact lines at multiple normal distances described for Fig.
2-6 has been performed not only for the moderate viscosity, but also for waterlike viscosity.
CFD simulations for Fig. 2-7A and B have already been discussed and are depicted in Fig. 2-5
and Fig. 2-6. The remaining subfigures depict the results for a filling volume of 15 mL at
shaking frequencies of 150 rpm (Fig. 2-7C and D), 250 rpm (Fig. 2-7E and F) and 450 rpm (Fig.
2-7G and H). CFD model performance at these shaking conditions is comparable to the ones
already discussed. Overall shape and position of the leading edge align nicely between
experiment and CFD simulation, as long as liquid films are excluded by analyzing the larger
normal distances to the shake flask wall. Only for shaking frequencies of 250 and 450 rpm at a
moderate viscosity of 16.7 mPa-s, as depicted in Fig. 2-7F and H, are there notable deviations
in the liquid contact line between experimental data and CFD model. In both cases, the shape
of the leading edge appears to be the same, yet, occurs approximately 15° later in the CFD
model than the experimental data suggests. Notably, the CFD model accurately predicts the
shift of the liquid against the shaking direction as viscosity increases. In some of the simulated
conditions, the extracted maximum liquid heights may be slightly lower than the experimentally
determined values. This affects waterlike viscosity (Fig. 2-7E) and moderate viscosity (Fig.
2-7D and H) alike, showing differences of up to 3 mm between the two. Taking into
consideration the already discussed issues of defining the tail region in the context of Fig. 2-6B,
the tail region is suitably matched by the CFD simulations. This holds true especially for cases

with a waterlike viscosity.
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Fig. 2-7: Liquid contact lines calculated by the CFD model, compared to experimental data by Azizan et al.>¢ for
a variety of shaking conditions.

The liquid contact lines are shown in mm, viewed from the center of the shake flask, rotating around the
z-axis (see Fig. 2-1C). Liquid contact lines from CFD were extracted at multiple distances from 50 to
1050 um normal to the shake flask wall (as indicated in Fig. 2-3A) to exclude the liquid film (see Fig.
2-6A). Simulated conditions: Shaking diameter (do) = 2.5 cm, surface tension (c) = 70 mN/m, contact
angle (®) = 20°, temperature (T) = 25°C. (A, C, E, G) Cases with a low viscosity of 0.89 mPa-s. (B, D,
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F, H) Cases with a higher viscosity of 16.7 mPa-s. (A+B) filling volume (V1) =40 mL, shaking frequency
(n) =250 rpm. (C+D) filling volume (Vi) = 15 mL, shaking frequency (n) =250 rpm. (E+F) filling volume
(Vo) = 15 mL, shaking frequency (n) = 150 rpm. (G+H) filling volume (V1) = 15 mL, shaking frequency
(n) =450 rpm

Curiously, the tail region no longer exhibits a consistent slope at high shaking frequencies. At
450 rpm at waterlike viscosity (Fig. 2-7G) the liquid height remains almost constant at 20 mm
from 200° onwards, only declining slightly. Fig. 2-7H depicts the formation of a spike-like
feature at 450 rpm for the moderate viscosity at a similar height and position in the tail region.
As previously discussed in the context of Fig. 2-6, the extraction of liquid contact lines at
multiple distances from the flask wall in the CFD model can be used to estimate the thickness
of formed liquid films. Contrary to previous findings, a partially formed liquid film with a
thickness of approximately 250 pm can be observed in CFD cases with waterlike viscosity, and
at the highest shaking frequency of 450 rpm (Fig. 2-7G). For the moderate viscosity of
16.7 mPa-'s, a film thickness >500 um is found in the CFD simulations. As previously
mentioned, Hermann provides approximations for the liquid film thickness in shake flasks®.
For viscosities of 1 and 35 mPa-s, a liquid film thickness of 50 and roughly 800 pm, respectively,

were found, confirming the CFD model results (see Appendix 9).

Following the validation at waterlike and moderate viscosity, the liquid distribution was also
analyzed near and at out-of-phase operating conditions. Fig. 2-8 depicts a comparison of the
liquid contact lines at about 80 mPa-s, for a variety of shaking conditions, including shaking
frequencies between 150 and 450 rpm and filling volumes between 15 and 40 mL. CFD
simulations were conducted for Newtonian fluids, i.e., at a constant viscosity. The
polyvinylpyrrolidone, used by Azizan et al. for the evaluation of the experimental liquid contact
lines, however, shows slight shear-thinning behavior, i.e., a reduction in viscosity with
increasing shear rates>®. Prior to performing the CFD simulations, effective shear rates for the
given shaking conditions were calculated according to Giese et al.” and used to determine
constant viscosities for the simulations. This leads to small variations in the viscosity around
80 mPa-s for the CFD simulations in Fig. 2-8. The simulations in Fig. 2-8 are ordered from
highest to lowest phase number, crossing both the critical phase number by Biichs et al. of 1.26*

and by Azizan et al. of 0.91°.
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Liquid contact lines extracted from the CFD model, compared to experimental data (open black squares)
by Azizan et al.>®

The liquid contact lines are shown in mm, viewed from the center of the shake flask, rotating around the
z-axis (see Fig. 2-1). To exclude the liquid film, liquid contact lines from the CFD simulations were
extracted at multiple distances from 50 to 4550 um normal to the shake flask wall (as indicated in Fig.
2-3A). Simulated conditions are ordered from highest to lowest phase number (Eq. 25). The
polyvinylpyrrolidone, used by Azizan et al. shows shear-thinning>¢. Hence, Newtonian viscosities for
CFD simulations were determined by calculating the effective shear rate according to Giese et al.” (Eq.
46) and then estimating the viscosity with the power law for non-Newtonian fluids (Eq. 39). Simulated
conditions: Shaking diameter (do) = 25 mm, surface tension () = 70 mN/m, contact angle (®) = 20°,
temperature (T) = 20°C, consistency factor (K) = 104 mPa‘s and flow behavior index (m) = 0.956
according to Azizan et al.>®,



Computational Fluid Dynamics for Shake Flasks - Results and Discussion 33

Due to the occurrence of liquid films in shake flasks, liquid contact lines were not only extracted
directly at the flask wall, but at multiple, iteratively increasing normal distances to the shake
flask wall (see Fig. 2-6). The smallest, considered normal distance of 50 pm ensures the
extraction of the liquid contact line from the first wall layer of the generated mesh. This first
layer of cells in the mesh has a width of 140 um. This normal distance is increased by 500 um
in each iteration, until 4550 pm are reached. For the lowest normal distance to the flask wall of
50 um (violet square), a constant liquid height over the entire flask circumference can be
observed for every depicted case, deviating only marginally from the maximal liquid height of
the experimentally determined liquid contact lines. Liquid contact lines at the larger normal
distances from 1550 um onward (light blue, upside down triangles) reveal the rotating bulk
liquid for all depicted cases in Fig. 2-8. The liquid film thickness in the CFD increases from
50 um (violet square) at the maximal liquid height to 2050 um (blue-green diamonds) at the
base of the shake flask, averaging around 1050 pm (blue triangles). Experimentally evaluated
liquid films from Hermann®, confirm a film thickness of roughly 1000 pm at 100 mPa-s (see

Appendix 9).

At the normal distances of 1550 um (light blue, upside down triangles) and larger, the leading
edge of the rotating bulk liquid (left flank) is clearly visible in the CFD simulations in Fig. 2-8A
— F. In the leading edge the data points for the offsets from 1550 um onward are stacked on top
of each other, signifying a large difference in the liquid thickness between liquid film and bulk
liquid. For the cases in Fig. 2-8A — F the leading edge in the CFD simulation agrees well with
the experimentally determined liquid contact lines, deviating a few degrees at most. In the tail
region, the data points for all offsets are spread out over a large section of the flask wall,
indicating a smooth transition from bulk liquid to liquid film. This complicates a clear
distinction into the tail region of the bulk liquid and liquid film, affecting both CFD and
experimental values. Yet, as explained above, the liquid film should show a thickness of around
1000 um. Hence, the edge of the tail region can be roughly defined as the change from the offset
of 1550 um (light blue, upside down triangles) to 1050 um (blue triangles). This region agrees
well with the experimentally determined tail of the rotating bulk liquid in Fig. 2-8A —F. In Fig.
2-8G — I the phase numbers are significantly below the critical phase number of 0.91 by Azizan
et al.’. Under this critical phase number, a complete collapse of the rotating bulk liquid has been
described, which is confirmed by the liquid distribution from CFD and experiments in Fig. 2-8G
— I. The maximal liquid height is greatly reduced, compared to the cases in Fig. 2-8A — F,
showing only a small wave flowing on the bottom of the shake flask. In summary, the liquid

contact lines from the CFD model fit well to the experimental data from Azizan et al.>®.
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2.3.2 Volumetric power inputs

After confirming that the liquid distribution is correctly simulated in the CFD at low and high
viscosity, the model was used to calculate the volumetric power input at a variety of shaking
conditions. CFD simulations were first run at filling volumes of 25 and 40 mL, viscosities of 1
and 16 mPa-s, shaking frequencies from 180 to 380 rpm and a shaking diameter of 25 mm,
calculating the volumetric power input based on the energy dissipation (Eq. 20 and Eq. 23).
Values calculated from the CFD model are compared to experimental data and values calculated
based on the Ne'-Re-correlation by Biichs et al.>* (Fig. 2-9). Unfortunately, Biichs et al.** do
not report an experimental error for the determined volumetric power inputs. However, Biichs
et al.>* did include a repetition measurement after three months at a filling volume of 10 mL
and shaking diameter of 25 mm. The repeated measurements show a maximal deviation of 0.23
kw/m> and an average deviation of 0.06 kW/m>. Triplicates for the experimental data at a
viscosity of 1 mPas are available at both filling volumes, but not for the higher viscosity of
16 mPas, as indicated by the error bars. When comparing only experimental data and
correlation values, both from Biichs et al.>*, a remarkably small deviation can be seen. It should
be noted that in the Ne” and, therefore, in the Ne’-Re-correlation the shaking diameter was
omitted for the sake of simplicity®*. An increase in the shaking diameter, however, leads to an
increase in the centrifugal force and greater liquid height and, therefore, an increase in
volumetric power input. This increase in the volumetric power input is visible in the
experimentally determined volumetric power inputs from Biichs et al.>*. Extending the shaking
diameter from 2.5 to 5 cm increased the volumetric power input by roughly 13 % for waterlike
and moderate viscosity. This effect is illustrated by a parity plot of the original experimentally

determined volumetric power inputs from Biichs et al.>*

, which is included in the supplement
(see Appendix 13). In addition, the effect of the shaking diameter on volumetric power inputs
was also observed in our CFD simulations of various shaking diameters (data will be included
in a future publication). The low deviation between the experimental data and the correlation

in Fig. 2-9 is, therefore, somewhat unexpected.
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Fig. 2-9: Comparison of volumetric power input obtained from CFD calculations with experimental data and the
correlation of Biichs et al.%.

The volumetric power inputs calculated from CFD utilizing the energy dissipation rate (see Eq. 23) are
shown (filled symbols). Results are compared to experimental results (open symbols) and values
calculated with the volumetric power input correlation (line and dashed line) from Biichs et al.*.
Replicates of the experimentally determined volumetric power inputs and corresponding error bars exist
only for the low viscosity of 1 mPa-s at 25 (A) and 40 (B) mL. Simulated conditions: Viscosity (1) = 1
mPa-s and 16 mPa-s, shaking diameter (do) = 2.5 cm, filling volume (V1) = 25 mL (A) and 40 mL (B),
shaking frequency (n) = 180 — 380 rpm, surface tension () = 70 mN/m, contact angle (®) = 20°,
temperature (T) = 20°C

Volumetric power inputs, computed based on the CFD model, also align exceptionally well
with the experimental data and correlation. CFD, experiment, and correlation differ by a
maximum of 0.5 kW/m® across all simulated conditions, with an average deviation of

0.01 kW/m>. As anticipated, the volumetric power input increases as shaking frequency and
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viscosity increase, and when filling volume decreases. Note that these trends must only hold

true if the out-of-phase phenomenon is avoided*>.

As discussed in the context of Fig. 2-6 and Fig. 2-7 the liquid film is not completely resolved
by the CFD model for waterlike viscosity, except for the highest shaking frequency of 450 rpm.
Nevertheless, the calculated volumetric power inputs are correct, suggesting that the liquid film
contributes negligible power to the liquid. This finding is expected, as the energy dissipation is
based on the velocity gradients, as it is utilized in the CFD model (Eq. 23 and Eq. 16). In the
liquid film, movement is mainly caused by the gravitational force, causing small velocity
gradients. Comparably massive velocity gradients are observed in the rotating bulk liquid as it
rolls over the shake flask wall. Hence, the bulk liquid is the major contributor to the volumetric

power input in shake flask experiments.

Afterwards, the CFD model was used to calculate the volumetric power input at a variety of
shaking conditions at higher viscosities, than shown in Fig. 2-9. Conditions were chosen
according to already existing, experimental volumetric power input data from Biichs et al.>*.
Fig. 2-10 compares the volumetric power input, computed from the CFD model and values
derived from volumetric power input correlation (see Eq. 27) and experiment by Biichs et al.>*
at a variety of shaking conditions and viscosities. Fig. 2-10 also shows the phase number (see

Eq. 25) for the given shaking conditions.
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Fig. 2-10: Volumetric power input as a function of shaking frequency at elevated viscosity.

Volumetric power inputs for viscosities of 37 mPa-s at Vi = 25 mL filling volume and 59 and 97 mPa-s
at Vi =40 mL filling volume are shown in A, B and C, respectively. Values derived from the CFD model,
experimentally determined values and values calculated with the power input correlation (Eq. 27),
developed for in-phase operating conditions by Biichs et al.>*, are compared. Phase numbers are
calculated according to Biichs et al.* (see Eq. 25) and are depicted on a logarithmic scale. Simulated
conditions: Shaking diameter (do) = 25 mm, shaking frequency (n) = 180 — 380 rpm, surface tension (c)
=70 mN/m, contact angle (®) = 20°, temperature (T) =20°C

Fig. 2-10A shows the volumetric power inputs for 37 mPa-s at 25 mL filling volume and Fig.

2-10B and C for 59 and 97 mPa-s at 40 mL filling volume, respectively. For all three viscosities
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(Fig. 2-10A, B and C) the volumetric power input from experiments and CFD differ remarkably
little over the analyzed shaking frequencies. The average deviation between CFD and
experiment is merely 0.14 kW/m? or 2.3 %. This indicates an exceptional performance of the
CFD model, even at these near out-of-phase to out-of-phase operating conditions. Phase
numbers for the investigated conditions are in the range of 1 to 1.5, hence already crossing the
critical phase number of 1.26 by Biichs et al.*. Fig. 2-10 also depicts the volumetric power input
calculated with the volumetric power input correlation by Biichs et al.* (Eq. 27). Although these
values generally follow the same trajectory as the experimental data and volumetric power
inputs calculated with the CFD model, they are consistently higher. In Fig. 2-10A and B the
volumetric power input correlation overestimates the volumetric power input by roughly 30 %,
but in Fig. 2-10C the overestimation is on average at approximately 80 %. It must be
emphasized, that the volumetric power input correlation by Biichs et al.* was solely developed
for fully in-phase operating conditions, which they based on a critical phase number of 1.26. In
Fig. 2-10A the phase number crosses this critical phase number of 1.26 at a shaking frequency
of 300 rpm and in Fig. 2-10B at 260 rpm. In Fig. 2-10C the phase numbers at all shaking
frequencies are below this critical phase number. It is, hence, unsurprising that the
overestimation by the volumetric power input correlation is larger in Fig. 2-10C, than in A and
B. It should also be mentioned, that the transition from in-phase to out-of-phase is inherently a
gradual transition. Hence, any one critical phase number is, although practically useful, never
fully accurate. It is, therefore, unsurprising, that the volumetric power input correlation
overestimates the volumetric power input at near out-of-phase conditions, even when the phase
number is slightly above 1.26. This again highlights the benefit of a well validated CFD model
for shake flasks.

Fig. 2-11 depicts the volumetric power input over the viscosity, complementing the plot over
shaking frequency in Fig. 2-10. Varying the viscosity allows for a larger response of the phase
number and, hence, enables a clearer investigation of the performance of the CFD model from
in-phase into out-of-phase operating conditions. Furthermore, the limits of the volumetric
power input correlation can be explored in more detail. Fig. 2-11 depicts the volumetric power
input from CFD, experiment and from the power input correlation (see Eq. 27) and the phase
number (see Eq. 25) at a shaking diameter of 25 mm and filling volume of 40 mL (Fig. 2-11A),
25 mm and 25 mL (Fig. 2-11B) and 50 mm and 25 mL (Fig. 2-11C), all at a shaking frequency
of 300 rpm and at viscosities ranging from roughly 1 mPa-s up to 200 mPa-s. Volumetric power
inputs from experiments and from the CFD model, again, align exceptionally well across almost

all investigated experimental conditions. In Fig. 2-11A the deviation between experiment and
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CFD is on average just 0.05 kW/m? (equates to 2.6 %), a remarkably small difference. Fig.
2-11B shows a similar performance for the first three viscosities of up to 37 mPa-s, with an
average deviation of less than 0.3 kW/m? (less than 10 %). At the highest viscosity of 76.8
mPa-s in Fig. 2-11B, the largest deviation between experimental volumetric power inputs and
those from CFD can be observed. The experimental value is more than 2 kW/m?® (more than
80 %) higher, than the CFD indicates. Possible explanations will be discussed below.
Volumetric power inputs from experiment and CFD differ again very little in Fig. 2-11C, by
approximately 0.55 kW/m? (less than 9 %) for all viscosities. It is remarkable, that these small
deviations between experiment and CFD hold across a wide range of phase numbers, from

above 3 to below 1, notably crossing the critical phase number of 1.26 by Biichs et al.*.

At high phase numbers, above a value of roughly 2, i.e., far above the critical phase number
and, hence, at fully in-phase operating conditions, the volumetric power input correlation
perfectly matches the volumetric power inputs from experiment and CFD. While the correlation
continues to increase for smaller phase numbers, volumetric power inputs from CFD and
experiment remain constant, or even decline slightly at high phase numbers. As discussed
previously, the volumetric power input correlation was only developed for fully in-phase
operating conditions and, hence, cannot accurately predict the volumetric power input at out-
of-phase conditions. The volumetric power input correlation only captures the aspect of
increasing friction with increasing viscosity. The deviation between the volumetric power input
correlation and CFD and experiment seems to arise roughly at phase numbers of 1.5, slightly
above the critical phase number of 1.26 established by Biichs et al.*. However, as discussed in
context of Fig. 2-10, a deviation between volumetric power input correlation and experiment
and CFD is to be expected, even above the critical phase number, because of the inherently
gradual transition from in-phase to out-of-phase conditions. Interestingly, the largest deviation
in volumetric power input between experiment and CFD of above 2 kW/m?, shown in Fig.
2-11B, occurred at the lowest phase number in Fig. 2-11, of roughly 0.95. Notably, this phase
number is below the critical phase number of 1.26 by Biichs et al.* and is even close to the more
recent critical phase number of 0.91 by Azizan et al.”. At phase numbers this low, it is known,
that the volumetric power input tends to become unstable and even small differences in
operating conditions can strongly affect the volumetric power input®*%3. Biichs et al. showed,
that for large shake flasks, even the acceleration profile to reach the desired shaking frequency
might determine, whether the liquid will remain in-phase or will be out-of-phase®. Hence, even
small differences between experimental setup and CFD might lead to the rather large

differences in volumetric power input observed between experiment and CFD. Across all
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conditions in Fig. 2-11, the difference in volumetric power input between experiment and CFD
is only 12.4 % (7.1 % when disregarding the point of largest deviation), emphasizing the high

accuracy of the CFD model and experimental volumetric power inputs.
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Fig. 2-11: Volumetric power input and phase number as function of viscosity.

Volumetric power inputs are derived from the CFD model and compared to experimentally determined
values and values calculated with the power input correlation (Eq. 27), developed for in-phase operating
conditions by Biichs et al.>**, Phase numbers are calculated according to Biichs et al.* (see Eq. 25) and are
depicted on a logarithmic scale. Simulated conditions: Shaking diameter (do) = 25 mm (A + B) and 50
mm (C), filling volume (Vi) =40 mL (A) and 25 mL (B + C), shaking frequency (n) =300 1/min, surface
tension (¢) = 70 mN/m, contact angle (®) = 20°, temperature (T) = 20°C, viscosity () =1 -97 (A), 1 —
76.8 (B), 4 — 199 mPa-s (C)
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For a more thorough estimation of the relationship of phase number and volumetric power input,
the quotient of the volumetric power input from CFD and volumetric power input correlation
was plotted over the phase number in Fig. 2-12. Fig. 2-12 contains more than 100 simulations.
At a high phase number, the quotient between CFD and correlation is scattered with a 20 %
deviation around 1. As already discussed, however, the correlation overestimates the volumetric
power input, compared to the CFD, for small phase numbers. Below the critical phase number
of 0.91 by Azizan et al.’ (first vertical dashed line) this overestimation escalates. Around phase
numbers of 0.5 the CFD predicts up to eight times lower volumetric power inputs. Even at the
more conservative critical phase number of 1.26 by Biichs et al.?, the volumetric power inputs
by the CFD are already consistently 30 % smaller than the correlation suggests. To repeat the
previous statement: Although defining a critical phase number, differentiating between in-phase
and out-of-phase conditions is practical, the transition between the two is inherently gradual
and cannot be truly captured in a single critical phase number. As can be seen in Fig. 2-12, the
data points gradually approach unity with increasing phase number, without any drastic or
abrupt changes, which would indicate a sudden onset of the out-of-phase phenomenon. Fig.
2-12 also depicts an exponential fit (green line) of the quotient of volumetric power input from

CFD and volumetric power input correlation. The fit takes the following form:

y = —3.43-e7202% 1 Eq. 47

where y is the quotient of volumetric power input from CFD and correlation and x the phase
number. This fit enables the correction of the volumetric power input, as determined by the
volumetric power input correlation at low phase numbers. In Fig. 2-10 and Fig. 2-11 the
quotient was already used to correct the volumetric power input of the correlation from Biichs
etal.?, as indicated by the dashed green lines. In Fig. 2-10 the corrected volumetric power input
correlation (dashed green lines) is now neatly aligned with volumetric power inputs from CFD
and experiments for all three viscosities and the entire range of the shaking frequency. In Fig.
2-11 a similar performance can be observed. Only for the highest viscosities, therefore lowest
phase numbers, in Fig. 2-11 B and C can a deviation between corrected volumetric power
correlation (dashed green line) and values from CFD and experiment still be seen. It is, however,
noteworthy, that the corrected volumetric power input correlation now displays stagnant
volumetric power inputs and even declining volumetric power inputs for low phase numbers.
This behavior has not been captured in the original volumetric power input correlation by Biichs

et al.®.
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Fig. 2-12: Quotient of volumetric power inputs derived from the CFD simulations and calculated with the power
input correlation (see Eq. 27), developed for in-phase operating conditions by Biichs et al.>#, as function
of the phase number (see Eq. 46).

Dashed vertical lines show the critical phase numbers for out-of-phase conditions of 1.26, according to
Biichs et al.* and 0.91, according to Azizan et al.’. The horizontal grey area indicates a 20 % deviation of
the volumetric power inputs, derived from the CFD simulations from the volumetric power inputs,
calculated with the power input correlation for in-phase operating conditions *. The green curve indicates
the fitted, exponential relationship of the quotient of volumetric power input from CFD model and power
input correlation with the phase number. Simulated conditions: Viscosity () = 0.69 — 100 mPa-s, shaking
diameter (do) =25 and 50 mm, shaking frequency (n) = 150 — 450 rpm, filling volume (V1) =15-40 mL,
surface tension (o) = 70 mN/m, contact angle (®) = 20°, temperature (T) =20 — 37 °C

Despite the general recommendation to perform shake flask experiments under in-phase
operating conditions, this might not always be possible, particularly at high viscosity.
Furthermore, it might sometimes even be advantageous to deliberately perform experiments
close to out-of-phase operating conditions, or perhaps even slightly out-of-phase, to exploit the
phenomenon as a selection pressure. Peter et al. investigated the influence of the out-of-phase
phenomenon on two previously performed screening projects of filamentous fungi?’. They
found that initial wild type strains reached out-of-phase operating conditions during the

fermentation, due to the filamentous growth and, hence, increasing viscosity. It turned out, that
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later strain generations, selected during the screening campaign, showed a successively lower
maximal viscosity, remaining in-phase during cultivation. A less filamentous morphology
caused the lower maximal viscosity of later strain generations. Peter et al. underline that later
strain generations were chosen, during the screening projects, based on the production titer, but
that the increases in titer were simply caused by the altered morphology?’. The altered
morphology led to in-phase operating conditions, which improved mixing and mass transfer.
Although the selection of strains with more disperse growth was unintentional in the screening
projects discussed by Peter et al.2%, deliberately exploiting the out-of-phase phenomenon as a
selection pressure for manipulation of fungal morphology seems promising. The presented CFD
model and to some extent the correction of the volumetric power input (exponential fit, i.e.,
green line, in Fig. 2-12) enable the determination of volumetric power input at the required

operating conditions necessary for such a carefully planned screening campaign.

The deviations between volumetric power input correlation and volumetric power input from
experiments and CFD, observed with decreasing phase number in Fig. 2-10 and Fig. 2-11, must
be connected to distinct changes in the liquid distribution. Changes in the liquid distribution are
the only possible reason why the volumetric power input would not continue to rise with
increasing viscosity (see Fig. 2-11), as is predicted by the volumetric power input correlation.
While Biichs et al. used the volumetric power input to determine their critical phase number for
out-of-phase conditions*, Azizan et al. already used their observations of the liquid distribution
to determine a critical phase number’. Fig. 2-13 depicts 3D representations of the liquid
distribution of a selection of CFD simulations. The color scale from blue to red corresponds to
the magnitude of the velocity vector in the simulation. While Fig. 2-13A shows the results at
15 mL filling volume with 250 rpm shaking frequency, Fig. 2-13B shows the same filling
volume at 450 rpm. For both shaking frequencies the same three viscosities were deliberately
chosen to cross both critical phase numbers of 0.91 and 1.26. For the lowest viscosity of
0.69 mPa-s, corresponding to phase numbers larger than 2, the bulk liquid flows along the flask
wall, with the leading edge showing a smooth, rounded shape. In contrast, at the highest
viscosity of 104 mPas, i.e., phase numbers below the critical phase number of 0.91 by Azizan
et al.”, the liquid no longer flows along the flask wall and remains instead at the bottom of the
shake flask. Only a tiny wave, flowing along the bottom with greatly reduced maximal speeds
can be seen in these cases. An indication of this shift in liquid distribution was already visible
in Fig. 2-8. In Fig. 2-8G — I, the phase numbers dropped below the critical phase number of
0.91. Compared to Fig. 2-8A — F the maximal liquid height is greatly reduced, implying that
the liquid no longer flows along the flask wall. Additionally, the shape of the observed rotating
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bulk liquid changed between Fig. 2-8A — F and G — I, aligning with the findings from Fig. 2-13.
The intermediate viscosity of 16.7 mPa-s in Fig. 2-13 results in phase number of 1.21 and 1.44,
i.e., close to the critical phase number by Biichs et al.*. At these phase numbers, the liquid still
flows largely along the flask wall, but the rotating bulk liquid appears more compacted, with
the leading edge having a much narrower tip. Incidentally, this compacting of the rotating bulk
liquid becomes more severe with decreasing phase numbers. The described change in liquid
shape can be observed across both shaking frequencies for the cases above the critical phase

number of 0.91 (B at 0.69 mPa's > A at 0.69 mPa's - B at 16.7 mPa's - A at 16.7 mPa-s).

The findings for the volumetric power input and investigation of the liquid distribution confirm
the critical phase number of 0.91 by Azizan et al.>. Below this phase number a complete collapse
of the liquid distribution, with drastic decreases in the volumetric power input, can be observed.
But they also give validity to the original critical phase number of 1.26 by Biichs et al.*. Around
this phase number first changes in the liquid distribution are visible, with noticeable effects on
the volumetric power input. Although, the characterization in in-phase and out-of-phase
operating conditions remains useful in practice the transition between these states is gradual in

nature, as underlined by the presented results.
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Fig. 2-13: 3D images of the free surface area from CFD simulations with decreasing phase numbers (see Eq. 46),
passing the critical phase numbers.

The color scale from blue to red illustrates the magnitude of the velocity vector, easily highlighting the
rotating bulk liquid in the simulations. Conditions were deliberately chosen to cross the critical phase
numbers from Biichs et al. of 1.26* and Azizan et al of 0.91° with increasing viscosity. Simulated
conditions: Viscosity (1) =0.69, 16.7 and 104 mPa-s, shaking diameter (do) = 25 mm, filling volume (V1)
= 15 mL, surface tension (c) = 70 mN/m, contact angle (®) = 20°, temperature (T) = 20 °C, shaking
frequency (n) = 250 rpm (A) and 450 rpm (B)

2.3.3 Volumetric gas-liquid mass transfer rates

The kra value is also one of the most important process parameters for shake flasks and
bioprocesses in general. Hence, the kra value was computed for the CFD simulations,
investigating again the influence of increasing viscosity. Fig. 2-14 depicts the specific
interfacial area (a), the gas-liquid mass transfer coefficient (kr) and the kra value at a filling
volume of 40 mL (Fig. 2-14A, C, E) and 25 mL (Fig. 2-14B, D, F) at 300 rpm and viscosities
from 1 mPa-s up to 97 mPa's. A wide variety of other shaking conditions are included in the

supplement in Appendix 14 to Appendix 17.

The specific interfacial area (a) stays almost constant with increasing viscosity, only showing
a small decline at the highest viscosity at 25 mL (see Fig. 2-14B). This finding is consistent
with the analysis by Henzler and Schedel?®, who also found that the specific interfacial area (a)
is not significantly affected by the viscosity. As expected, the reduction of filling volume, at
otherwise constant shaking conditions, leads to a higher specific interfacial area (a) (compare
Fig. 2-14A and B). Further, the specific interfacial area (a) is roughly 25 m?*/m? lower at the
waterlike viscosity of 1 mPa-s, compared to the next higher viscosity at both filling volumes.
This underestimation at waterlike viscosity is most likely a shortcoming of the presented CFD
model. The mesh size of the CFD model is probably too coarse to fully resolve the liquid film
of roughly 50 um, expected at waterlike viscosity. The trade-off of computational effort and
model accuracy was mentioned above. The effect can be seen in Fig. 2-13, where the liquid
film is fully resolved for the higher viscosities, but not for the waterlike viscosity. For the two
higher viscosities in Fig. 2-13 the liquid film (dark blue area) reaches up to the maximal liquid
height over the entire circumference of the shake flasks, while this is not the case for the

waterlike viscosity.
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Fig. 2-14: The kia value derived from CFD simulations as function of viscosity.

The specific interfacial area (A + B), gas-liquid mass transfer coefficient ki, (C + D) and volumetric gas-
liquid mass transfer rate ki a (E + F) are derived from the CFD simulations and depicted as a function of
viscosity. The kia values from the CFD simulations in E and F are compared to values calculated with
the kra correlation from Henzler and Schedel® (see Eq. 37). Simulated conditions: Shaking frequency (n)
= 300 rpm, shaking diameter (do) = 25 mm, surface tension (c) = 70 mN/m, contact angle (®) = 20°,
temperature (T) = 20 °C, viscosity (n) = 1 — 97 mPa's (A, C, E) and 1 — 76.8 mPas (B, D, F), filling
volume Vi, =40 mL (A, C, E) and 25 mL (B, D, F)

The ki decreases sharply with increasing viscosity at both filling volumes (Fig. 2-14C and D),
dropping from almost 3x10* m/s to about 0.5x10* m/s at 16 mPa-s and decreasing further to
below 0.2x10™* m/s at the highest respective viscosity. This decline of the ki is directly caused
by the reduction of the diffusion coefficient and changes in liquid distribution due to the
increasing viscosity. The kra value, being the product of ki and interfacial area, shows the

combination of both signals, again sharply decreasing with moderately increasing viscosity.
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Values computed with the CFD model (see Eq. 36) are compared to kia values calculated with
the kra correlation from Henzler and Schedel (see Eq. 37). The progression of the kra value
from CFD and kra correlation are exceptionally similar. At waterlike viscosity the kra value
from the CFD is just 5 % (Fig. 2-14E) and 12 % (Fig. 2-14F) lower, than indicated by the kra
correlation from Henzler and Schedel?®. For the higher viscosities, the kra from the CFD model
is approximately twice as high as indicated by the kia correlation from Henzler and Schedel?®.
It should be noted, that, both, the CFD method and kra correlation from Henzler and Schedel?®
require the diffusion coefficient for the kra value calculation (see Eq. 34 and Eq. 37). In this
work the diffusion coefficient is calculated according to Eq. 33,which gives the diffusion for
pure oxygen in pure water, including viscous effects. It, however, does not include effects of
other cultivation media components, like salt, on the diffusion coefficient. Fortunately, CFD

128

method and kia correlation from Henzler and Schedel® include the diffusion coefficient with

the same weighting. Therefore, it does not affect the comparison of the two.

Fig. 2-15 shows a parity plot of both CFD and kia correlation for a more detailed comparison,
containing more than 100 simulations. Data points are presented separately for waterlike
conditions of around 1 mPa-s (open blue squares) and for the more viscous conditions above
1 mPa-s (open red circles). The kra values in Fig. 2-15 span three orders of magnitude, from
approximately 5 h! to 750 h™!. Across this entire range the data points follow the parity line
quite closely. Data points for the waterlike viscosity are especially close to the parity line. On
average the kia values from the CFD model are less than 20 % smaller than suggested by the
kra correlation. For the higher viscosity, the difference between CFD model and kra correlation
1s somewhat larger, but with data points remaining highly parallel to the parity line. On average
the kra values form the CFD model are twice as high, as indicated by the kra correlation (+93 %
with a standard deviation of 32 %). As discussed previously, the liquid film is not fully resolved
in the CFD model for waterlike viscosity. The liquid film has, however, previously been proven
to contribute significantly to the overall oxygen transfer in shake flasks experiments!->23-81:84,
Maier et al. showed, that the maximal oxygen transfer capacity in hydrophobic shake flasks,
where no liquid film is formed, was reduced by up to a factor of four!. Hence, the not fully
resolved liquid film in the CFD model might explain, why the CFD model produces kia values
lower than the kra correlation at low viscosity, but higher than the kia correlation at higher
viscosities. Liu et al. showed a similar deviation between kia values computed by their CFD
model for shake flasks and the kia correlation by Henzler and Schedel®® for waterlike viscosity,
albeit for only four CFD simulations, performed at similar shaking conditions”. Interestingly,

their CFD model apparently also did not fully resolve the liquid film.
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Fig. 2-15: Parity plot of kra values derived from the CFD simulations against values calculated with the kra
correlation from Henzler and Schedel?® (see Eq. 37).

Simulated conditions are split into two groups; waterlike viscosity of roughly 1 mPa-s (blue open squares)
and elevated viscosity of 1 — 100 mPa-s (red open circles). Black lines indicate parity and an over- and
underestimation by a factor of 2. Simulated conditions: Viscosity (1) = 0.69 - 100 mPa-s, shaking diameter
(do) = 25 and 50 mm, shaking frequency (n) = 150 - 450 rpm, filling volume (Vi) = 15 — 40 mL, surface
tension (o) = 70 mN/m, contact angle (®) = 20°, temperature (T) =20 —37°C

The kra computation in the CFD model uses the mass transfer model from Lamont & Scott
(1970) (see Eq. 34), which focuses on the influence of small eddies near the interface surface,
as the acting force behind the mass transfer. Lamont and Scott compared the results of their
mathematical approach for the calculation of the ki to three widely different experimental
situations’’. Firstly, they compared it to their own experimental work for bubbles in a turbulent
pipe flow. Secondly, to the experimental data from Calder bank and Moo-Young for bubble
aerated stirred tank reactors including a solid phase®> and thirdly experimental data from
Fortescue and Pearson for the transfer into the surface of turbulent channel flow®. Lamont and
Scott also found a deviation within a factor of 2 between their model and the three experimental

data sets”’.

For the correlation of the kra value for shake flasks, Henzler and Schedel determined oxygen
transfer rates for experiments with the sulfite system and culture broth of Escherichia coli and
Streptomyces tendae*®. They used the resulting oxygen transfer rates to calculate the kra value
under the assumption of a complete absence of oxygen in the liquid phase (dissolved oxygen
)

tension = 0)°. However, Meier et al. later showed, that the dissolved oxygen tension does not

reach zero in the liquid film®. Hence, the correlation by Henzler and Schedel likely
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underestimates the kia value for shake flasks to some degree. Furthermore, Henzler and Schedel
provide, to our knowledge, the only kra correlation, for which the influence of the viscosity
was fitted based on experimental results. However, there are some unfortunate limitations to
the data used for elevated viscosity. Even though, Henzler and Schedel measure the shear-
thinning behavior of the utilized Streptomyces tendae culture broth, they were forced to assume
a fixed shear rate (100 s') to estimate a viscosity for their model?®. The later developed
correlation for effective shear rates would have allowed for a more precise estimation of the
shear rate and, hence, viscosity’. Additionally, Henzler and Schedel varied the viscosity by
performing experiments with the sulfite system using water at various temperatures and glucose
solutions of different concentrations®®. While this approach does not suffer the same problems
of shear-thinning behavior as the Streptomyces tendae culture broth, it unfortunately only
covers viscosities from roughly 0.6 to 5 mPa's. Hence, the kra correlation by Henzler and
Schedel®® might be more accurate at waterlike and low viscosities, than at higher viscosities.

Given the discussed accuracy of the transfer model from Lamont and Scott”’

and shortcoming
of the kra correlation by Henzler and Schedel?®, the performance of the CFD model, predicting

the kra value across three orders of magnitude is satisfactory.

2.3.4 Shear rates

In this work, viscosity has proven to have a major influence on liquid distribution, volumetric
power input and kra value. However, as stated previously, the usually encountered shear-
thinning behavior of most biopolymers and filamentous fungi was approximated with a constant
viscosity for Newtonian flow, based on the correlation for effective shear rates by Giese et al.”.
Ideally, the CFD model would directly incorporate the non-Newtonian behavior by calculating
shear rates in each mesh cell. OpenFOAM, in fact, provides a scheme to calculate the shear rate
(see Eq. 40). A set of CFD simulations, modelling the shear-thinning behavior with the power
law, has been performed for this work. Simulations were performed with the same conditions
as shown in Fig. 2-8 (except for the viscosity). Resulting liquid contact lines are shown in the
supplement (see Appendix 18) and can be compared to Fig. 2-8. Due to the very weak shear-
thinning behavior of the polyvinylpyrrolidone (flow behavior index of 0.956) used by Azizan
et al.>%, the effect on the computed liquid contact lines, of directly modelling the non-
Newtonian behavior is almost non-existent. For a better insight into the performance of the
OpenFOAM scheme for the shear rate calculation, resulting shear rates of all performed
simulations are compared to the effective shear rates calculated with the correlation from Giese

et al.” in the parity plot in Fig. 2-16A.



Computational Fluid Dynamics for Shake Flasks - Results and Discussion 51

10*

103_

102_

Shear rate from CFD
OpenFOAM [1/s]

10°
o
L. r——
0L
E E 103 -
(o]
E 3
9 o
c O
(S
8 102 - .
8 o x2 , waterlike
c P [~1 mPa:s]
2] L7 O viscous

o /X 12 [1-100 mPa-s]

I I
10’ 102 10° 104

Shear rate from
Giese etal. [1/s]

Fig. 2-16: Parity plots of two approaches to derive shear rates from the CFD simulations against values calculated
with the correlation from Giese et al.” (see Eq. 46).

Simulated conditions are split into two groups; waterlike viscosity of roughly 1 mPa-s (blue open squares)
and elevated viscosity of 1 — 100 mPa-s (red open circles). Black lines indicate parity and an over- and
underestimation by a factor of 2. In A the shear rate calculation is the one implemented in OpenFOAM.
In B the shear rate calculation for the CFD model is based on the calculation of shear stress provided by
Soos et al.®, Simulated conditions: Viscosity () = 0.69 - 100 mPa-s, shaking diameter (do) = 25 and
50 mm, shaking frequency (n) = 150 - 450 rpm, filling volume (V1) = 15 — 40 mL, surface tension (c) =
70 mN/m, contact angle (®) = 20°, temperature (T) =20 — 37°C

All data points are again split into waterlike and higher viscosity. It should be noted that the
determination of a shear rate, in context of shear-thinning behavior, is only truly relevant for
elevated viscosities above waterlike viscosity. At waterlike viscosity (blue open squares) the
shear rates calculated with the OpenFOAM scheme are on average roughly six times smaller
than suggested by the correlation for effective shear rates. At the higher viscosity the
performance is much better, showing only three times smaller values. As the overall
performance of the OpenFOAM scheme, compared to the correlation for effective shear rates
was not satisfactory, an additional approach for computing the shear rates was investigated.

This approach is based on the computation of average shear stress, as given by Soos et al.*"(see
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Eq. 41). According to Soos et al. this calculation of average shear stress is valid only for laminar
flow conditions®®. Although, transitional flow is to be expected for waterlike viscosity, liquid
flow is laminar at higher viscosities in shake flasks. Importantly, the estimation of shear rates
is mostly of interest for higher viscosities, where shear-thinning behavior might need to be
modelled. Under the assumption of Newtonian flow, the computed shear stress can be easily
transformed to the shear rate. A resulting parity plot, comparing the results to the correlation
for effective shear rates by Giese et al.” is shown in Fig. 2-16B. Generally, the data points are
much closer to the parity line than for the OpenFOAM scheme. For waterlike viscosity, the
correlation for effective shear rates now only predicts values to be 2.6 times smaller than the
CFD model indicates. For the higher viscosity this difference is reduced to just 16 %. For both
methodologies for the calculation of the shear rate in the CFD model, the larger underestimation
for the waterlike viscosity is surprising. The only apparent difference to the simulations at the
higher viscosity is the not fully resolved liquid film. However, as fully resolving the liquid film
was not necessary to correctly predict the volumetric power input, the importance of the film
was not expected. Again, estimation of the shear rate, with the aim of simulating shear-thinning
behavior, is more relevant for elevated viscosities. Although the second presented approach
appears to model the shear rate much more accurately, especially for elevated viscosities,
further research into its validity is necessary. Notably, the conversion of shear stress to shear
rate is no longer straight forward, when non-Newtonian conditions are simulated in the CFD.
An iterative approach of estimating the shear rate with an approximation of the viscosity in the
mesh cell, calculation of the shear rate and following adjustment of the viscosity in the mesh

cell would be necessary.
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2.4 Conclusion

The presented CFD model for shake flasks excellently predicts liquid distributions across a
wide range of operating conditions. This includes simulations with a negligible viscosity, where
resulting liquid contact lines were compared to the mechanistic model by Biichs et al.” and
simulations with waterlike viscosity up to 100 mPa-s, where results were compared to the
experimental data by Azizan et al. >°. Notably, simulations at high viscosity reach and surpass
out-of-phase operating conditions. At elevated viscosity a liquid film was observed in the CFD
simulations. The liquid film had an approximate thickness of 500 um at 16.7 mPa's and of
1000 um at 80 mPa-s. Previous experimental measurements of the liquid film thickness in shake
flasks by Hermann show similar values for the liquid film®?. Hermann found a film thickness
of roughly 800 pm at 35 mPa-s and of roughly 1000 um at 99 mPa-s®* (see Appendix 9). The
estimation of the liquid distribution by the presented CFD model has already been used to aid
in the design of a specific shaken bioreactors with concentric rings (termed “perforated ring

flask”) by Hansen et al.>.

Furthermore, the volumetric power input was calculated with the CFD model, deviating by less
than 7 % from experimentally determined values form Biichs et al.>* across all tested conditions,
including near out-of-phase operating conditions. The volumetric power input correlation by
Biichs et al.* proofed highly accurate for fully in-phase operating conditions, deviating by less
than 0.01 kW/m? from CFD and experimental results. With decreasing phase number, however,
the volumetric power input becomes increasingly inaccurate as it does not model the out-of-
phase phenomenon. In this work a correction for the volumetric power input correlation, as
function of the phase number is provided, allowing an approximation of the volumetric power
input at complete out-of-phase operating conditions (down to phase numbers of 0.5). With an
accurate estimation of the volumetric power input near the out-of-phase phenomenon, utilizing

the out-of-phase phenomenon as a selection pressure might become possible®.

Generally, the CFD model confirmed the critical phase number of 0.91 by Azizan et al.”, below
which a complete collapse of the liquid distribution could be observed. But the model results
also confirm the more conservative critical phase number of 1.26, originally published by Biichs
et al.*. Below this number initial effects on liquid distribution and volumetric power input could
already be observed. Importantly, the CFD model results emphasized the inherently gradual

nature of the transition from in-phase to out-of-phase operating conditions.
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It was also shown, that the CFD model could be used to predict the kia, one of the most
important process parameters, sufficiently well. On average, the CFD model results deviated
by less than a factor of two from the established correlation by Henzler and Schedel®®. Tested
conditions span three orders of magnitude of the kra, including in-phase and out-of-phase
operating conditions. Lastly, a first investigation into the estimation of shear rates, based on the
CFD model, was performed. A computation, based on the calculation of the shear stress

according to Soos et al.%

, proved more accurate, than the standard scheme provided in
OpenFOAM. Further research into the applicability of the method for the simulation of non-

Newtonian fluids is still required.
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Chapter 3

3 Novel Online Monitoring Technique for Shake Flasks

3.1 Background

Shake flasks are widely used in the early stages of bioprocess development e.g., in strain
selection or media optimization. Online monitoring of cultivations during these steps is highly
advantageous®”-®®. The respiratory activity monitoring system (RAMOS) (HiTec Zang GmbH,
Herzogenrath, Germany) and the transfer-rate online measurement device (TOM) (Adolf
Kiihner AG, Birsfelden, Switzerland) both target the gaseous headspace and enable the
recording of the oxygen transfer rate (OTR) and carbon dioxide transfer rate (CTR) by

measuring partial pressures in the headspace® !

Other approaches enable online
measurements of the pH value, dissolved oxygen tension (DOT), viscosity and biomass by
monitoring the liquid phase: Monitoring of the pH value is achieved with fluorescent pH-
sensitive spots’. Spots are glued to the inside of the shake flasks and optically read out from
the outside of the shake flask. The DOT can be measured in a similar fashion with fluorescent,
oxygen-sensitive spots’> %, Combined measurements of the DOT and pH value in shake flasks
were performed by Schneider et al.””. They used the commercially available Shake Flask
Reader (SFR) (PreSens Precision Sensing GmbH, Regensburg, Germany)®’. Hansen et al.”® and
Flitsch et al.”” found that DOT spots, which are glued at a fixed position in the shake flask, are
not suitable. Due to the rotation of the shake flasks, and, hence, the resulting rotation of the
liquid phase, a fixed spot is not in constant contact with the bulk liquid during a revolution of

the shake flask. This leads to a mixed signal and an overestimation of DOT values by 5 — 28 %
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air saturation®®”?. Notably, the necessity of a constant contact with the bulk liquid is apparently
unique to the DOT spots and has not been described for pH spots. As an alternative to DOT
spots, fluorescent oxygen-sensitive nanoparticles can be used and were introduced by Borisov
& Klimant!%, Flitsch et al.” and Ladner et al.®® used commercially available oxygen-sensitive
Oxnano nanoparticles (PyroScience GmbH, Aachen, Germany) in shake flask cultivations.
Nanoparticles can be added directly to the cultivation medium, ensuring a constant contact
between the oxygen-sensitive component and the bulk liquid. The optical sensor is still in a
fixed position on the outside of the shake flask. Hence, the optical sensor alternates between
measuring the DOT in the rotating bulk liquid and liquid film®*°. Tracking of the position of
the bulk liquid allowed Ladner et al. to only trigger DOT measurements of the Oxnano

nanoparticles, when the bulk liquid was in front of the sensor®®.

The rotation of the bulk liquid can also be exploited to measure the viscosity in shake flask
experiments®+°%7_ The position of the bulk liquid, relative to direction of the centrifugal force,
depends on the liquid's viscosity. The effects of the viscosity on the rotating liquid in shake
flasks has been explored in detail in chapter 2. With an increase in viscosity, the bulk liquid is
shifted against the shaking direction relative to the centrifugal force. This shift was first used to
determine the viscosity by Sieben et al.*. Ladner et al.® used the same principle to determine
the viscosity in shake flask experiments by utilizing the signal intensity of Oxnano

nanoparticles.

Recently, non-invasive online monitoring of the biomass via scattered light, specifically
backscatter, were performed in various shake flask experiments using adapted versions of the
commercially available SFR or SFR vario systems!®'"1%_ Similar to DOT measurements with
nanoparticles, the scattered light measurement in shake flasks is heavily affected by the position
of the rotating bulk liquid. Schmidt-Hager et al.!% presented a modified version of the SFR,
extended by a scattered light sensor. This device is capable of triggering the angular
measurement time point of the scattered light measurement in the rotating bulk liquid. However,
this is only possible for water-like, non-changing viscosities. Ude et al.'®® further applied the
device to cultivations of bacteria, fungi, yeasts and mammalian cells. Mao et al.!%” presented a

device, also capable of triggering the scattered light measurement at water-like viscosities.

As discussed, various online monitoring systems for the DOT, pH and scattered light in shake
flasks are already commercially available. The Cell Growth Quantifier (CGQ) from sbi
Scientific Bioprocessing enables the monitoring of biomass by scattered light measurements'%®.

PreSens Precision Sensing GmbH offers the SFR and SFR vario, which enable monitoring of
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DOT and pH and monitoring of DOT, biomass, pH or COz, respectively'®!'°. PyroScience
GmbH currently offers pH and DOT spots and Oxnano nanoparticles for DOT measurements,

which can be applied to shake flasks''!.

In this work, the already available pH spots and Oxnano nanoparticles from PyroScience were
combined with a newly developed scattered light sensor and viscosity monitoring in a single
system for shake flasks. This new system is termed ShakeVisc. It stands out from existing
devices in several aspects. The CGQ by default conducts untriggered scattered light
measurements at 521 nm''2. In contrast, scattered light measurements of the ShakeVisc system
are triggered to the optimal angular position of the rotating bulk liquid and operate at 620 nm.
At this wavelength the impact of color changes of the medium is minimized!!*. The SFR and
SFR vario utilize spots for monitoring of the DOT. To avoid the overestimation of DOT
measurements that is inevitably caused by DOT spots®®®’, the ShakeVisc system utilizes
Oxnano nanoparticles suspended in the culture broth. The SFR vario is capable of triggering
scattered light measurements, but only at water-like, non-changing viscosities. The ShakeVisc
system presented in this work is capable of triggering scattered light measurements also at
changing and elevated viscosities. Additionally, there is no commercially available system for
online measurement of the viscosity in shake flasks. Monitoring the viscosity is of great interest,
when working with filamentous microorganisms and liquid systems with viscous substrates or
products®”!1+118  The ShakeVisc system can be combined with a RAMOS or TOM and
provides an unprecedented number of online signals (DOT, pH, scattered light, viscosity, OTR,

CTR and respiratory quotient) for shake flasks.



Novel Online Monitoring Technique for Shake Flasks - Materials and Methods 59

3.2 Materials and Methods

3.2.1 Microorganisms and media

All pre-cultures and main-cultures were carried out in 250 mL RAMOS shake flasks and
standard shake flasks at a shaking diameter of 50 mm in a climo-shaker ISFX-1 (Adolf Kiihner
AG, Biersfelden, Switzerland). Media were inoculated at the start of experiments to the optical

densities detailed below.

Pre-cultures and main-cultures of Escherichia coli pET11b AmpR were carried out in Wilms-
MOPS medium. The Wilms-MOPS medium contains 6.98 g/ (NH4)2SO4, 3 g/L KoHPO,,
2 g/l NaxSO4 and 41.85 g/ (N-morpholino)-propane sulfonic acid (MOPS). The pH was
adjusted to 7.5 with NaOH. The medium was subsequently heat-sterilized and cooled down.
Prior to the start of the experiment, the following solutions were added to the Wilms-MOPS
medium: 10 mL/L of a heat sterilized 50 g/L MgSO4-7H20 stock solution, 40 mL/L of a heat
sterilized 500 g/L glucose stock solution, 1 mL/L of a sterile filtrated 100 g/L ampicillin sodium
salt stock solution, 1 mL/L of a sterile filtrated 10 g/L thiamine hydrochloride stock solution
and 1 mL/L of sterile filtrated trace elements solution. The trace elements solution contains
0.54 g/L ZnSO4-7H20, 0.48 g/L CuSO4-5H20, 0.3 g/L MnSO4-H>0, 0.54 g/L CoCl2-6H0,
41.76 g/L FeCl3-6H20, 1.98 g/L CaCly-2H20 and 33.4 g/ Na2EDTA-2H;O. The media
composition as tables are included in Appendix 20 to Appendix 23 Appendix 28. All cultivations
were performed in RAMOS shake flasks and standard shake flasks with a filling volume of 10
mL and a shaking frequency of 350 rpm at a temperature of 37°C. The pre-culture was
inoculated from a cryogenic culture to an OD600 of 0.2. The cells were harvested
approximately after 7 h in the exponential growth phase and the main-culture was inoculated to

an OD600 of 0.5.

Pre-cultures and main-cultures of Paenibacillus polymyxa DSM 365 were conducted in
MM1P100 medium. The MM1P100 medium contains 5 g/L. casein peptone (Carl Roth GmbH
& Co., Karlsruhe, Germany), 1.33 g/ MgS0s4, 1.67 g/L KH>PO4, 0.05 g/ CaCl2-2H>0,
10 mL/L of vitamin solution RMPI 1640 (100x) (Sigma Aldrich, St. Louis, United States) and
1 mL/L of trace solution (1000x). All components were prepared as individual stock solutions.
The pH of the KH,POj4 solution was adjusted to 7.0 by using KOH. The trace element solution
and KH>PO4 solution were sterile filtrated. All other solutions were heat sterilized. The trace
element solution (1000x) contains 2.5 g/l FeSO4-7H20, 2.1 g/l C4HsNaxOs-2H20, 1.8 g/L
MnCl2-4H>0, 0.075 g/ CoCl2-6H20, 0.031 g/l CuSO4-7H20, 0.258 g/ H3BO3s, 0.023 g/L
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NaxMoOy4 and 0.021 g/ ZnCl,. For pre-cultures, the medium was prepared with a glucose
concentration of 17.5 g/L and for main-cultures with a glucose concentration of 30 g/L,
according to Sieben''”. Appendix 24 and Appendix 25 contain the media composition as tables.
Pre-cultures were cultivated in RAMOS shake flasks with a filling volume of 30 mL and a
shaking frequency of 300 rpm at a temperature of 30°C. Pre-cultures were inoculated to an
OD600 of 0.1 from a cryogenic culture. After approximately 9 h, the cells were harvested in
the exponential growth phase and the main-culture was inoculated to an OD600 of 0.5. Main-
cultures were carried out in RAMOS shake flasks and standard shake flasks under the same

conditions as the pre-cultures, but at a shaking frequency of 200 rpm.

Pre-cultures of Xanthomonas campestris B100 were conducted in Yeast-Malt (YM) medium

and were prepared according to Sieben'!

. YM medium contains 10 g/L glucose, 3 g/L yeast
extract (Carl Roth GmbH & Co., Karlsruhe, Germany), 3 g/L malt extract (Sigma Aldrich, St.
Louis, United States), 5 g/L peptone (Carl Roth GmbH & Co., Karlsruhe, Germany) and 30 g/L
MOPS. Appendix 26 contains the medium composition as a table. Complex and non-complex
components were prepared with a 10-fold concentration and heat sterilized separately. YM
medium was completed by mixing complex and non-complex components and diluting with
heat sterilized deionized water. Pre-cultures were inoculated from a cryogenic culture to an
OD600 of 0.1. Pre-cultures and main-cultures were carried out with a filling volume of 20 mL
and a shaking frequency of 300 rpm at a temperature of 30°C. After 19 - 24 h, main-cultures
were inoculated from the pre-culture to an OD600 of 0.5. For the main-cultures, Glucose-Y east
119

(GY) medium was used, prepared according to Sieben

25 g/L yeast extract (Carl Roth GmbH & Co., Karlsruhe, Germany), 2 g/LL KH,PO4, 0.205 g/L

. GY medium contains 25 g/L glucose,

MgS04-7H20 and 30 g/ MOPS. Appendix 27 contains the medium composition as a table.
Complex and non-complex components were prepared with a 10-fold concentration and heat
sterilized separately. GY medium was completed by mixing complex and non-complex

components and diluting with heat sterilized deionized water.

3.2.2 Offline analysis

Offline samples were taken from standard shake flasks with paper plugs cultivated in parallel
with the ShakeVisc module on the same lab shaker. Each shake flask was sampled two times at
most, usually only once, and subsequently discarded. The OD600 was measured with a
photometer (Genesys 20, Thermo Scientific, Dreieich, Germany). If not otherwise stated,

measurements were performed in triplicate. Samples were diluted with a 9 g/L. NaCl solution
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to an OD600 of 0.1 - 0.3. The offline pH value of the cultivation broth was measured with a pH
meter (HI221 Microprocessor pH Meter, Hanna Instruments, Vohringen, Germany) at room
temperature. If not otherwise stated, measurements were performed as duplicates. The offline
viscosity was measured with a rheometer (Physica MCR 301, Anton Paar GmbH, Ostfildern-
Scharnhausen, Germany) at the respective cultivation temperature as triplicates, unless
otherwise stated. A cone-plate system (CP50-0.5/TG, cone truncation 56 pm, cone angle 0.475°)
was used. A logistic shear rate ramp of 10 — 5000 s was applied. Since viscous cultivation
broths are typically of non-Newtonian behavior, the apparent viscosity is dependent on the
effective average shear rate in the shake flask. Therefore, the shear rate in the shake flask at
each individual sampling point must be calculated as the shear rate is dependent on the viscosity
and strictly speaking, on the flow consistency index K. Hence, the shear rates in shake flasks
were calculated individually for each sampling point under cultivation conditions. Subsequently,
the apparent viscosities were derived from offline rheometer measurements. The procedure is

described by Giese et al.” and Sieben et al.**

. When measurements were performed as triplicates,
error bars represent the standard deviation. When measurements were performed as duplicates,

error bars represent minimum and maximum values.

3.2.3 Measurement device

A computer-aided design (CAD) drawing of the newly developed ShakeVisc module is shown
in Fig. 3-1. The base plate contains an acceleration sensor, a microcontroller and a port for data
communication with a computer. Three optical sensors for monitoring DOT, biomass, pH value
and viscosity are arranged at an angle of 120° to each other and are attached to the shake flask
at the point of the widest diameter. This position corresponds to a height of 16 mm, measured
from the bottom of the shake flask. To measure the DOT signal, oxygen-sensitive Oxnano
nanoparticles (PyroScience GmbH, Aachen, Germany) were used. The Oxnano nanoparticles
contain oxygen sensitive dyes and have a hydrophilic vinylpyrrolidone shell. The measurement
principle relies on the oxygen-depending quenching behavior of the fluorescent dyes!®*?°. To
read out the fluorescence signal, an optoelectronic sensor with an excitation wavelength of 610
— 630 nm was used. The emission wavelength was measured in the near-infrared range with a
wavelength of 760 — 790 nm. For online monitoring of the pH value, self-adhesive pH sensor
spots (PyroScience GmbH, Aachen, Germany) were used. The pH sensor spots include two
fluorescent dyes. One dye is pH insensitive, whereas the other dye shows a pH sensitive
fluorescence behavior''!. To read out the fluorescence signal of the pH spot, an additional

optoelectronic sensor with an excitation wavelength of 610 — 630 nm was used. The emission
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wavelength was also measured in the near-infrared range with a wavelength of 760 — 790 nm.
The biomass signal was correlated to the online monitored scattered light signal. Therefore, a
third optoelectronic sensor with a wavelength of 610 — 630 nm was used, and the backscattered
light was recorded. The online measured viscosity was derived from the shift of the bulk liquid

in relation to the centrifugal acceleration, described in chapter 3.2.4.

Fig. 3-1: Prototype of ShakeVisc module for online monitoring of dissolved oxygen tension, pH value, biomass
and viscosity with three optical sensors.

One optical sensor is used with Oxnano nanoparticles, dispersed in the liquid phase, to monitor the DOT.
A second optical sensor, in conjunction with a self-adhesive pH spot, is used to measure the pH value.
The pH spot is attached to the inner wall of the shake flask. The third optical sensor monitors the biomass
by scattered light measurements. Online monitoring of the viscosity does not require its own sensor but
can be performed based on the DOT or scattered light sensor. The optical sensors were arranged at an
angle of 120° to each other and were attached to the shake flask at the point of the widest diameter (16
mm from bottom of the shake flasks). To allow for triggering of the optical sensors, when the rotating
bulk liquid is in front of the sensor, the ShakeVisc module is equipped with an acceleration sensor.
Alternatively, a hall sensor is attached to the lab shaker. The power supply and cables are not shown.
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The ShakeVisc module was combined with a RAMOS device, as shown in Fig. 3-2. The
measurement principle of the RAMOS technology is described elsewhere?®!2!. A computer was
used for data recording and evaluation. Additionally, cultivation in shake flasks for manual

sampling and offline measurements were cultivated on the same lab shaker.

Oxygen transfer rate (OTR) RAMOS devi
evice

/ Offline flasks

Oxnano nanoparticles

+ Computer ShakeVisc module an an an an an an
E N\ m /ﬁ ﬁ /ﬂ /ﬁ /]:i
| Dissolved oxygen tension (DOT), N ‘ z \\/ \/ . \ / / \

Optional: hall effect sensor

Lab shaker

Fig. 3-2: Experimental setup for online measurement of dissolved oxygen tension, pH value, biomass and
viscosity with the ShakeVisc module and online measurement of oxygen transfer rate with a RAMOS
device.

The optical sensors in the ShakeVisc module are arranged at an angle of 120° to each other. Additionally,
offline shake flasks for manual sampling and offline analysis are cultivated in parallel in the same
temperature controlled shaker cabinet. To allow for triggering of the measurement of the rotating bulk
liquid, the ShakeVisc module is equipped with an acceleration sensor. Alternatively, a hall effect sensor
is attached to the lab shaker.

3.2.4 Detection of the leading edge of the rotating bulk liquid

To accurately monitor cultivations, measurement of the DOT must be performed in the rotating
bulk liquid®®®. Therefore, the movement of the bulk liquid was monitored based on the
fluorescent signal intensity of the Oxnano nanoparticles suspended in the cultivation broth.
With this information, the leading edge of the rotating bulk liquid can be identified and the
measurement of the DOT in the bulk liquid can be triggered. The measurement of the scattered
light signal was triggered in the same fashion. The principle of the tracking the bulk liquid and

determination of the trigger point is shown in Fig. 3-3.
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Fig. 3-3: Detection principle of the shift of the angle of the leading edge of the rotating bulk liquid 6-05.

0o marks the angle at the beginning of the cultivation, whereas 6 marks the angle at any other time point.
(A) Normalized signal of the acceleration sensor of four consecutive rotations. The intersection of the
rising slope with the zero level (horizontal dashed green line) marks the first point used for the detection
of the angle of the leading edge of the rotating bulk liquid (orange dots). (B) Normalized intensity signal
of Oxnano nanoparticles in cultivation broth of four consecutive rotations at low viscosity of 1 mPa’s.
The rising slope indicates the leading edge of the rotating bulk liquid. The falling slope indicates the
following tail of the rotating bulk liquid. Intersection (yellow dots) of the base signal (blue solid line)
with the rising slope of the signal of the rotating bulk liquid (red solid line) indicates the second point
used for the detection of the angle 6y of bulk liquid. The trigger position for measurement of dissolved
oxygen tension (DOT) and scattered light is located 30° after the leading edge of the rotating bulk liquid.
For clarity, the trigger position is marked in the subsequent rotation of the bulk liquid (vertical green
arrow). (C) Normalized intensity signal of Oxnano nanoparticles in cultivation broth of four consecutive
rotations at elevated viscosity of 93 mPa®s. Due to the increased viscosity, the angle 6 of bulk liquid
increases from 66° to 112°. The shift of angle of bulk liquid 6-8y is used as a correlation to viscosity.
Cultivation of Paenibacillus polymyxa, filling volume (VL) = 30 mL, shaking frequency (n) = 200 rpm,
shaking diameter (do) = 50, temperature (T) = 37°C, 0.2 mg/mL Oxnano nanoparticles.

In Fig. 3-3A, the signal of the acceleration sensor, integrated in the ShakeVisc module, is shown
for four consecutive rotations. For a shaking frequency of 200 rpm, one rotation of the bulk

liquid (360°) takes 300 ms. The intersection of the rising slope of the acceleration signal with
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the zero level (horizontal green dashed line) marks the reference point used for the detection of
the leading edge of the rotating bulk liquid (orange dots). In Fig. 3-3B, the normalized
fluorescence intensity of the Oxnano nanoparticles in the rotating bulk liquid is shown for four
consecutive rotations at a water-like viscosity of 1 mPa®s. The rising slope (red solid line)
indicates the leading edge of the rotating bulk liquid. The falling slope indicates the following
tail of the rotating bulk liquid. The base signal is indicated by the blue solid line. The
intersection of the base signal and the rising slope of the leading edge (yellow dots) is defined
as the characteristic value of the leading edge. The difference between this characteristic value
of the leading edge and the reference point of the acceleration sensor (orange dots) in Fig. 3-3A
is calculated as the angle 0 of the bulk liquid. The angle 6o of the bulk liquid characterizes this
angle at the beginning of the cultivation. In this example, the difference between the reference
point (orange dots) and the second point (yellow dots) is an angle of 66°. The trigger position
for measurement of DOT and scattered light is located 30° after the leading edge of the rotating
bulk liquid (vertical green arrow in Fig. 3-3B). In Fig. 3-3C, the normalized fluorescence
intensity of the Oxnano nanoparticles in the rotating bulk liquid is shown for four consecutive
rotations at an elevated viscosity of 93 mPa’s. The detection of the leading edge of the rotating
bulk liquid takes place analogously to Fig. 3-3B. Due to increased internal friction in the
rotating bulk liquid, caused by the elevated viscosity, the angle 6 of bulk liquid increased to
112°. A schematic view of the position of the rotating bulk liquid at two different exemplary
viscosities with illustration of the angle 0 of the bulk liquid can be seen in Appendix 19. As
discussed previously and shown by Sieben et al.** and Ladner et al.%, the shift of the angle 0 of
the bulk liquid correlates to the change in viscosity of Newtonian and non-Newtonian fluids.
Thus, the shift of angle of bulk liquid 0-09 is introduced and used as an online monitoring signal
for the viscosity. In this example, an increase in viscosity from 1 mPa’s to 93 mPa’s leads to a
shift of the angle of the bulk liquid 6-6¢ of 46° (see Fig. 3-3C). It is also possible to perform a
calibration of the viscosity measurement of the ShakeVisc system. This calibration must be
performed for each cultivation condition (e.g., filling volume, shaking frequency, temperature,
etc.). An example is shown in Appendix 28 and Appendix 29. Alternatively, calibration could
also be performed using CFD data. CFD can be used to reliably predict the liquid movement

and position of the leading edge, as demonstrated in chapter 2.

3.2.5 Calibration of pH and DOT sensors

Self-adhesive pH sensor spots (PyroScience GmbH, Aachen, Germany) were glued on the inner

glass wall of the RAMOS flasks at the point of the largest inner diameter. The RAMOS flasks
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were then autoclaved at 121°C for 20 min. Prior to each experiment, the pH sensor spots were
soaked overnight in sterile deionized water. Subsequently, if not otherwise stated, a calibration
of the pH sensor spots was performed. Therefore, under sterile conditions, calibrations were
conducted with a pH 2 and a pH 11 buffer solution. Firstly, sterile pH 2 buffer solution was
filled in the RAMOS flasks and was tempered at the respective cultivation temperature. Then,
the pH calibration was performed. RAMOS flasks were rinsed twice with sterile deionized
water after the pH 2 calibration. Subsequently, pH 11 buffer solution was filled in the RAMOS
flasks and tempering, calibration and rinsing with sterile deionized water were repeated.
Furthermore, depending on the experiment, the offline measured pH value at the beginning of
the cultivation was used to recalibrate a possible offset of the online measured pH value, to

increase the accuracy of the online measurement.

Oxnano nanoparticles for the DOT measurements (PyroScience GmbH, Aachen, Germany)
were prepared in stock suspension of 5 mg/mL by mixing dried Oxnano nanoparticles with
deionized water. Some batches of Oxnano nanoparticles did not fully disperse in deionized
water but remained in small clumps. In these cases, stock solutions were treated with
ultrasonication until the Oxnano nanoparticles were completely dispersed. For ultrasonication,
a sonic dismembrator (Fisherbrand™ Model 120 Sonic dismembrator, Fisher Scientific GmbH,
Schwerte, Germany) was used. The amplitude was set to 80 % and ultrasonication was
conducted for a total of 10 min, with repetitive cycles of 4 s of treatment, followed by 4 s of
pause. During ultrasonication, the sample was stored on ice. Afterwards, the prepared stock
suspension was sterilized by autoclaving at 121°C for 20 min. Sterile Oxnano nanoparticles
stock suspension was then added to the cultivation media, during final media preparation at a
final concentration of 0.2 mg/mL for all experiments. Added Oxnano nanoparticle stock
solution replaced the required volume of deionized water in media compositions to avoid
dilution effects. The volume of left out deionized water corresponds to the volume of added
Oxnano nanoparticles stock suspension. Prior to the experiment, the DOT was calibrated to
100 % air saturation. Therefore, the prepared cultivation medium containing the Oxnano
nanoparticles was filled in RAMOS flasks and was shaken and tempered at cultivation
conditions. When the oxygen concentration in the air and liquid phase were in equilibrium, the

DOT calibration was conducted.
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3.2.6 Relevance of the out-of-phase phenomenon for cultivations at
elevated viscosities

Cultivations at elevated viscosities, as they are presented in this chapter, might be affected by
the out-of-phase phenomenon. Effects of elevated viscosity on shake flasks experiments has
been explored in great depth with the help of CFD in chapter 2 of this thesis. In short, the out-
of-phase phenomenon describes experimental conditions in shake flasks, under which the
centrifugal force from the orbital shaking motion is too weak to accelerate the bulk liquid. The
bulk liquid in the shake flasks does not follow the shaking motion of the lab shaker anymore
and essentially sticks to the bottom of the shake flask. Biichs et al.>* first described the out-of-
phase phenomenon and the resulting, negative effects on shake flask experiments. Although the
shift from in-phase to out-of-phase is a steady process, as shown in chapter 2, Biichs et al.*
developed the dimensionless phase number. They aimed at quantifying for practical use the
order of magnitude to which a shake flask experiment is out-of-phase with the shaking motion.
They derived a critical phase number of 1.26, characterizing experimental conditions with phase
numbers below 1.26 as out-of-phase. Azizan et al.’ later reassessed the out-of-phase
phenomenon and found a critical phase number of 0.91, characterizing conditions with a
significant change of the liquid shape and flow. While Biichs et al.* derived their critical phase
number from measurements of the volumetric power input in shake flasks, Azizan et al.> used
recorded liquid distributions as the basis for their critical phase number. The definition of the

phase number is given in Eq. 25 in chapter 2 of this thesis.
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3.3 Results and Discussion

3.3.1 Non-triggered DOT, scattered light and pH measurements

To emphasize the necessity of using a trigger signal for optimal online monitoring with the

ShakeVisc module, a non-triggered online monitoring of an E. coli cultivation is shown in Fig.

3-4. As discussed previously, the online monitoring of viscosity is only enabled by tracking the

bulk liquid position, hence, it is not possible in the non-triggered setup.
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Fig. 3-4: Online monitoring of an Escherichia coli cultivation with a non-triggered ShakeVisc device and a

RAMOS device.
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(A) Online monitoring of dissolved oxygen tension (DOT) and oxygen transfer rate (OTR), with Oxnano
nanoparticles and a RAMOS device, respectively. The DOT was calibrated to 100 % in the inoculated
medium prior to starting the monitoring. (B) Online monitoring of scattered light, compared to optical
density measurements from offline samples at 600 nm. (C) Online monitoring of the pH value with pH
sensitive spots, compared to pH measured from offline samples. The pH spot was calibrated at pH 2 and
11 before the cultivation. All offline samples were taken from shake flasks cultivated in parallel. The
vertical dashed line indicates the sudden change in the trend of DOT and pH value after 5 hours.
Cultivation conditions: Wilms-MOPS medium with 20 g/L glucose, 0.2 mg/mL Oxnano nanoparticles,
range of pH spot = 6 — 8, initial pH = 7.5, initial ODsgo = 0.5, shaking frequency (n) = 350 rpm, filling
volume (Vi) = 10 mL, shaking diameter (do) = 50 mm, temperature (T) = 37°C. Offline optical density
ODeoo and offline pH was measured in single measurement.

Most of the DOT measurements closely mirror the recorded OTR, as can be seen in the thick
upper boundary of data points in Fig. 3-4A. However, many data points do not follow this trend
and mostly show lower DOT values. Due to the rotation of the bulk liquid and the non-triggered
measurement, only a portion of the data points are taken when the rotating bulk liquid is in front
of the sensor. Remaining measurements occur when the liquid film is in front of the sensor.
While the thick upper boundary of DOT values represents the bulk liquid, the rest of the data
points represent the liquid film. However, as previously discussed, the DOT in the liquid film
is expected to be higher or at least equal to the rotating bulk liquid, but never lower!2. The
underestimation of the measured DOT in the liquid film, compared to the literature, is caused
by the small number of Oxnano nanoparticles and, hence, low signal intensity in the liquid film.
The signal intensity in the liquid film is at approximately 1 mV (see lower boundary in
Appendix 30). In contrast, measurements in the bulk liquid led to significantly higher signal
intensities of up to 125 mV. Importantly, the signal intensity in the bulk exceeds the threshold
value of 25 mV during the first 15 h of cultivation. The signal intensity in the bulk liquid only
falls below 25 mV to roughly 22 mV during the last hours of cultivation. Beneath a signal
intensity of 25 mV the DOT determined by the Oxnano nanoparticles system is influenced by
the signal intensity. Above 25 mV the DOT determined by the Oxnano nanoparticle system is

entirely independent from the signal intensity and can be determined solely by the phase shift.

Yet, as stated above, most DOT values mirror the OTR. In the first 4 h, during the exponential
growth of the organism, an exponential decrease from 95 % air saturation is observed. Then,
oxygen becomes limiting in the cultivation as the saturation drops to 0 %. The same
observations can be drawn from the OTR. DOT and OTR, however, do not agree on the duration
of the oxygen limitation. The OTR drops from the maximum value of 67 mmol/L/h after 5.5 h,
while the DOT suggests a slightly shorter oxygen limitation phase until 5 h. After the oxygen
limitation and complete depletion of the glucose, further products are metabolized'?*. The OTR

drops from the oxygen limitation to a second plateau at roughly 20 mmol/L/h after 6 h and
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remains there for approximately 1.5 h. This second OTR peak is known to represent the
consumption of acetate, which is produced by E. coli at DOT values below 30 % air
saturation'?*. In contrast to the OTR, an additional peak can be recognized in the recorded DOT
after the oxygen limitation. Over a duration of 1 hour, the DOT increases up to 35 % air
saturation, before decreasing again to approximately 20 %. This feature is concealed by the
relatively low measurement frequency of the quasi-continuous OTR measurement by the
RAMOS device in the presented cultivation. In this experiment, one data point is acquired every
30 minutes by the RAMOS device. However, by coincidence, in a similar cultivation, this first
temporary increase in DOT after the oxygen limitation was detected by the RAMOS device
(see Appendix 31). This temporary increase in DOT must represent some produced organic
acid or other substance. Following this peak, between hours 6 and 7.5 of the fermentation, the
DOT shows a plateau at about 70 % air saturation during the consumption of acetate, mirroring
the OTR again. After the depletion of acetate, the metabolic activity quickly slows down until
8 h, finally reaching an OTR of 0 mmol/L/h and DOT of 100 % air saturation after 20 h.

The scattered light measurements in Fig. 3-4B are affected by the missing trigger in the same
way as the DOT measurement in Fig. 3-4A. However, in contrast to the DOT, the recorded
scattered light is enclosed in two distinct boundaries. A nearly constant, lower boundary at
approximately 110 a.u. represents measurements in the liquid film. An upper boundary, which
increases over the fermentation time, represents measurements in the rotating bulk liquid.
Interestingly, during the first 2.5 h of fermentation, the scattered light signal from the rotating
bulk liquid is lower than from the liquid film.

Results from the scattered light module support the conclusions drawn from the DOT and OTR
signals. The scattered light exponentially increases in the first 4 h from 90 to 180 a.u..
Subsequently, during the oxygen limitation, the scattered light increases nearly linearly to
270 a.u.. Then, the scattered light begins to level off, reaching its maximal value of 310 a.u.
after acetate is consumed at approximately 6 h. The scattered light remains nearly constant until
the end of cultivation after 24 h, only declining slightly to 300 a.u.. This course of the biomass
is confirmed by the offline optical density measurements, which were taken every 2 h for the

first 8 h and after 24 h.

Lastly, the online pH was measured and compared to conventional offline pH measurements,
as shown in Fig. 3-4C. As expected, the online measurement of the pH value is, in contrast to
DOT and scattered light, not affected by the shaking motion. It indicates reliable online values

with low noise. The recorded online pH drops slightly during the first 4 h of exponential growth,
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from a pH of 7.2 to 7.0. Afterwards, a sharp decrease of the online pH during the oxygen
limitation (see Fig. 3-4A) to a pH of 6.45 is observed. This acidification matches the already
discussed formation of mostly acetate by E. coli during oxygen limitation'?*. Following this pH
minimum, the online pH slowly starts increasing again, reaching a nearly constant pH of 6.75
after 9 h. Until 24 h, the pH further increased slightly to a value of 6.8. The increasing pH fits
the already discussed consumption of products like acetate, following the depletion of glucose.
Over the entire duration of the cultivation, the offline pH measurements closely follow the
trajectory of the online pH. However, the offline pH is roughly 0.1 to 0.2 pH units higher than
the online signal during the first 4 h of cultivation and 0.05 pH units lower at 6 h. It should be
noted that the minimal online pH value and, therefore, the switch from production to
consumption of acidic components occurs after 5 h. This precisely matches and confirms the
shorter oxygen limitation indicated by the DOT (see vertical dashed line in Fig. 3-4), compared
to the OTR.

Despite the alternating signal for DOT and scattered light, due to the missing trigger signal, the
online signals of the bulk liquid are already reproducible and closely correlated with the
available reference signals, i.e., OTR, offline optical density and offline pH measurements. The
online monitoring of the ShakeVisc system, however, is far superior in terms of measurement
frequency, compared to offline sampling and the quasi-continuous OTR. Compared to the OTR,
the increased frequency of the DOT measurement unveiled the consumption of an additional

carbon source, between 5 — 6 h of the presented E. coli cultivation.

3.3.2 Triggered sensors reveal metabolic shift in E. coli

In the following experiments, the ShakeVisc system is upgraded with a trigger signal, to
selectively monitor only the rotating bulk liquid. Using an acceleration sensor and the
fluorescence intensity signal of the Oxnano nanoparticles, the leading-edge position of the bulk
liquid was detected. The principle of detecting the leading edge of the rotating bulk liquid by
using the fluorescence signal of the Oxnano nanoparticles are discussed in chapter 3.2.4. The

results of the triggered E. coli cultivation are presented in Fig. 3-5.
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3-5: Online monitoring of an Escherichia coli cultivation with a triggered ShakeVisc device and a RAMOS

device.

(A) Online monitoring of dissolved oxygen tension (DOT) and oxygen transfer rate (OTR), with Oxnano
nanoparticles and a RAMOS device, respectively. The DOT was calibrated to 100 % in the non-inoculated
medium prior to starting the monitoring. (B) Online monitoring of scattered light, compared to optical
density measurements from offline samples at 600 nm. (C) Online monitoring of the pH value with pH
sensitive spots, compared to offline pH, measured from offline samples. The pH spot was calibrated at
pH 2 and 11 before the cultivation. Additionally, a pH-offset calibration was performed. (D) Online
monitoring of the shift of angle of bulk liquid 0-0y, compared to the offline viscosity, measured from
offline samples with a rheometer. All offline samples were taken from separate shake flasks, cultivated
in parallel. The vertical dashed line indicates the sudden change in the trend of DOT and pH after 6.5
hours. Triggering of the measurement of the bulk liquid was enabled by an acceleration sensor, according
to the illustration in Fig. 3-3B. Cultivation conditions: Wilms-MOPS medium with 20 g/L glucose, 0.2
mg/mL Oxnano nanoparticles, range of pH spot = 6 — 8, initial pH = 7.5, initial ODgo = 0.5, shaking
frequency (n) = 350 rpm, filling volume (Vi) = 10 mL, shaking diameter (d¢) = 50 mm, temperature (T)
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= 37°C. Standard deviation is barely visible, as it is smaller than the data points. Offline viscosity
measurements were performed in duplicate.

In Fig. 3-5A, the online monitored DOT and OTR signals are shown. In contrast to the
untriggered measurement (see Fig. 3-4), it is striking that the DOT value now shows a sharply
defined course. Since all measurements take place in the rotating bulk liquid, no more outliers
are present. The courses of DOT and OTR resemble those of the untriggered E. coli cultivation

(see Fig. 3-4).

In Fig. 3-5B, the online monitored scattered light signal is compared to the offline measured
optical density. Like the DOT signal, the successful triggering of measurements leads to a
sharply defined scattered light signal without any outliers. The course of the triggered scattered
light signal matches with the upper boundary layer of the scattered light signal of the
untriggered scattered light measurement (see Fig. 3-4B). The online monitored scattered light
signal perfectly correlates to the offline measured ODgoo samples. Moreover, by using the data
of the online monitored OTR and the online monitored scattered light, it is possible to calculate
the online monitored specific oxygen uptake rate (qO2) (see Appendix 32). During the initial
exponential growth phase, OTR and scattered light values are increasing. During this phase, as
shown in the supplement (see Appendix 33 to Appendix 38), the calculated qO- values correlate
well with qOz values from literature. This is a further validation of the measurements conducted

with the ShakeVisc system.

In Fig. 3-5C, the online monitored pH value is compared to the offline measured pH value. The
online monitored pH value is similar to the course of the online monitored pH value in the
untriggered E. coli cultivation (see Fig. 3-4C). The pH values measured offline match the course
of the online measured pH values. At the beginning of the cultivation, the online and offline
measured values perfectly match each other, until the pH value reaches its minimum value of
6.4, after a cultivation time of 6.5 h. Afterwards, a slight deviation in online and offline
measured pH values with a maximum deviation of 0.15 is apparent. Subsequently, with
increasing pH values, the gap between both values diminishes, leading to a deviation of only
0.07 at the end of the cultivation. Most likely, the performance of the sensor spot is superior
near its pKa value and additional changes in the composition of the cultivation medium over

the course of the cultivation might affect the pH sensor.

In Fig. 3-5D, the shift of angle of bulk liquid 0-80 (see Fig. 3-3) is compared to the offline

measured viscosity. Enabled by monitoring the signal intensity of the Oxnano nanoparticles,
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suspended in the cultivation broth, the leading edge of the rotating bulk liquid can precisely be
determined (see Appendix 39). The shift of the angle of the bulk liquid 0-0¢ stays at the same
level during the cultivation and can be correlated to the apparent viscosity in the shake flask.
Offline samples of the cultivation broth, measured with a rheometer as duplicates, perfectly

correlate to the online signal, showing constant water-like viscosities of about 0.9 mPa-s.

To investigate the origin of the DOT peak in Fig. 3-5A during the oxygen limitation, after a
fermentation time of 6.5 h, an additional fermentation with multiple sampling steps during the

relevant period was conducted (see Appendix 31). The results of the HPLC measurement are

presented in Fig. 3-6.
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Fig. 3-6: Offline sampling of an Escherichia coli cultivation during the period of oxygen limitation.

All samples were taken from shake flasks, cultivated in parallel. Samples were immediately stored on ice,
to stop metabolic activities. Triggering of the measurement of the bulk liquid was enabled by an
acceleration sensor, according to the illustration in Fig. 3-3B. Cultivation conditions: Wilms-MOPS
medium with 20 g/L glucose, 0.2 mg/mL Oxnano nanoparticles, range of pH spot = 6 — 8, initial pH =
7.5, initial ODgoo = 0.5, shaking frequency (n) = 350 rpm, filling volume (V1) = 10 mL, shaking diameter
(do) = 50 mm, temperature (T) = 37°C. All online and offline data of this cultivation are shown in

Appendix 31.
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In Fig. 3-6A, it becomes apparent that glucose is entirely consumed at the end of the oxygen
limitation, after a fermentation time of approximately 6.5 h. Thus, the highly time-resolved
DOT measurement, enabled by the ShakeVisc device, allows the precise detection of the time
point of glucose depletion. If, on the other hand, only the OTR data, provided by the RAMOS
technique, is regarded (see Fig. 3-5A), the exact time point of glucose depletion might be missed.
However, as already stated, in a similar cultivation (see Appendix 31), by coincidence, the exact
time point of glucose depletion was detected. During the first part of the oxygen limitation,
significant amounts of acetate are formed (see Fig. 3-6B). Also, lactate is produced at the end
of the first part of oxygen limitation. The detected amounts of glycerol (0.5 g/L) are likely
carryovers from the pre-culture, since the pre-culture was inoculated with a glycerol-containing
cryogenic culture (Estimations of glycerol carryover can be seen in Appendix 40). The
consumption of acids (acetate and lactate) started at the end of the first period of oxygen
limitation. It is also indicated by the increase of the pH value (see Appendix 31). During the
second period of oxygen limitation, glycerol, lactate, and acetate seem to be consumed
simultaneously. At the end of the second oxygen limitation, glycerol is entirely exhausted. The
remaining amounts of acetate are consumed during the increase of the DOT after 7.5 h. It could
be shown that the DOT peak of 20 % during the oxygen limitation can be traced back to glycerol
carryovers from the pre-culture. This emphasizes the necessity of washing the pre-culture, when
defined cultivation conditions have to be ensured. Presumably, the influence of glycerol
carryovers on the DOT could not be detected by Flitsch et al.””, since two subsequent pre-
cultures were conducted, diluting the remaining glycerol. This effect remains non-disclosed by
the quasi-continuous measuring principle of the RAMOS device. In contrast, the highly time-

resolved DOT measurement demonstrates the capabilities of the ShakeVisc device.

3.3.3 Online viscosity monitoring based on Oxnano nanoparticles

In a subsequent experiment, the ShakeVisc system was applied to a cultivation of
Paenibacillus polymyxa, which is a natural producer of extracellular polysaccharides and, thus,
leads to changes in the viscosity during the cultivation. The results are shown in Fig. 3-7. The
results of a non-triggered Paenibacillus polymyxa cultivation are shown in the supplement in

Appendix 41.
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Fig. 3-7: Online monitoring of a Paenibacillus polymyxa cultivation with a triggered ShakeVisc device and a

RAMOS device.

(A) Online monitoring of dissolved oxygen tension (DOT) and oxygen transfer rate (OTR), with Oxnano
nanoparticles and a RAMOS device, respectively. The DOT was calibrated to 100 % in the non-inoculated
medium prior to starting the monitoring. (B) Online monitoring of scattered light, compared to optical
density measurements from offline samples at 600 nm. (C) Online monitoring of the pH value with pH
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sensitive spots, compared to offline pH, measured from offline samples. The pH spot was not calibrated
before the cultivation. (D) Online monitoring of the shift of angle of bulk liquid 8-60, compared to the
offline viscosity, measured from offline samples with a rheometer. (E) Phase number (Ph) according to
Eq. 25 calculated from offline measured viscosity. The horizontal red dotted line marks the critical phase
number of 1.26. The vertical dashed line indicates the beginning of foaming of the cultivation, associated
by the sharp increase in scattered light signal (B). All offline samples were taken from shake flasks,
cultivated in parallel. Triggering of the measurement of the bulk liquid was enabled by an acceleration
sensor, according to the illustration in Fig. 3-3B. Cultivation conditions: MM 1P100 medium with 30 g/L
glucose, 0.2 mg/mL Oxnano nanoparticles, range of pH spot =5 — 7, initial pH = 7, initial ODggo = 0.5,
shaking frequency (n) = 200 rpm, filling volume (VL) = 30 mL, shaking diameter (dg) = 50 mm,
temperature (T) = 30°C. Standard deviation is barely visible, as it is smaller than the data points.

In Fig. 3-7A, the course of the DOT and OTR are depicted over the fermentation time. During
the first 8 h of cultivation, the DOT continuously decreases until reaching a value of 5 % air
saturation. The DOT remains at this level for 1 h and sharply starts increasing afterwards up to
a DOT value of 40 %. Subsequently, the DOT further increases slightly. After 14 h, the online
monitored shake flask and all remaining offline shake flasks started foaming, indicated by the
dashed black vertical line. A picture of the foaming shake flasks at the end of the cultivation is
provided in the supplement in Appendix 42. This effect is also visible in the DOT signal, as the
DOT value suddenly increases. After this time point, the DOT is no longer reliable. The OTR
values mirror the DOT values. However, the time point of foaming is not apparent in the OTR

signal.

In Fig. 3-7B, the online monitored scattered light and the offline measured optical density ODeoo
are shown. During the first 9 h, as the DOT is decreasing and remains at a low level, the
scattered light signal rises from 70 a.u. to 85 a.u. with an increasing slope. When the DOT starts
to increase at the end of the oxygen limitation, the scattered light signal also increases further
up to 90 a.u., but with a reduced slope. The online-measured scattered light signal perfectly
matches the offline-measured optical density. The time point of foaming, indicated by the
vertical black dashed line, is clearly visible in the scattered light signal, associated with a sharp
increase in the measured value. Similar to the DOT value, the scattered light signal can no

longer be used to reliably monitor the biomass.

In Fig. 3-7C, the online monitored pH value is compared to the offline measured pH value. The
online measured pH value decreases exponentially during the first 4 h of the cultivation.
Subsequently, the pH value fluctuates around a value of about 5.9 for 4 h. Afterwards, the online
pH value slowly declines until the end of the cultivation. The time point, when the initial decline
of the online pH value stops after 4 h, is associated with the DOT signal. At this time point, a

small peak in the DOT signal is visible, indicating a switch in metabolic activity (see Fig. 3-7A).
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The offline measured pH values follow the course of the online monitored pH value. Although
both measures perfectly match at the beginning of the cultivation, a slight deviation becomes
apparent throughout the later part of the cultivation. Thus, after 4 h, the offline measured pH
value is consistently lower than the online monitored pH value, showing a deviation of about
0.4 units. This discrepancy can be traced back to the calibration of the pH sensor spot. Due to
the highly laborious procedure for calibrating the pH sensor spot, in this experiment, only an
offset calibration at the beginning of the cultivation was conducted. Thus, both pH values match
at the beginning of the cultivation, when the pH value is close to its original value, but deviate
from each other, when the pH value falls. Therefore, a three-point calibration prior to the
experiment, to obtain a more accurate measurement, is highly recommended. Hence, when the
pH value changes by 1 pH unit, a single offset calibration in combination with the

manufacturer’s pre-calibration is not sufficient.

In Fig. 3-7D, the online monitored shift of angle of bulk liquid 0-8¢ is compared to the offline
measured viscosity. During the first 6 h of the cultivation, no increase in the shift of angle of
bulk liquid 0-0¢ is visible. Afterwards, the measured value starts increasing linearly. When
foaming occurs, a small jump of the shift of the angle of bulk liquid 6-69 is visible. The online
measured values closely correlate to the offline measured viscosity. In Fig. 3-7E, the phase
number is depicted. The phase number indicates whether a system is in-phase or not. When the
phase number falls below 1.26, a system is usually characterized as “out-of-phase”, which
means that the bulk liquid no longer follows the shaking movement of the shaking machine*>%,
Effects of the out-of-phase phenomenon have been investigated in detail in chapter 2. The out-
of-phase phenomenon is generally accompanied by a marked decrease in volumetric power
input and oxygen transfer. For most of the fermentation time, the phase number is higher than
1.26. Only shortly before the system starts foaming, the phase number drops below 1.26,
indicating that the cultivation broth gets out-of-phase. Hence, the out-of-phase phenomenon is
most likely responsible for the foaming. Although the common understanding is that a non-
baffled shake flask will never show foaming®®, the opposite could be shown with this cultivation.
Presumably, a fraction of the liquid that is no longer in-phase acts as a kind of baffle, leading

to foaming.

3.3.1 Online viscosity monitoring based on scattered light

In the previous cultivations of E. coli (see Fig. 3-5) and P. polymyxa (see Fig. 3-7), the

triggering of the measurement and the determination of viscosity was performed by utilizing
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the signal intensity of Oxnano nanoparticles. As discussed in the context of Fig. 3-5, the
determination of viscosity requires tracking of the rotating bulk liquid. The necessary
distinction between bulk liquid and liquid film can also be achieved based on the scattered light
signal, which was already apparent in the non-triggered online monitoring of E. coli in Fig.
3-4B. In Fig. 3-4B, measurements in bulk and film led to distinctly different scattered light
intensities. However, it can also be seen in Fig. 3-4B that a reliable distinction between bulk
liquid and film can only be made, after sufficient biomass is formed. In the presented case, this
relates to an optical density ODegoo of roughly 3. Before this threshold of biomass is reached,
the scattered light in the bulk liquid is lower or equal to the scattered light in the liquid film,
making the distinction difficult, even impossible. It should be noted that at low biomass, a
meaningful change in viscosity is unlikely anyway. Hence, the tracking of viscosity is probably

not of high interest during the first phase of cultivation.

Fig. 3-8 depicts a cultivation of Xanthomonas campestris, where the distinction between bulk
liquid and liquid film was not only based on the signal intensity of the Oxnano nanoparticles,
but, additionally, on the scattered light signal. Therefore, the online monitored viscosity will be
reported for both, the signal intensity of the Oxnano nanoparticles and the scattered light signal
intensity. In this cultivation, the acceleration sensor was replaced by a Hall-effect sensor for the

1.6 as the reference

position signal. The Hall-effect sensor was previously used by Ladner et a
signal in shake flask experiments and does not influence the performance of the presented
online monitoring. X. campestris was cultivated due to its viscous product formation. The
produced xanthan gum is a known, viscous, shear-thinning biopolymer!"!?. A non-triggered

cultivation of X. campestris is shown in the supplement in Appendix 43.
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3-8: Online monitoring of a Xanthomonas campestris cultivation with a triggered ShakeVisc device and a

RAMOS device.

(A) Online monitoring of dissolved oxygen tension (DOT) and oxygen transfer rate (OTR), with Oxnano
nanoparticles and a RAMOS device, respectively. The DOT was calibrated to 100 % in the inoculated
medium prior to starting the monitoring. (B) Online monitoring of scattered light, compared to optical
density measurements from offline samples at 600 nm. (C) Online monitoring of the pH value with pH
sensitive spots, compared to pH measured from offline samples. The pH spot was calibrated at pH 2 and
11 before the cultivation. (D) Online monitoring of the shift of angle of bulk liquid 0-80, compared to the
offline viscosity, measured from offline samples with a rheometer. This shift was monitored via the signal
intensity of Oxnano nanoparticles (see Fig. 3-3). In addition, the shift of angle of bulk liquid 8-8o was also
determined based on the scattered light signal. All offline samples were taken from shake flasks,
cultivated in parallel. Triggering of the measurement of the bulk liquid was enabled by a hall effect sensor.
Cultivation conditions: YM medium, 0.2 mg/mL Oxnano nanoparticles, range of pH spot = 6 — 8, initial
pH = 6.9, initial ODggo = 0.5, shaking frequency (n) = 300 rpm, filling volume (V) = 20 mL, shaking
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diameter (do) = 50 mm, temperature (T) = 30°C. Standard deviation is barely visible, as it is smaller than
the data points. Offline optical density ODso and offline pH were measured in single measurement.

Fig. 3-8A depicts the course of the OTR and triggered DOT measurements. The OTR increases
exponentially to almost 40 mmol/L/h in the first 8.5 h. Merely, a small plateau of two
measurement points at an OTR of 11 mmol/L/h after roughly 4 h, interrupting the exponential
increase, can be seen. Similarly, the DOT exponentially decreases in the first 8.5 h from 95 %
to nearly 0 % air saturation. Again, a small disturbance in the signal can be seen after 4 h.
However, due to the higher measurement frequency of the DOT, the feature is well-defined as
a small peak in the DOT. This peak is probably caused by the depletion of some component in
the medium. After 8.5 h, an oxygen limitation can be seen in the DOT signal, lasting until about
18.5 h. In the same timeframe, the OTR shows a slightly slanted plateau, decreasing from 40 to
30 mmol/L/h. Such a slanted plateau is generally interpreted as the limitation by a substrate,
which is not the main carbon source®. Only the online monitored DOT allows the clear
identification of the oxygen limitation. Following this plateau, the OTR drops to roughly
10 mmol/L/h, remaining there for about 2 h, before declining to almost 0 mmol/L/h after 28 h.
This feature is perfectly mirrored in the DOT signal with an intermittent DOT level of 75 % air
saturation before reaching 100 % air saturation, indicating the end of cultivation. Furthermore,
sharp, small dips can be seen in the DOT between 6 and 8 h. These dips perfectly coincide with
the measurement points of the OTR and are caused by the measurement phases of the RAMOS
device. During the measurement phase of the RAMOS device, the air in and outlet are sealed,
turning the shake flask into a closed system. Throughout this phase, the oxygen partial pressure
in the headspace decreases, therefore, decreasing the driving concentration gradient of oxygen
from the gas to the liquid phase. Interestingly, the minute changes in the DOT are captured in
the online monitored DOT signal. The described effect can also be seen, to some extent, in the

triggered cultivation of E. coli in Fig. 3-5.

Fig. 3-8B shows the online monitored scattered light intensity and offline determined optical
density. The scattered light exponentially increases from 85 to 240 a.u. during the exponential
decline of the DOT in Fig. 3-8A, confirming the exponential growth. During the oxygen
limitation, the scattered light increases further, at first linearly, then continuously slower, until
reaching 485 a.u. at the end of the oxygen limitation after 18.5 h. Afterwards, the scattered light
decreases to 400 a.u. at the end of cultivation. The scattered light declines faster during the
DOT and OTR plateau between 20 and 24 h, than during the last 4 h of cultivation. As discussed

previously, a decline in the scattered light at the end of cultivation might be explained by either
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cell lysis or morphological changes. In this experiment no offline samples were drawn overnight.
Optical densities determined during the first 8 h of cultivation correlate with the scattered light
intensity. Determined optical densities from 21 h onwards, however, deviate from the scattered
light. The scattered light would suggest optical densities of about 11, while optical densities of
about 8 were determined offline. Due to the substantial viscosity of the culture broth at the end
of cultivation, errors in the volumetric dilution of samples for the offline determination of
optical density are very much possible. Notably, online monitored signals are impervious to

such flaws in sample handling.

Fig. 3-8C shows the online-monitored and offline-determined pH. The online pH increases from
about 6.9 at the start of the cultivation to 7.2 shortly after the oxygen limitation begins (see Fig.
3-8A). During the oxygen limitation, the pH stays nearly constant, slightly declining towards
its end to 7.1. With the depletion of the main carbon source after 18.5 h, the pH increases again
slightly up to almost 7.3 at the end of cultivation. The offline determined pH differs at most by

0.1 from the online monitored pH.

The online monitored shift of the angle of the bulk liquid 6-69 and the offline determined
viscosity are depicted in Fig. 3-8D. The shift of the angle of the bulk liquid 6-6 is 0° for the
first 5 h, then starts increasing and rises between 8 and 18.5 h to 25°. Following the depletion
of the main carbon source after 18.5 h, the shift of the angle of the bulk liquid 6-68¢ remains
constant at 27° until the end of cultivation. As mentioned before, the shift of the angle of the
bulk liquid 6-8p was not only determined based on the signal intensity of the Oxnano
nanoparticles (see Fig. 3-3), but also based on the scattered light intensity. The shift of the angle
of the bulk liquid 6-60 based on the scattered light intensity is only shown from 8 h onward,
because the optical density before this time was too low to accurately discern between bulk
liquid and liquid film. The shift of the angle of the bulk liquid 0-0¢ of both systems aligns almost
perfectly between 8 and 18 h. Small, non-relevant differences are observed in the plateau. It
should be noted that the trigger position of DOT and scattered light measurements in the bulk
liquid are directly dependent on the shift of the angle of the bulk liquid 6-6¢ (see Fig. 3-3).
Therefore, the trigger position can, in principle, also be derived from the scattered light signal
intensity. Due to the similarity of the shift of the angle of the bulk liquid 6-6p from Oxnano
nanoparticles and scattered light, the trigger position would essentially be the same. Therefore,
the triggered scattered light measurement of the bulk liquid can, in the future, be performed
entirely independent of the Oxnano nanoparticles particles. The offline determined viscosity

confirms the online monitored results. The offline viscosity is constant for the first 4 h and then
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slowly increases to 4 mPa-s after 8 h. The offline sample after 23 h shows a viscosity of 40
mPa-s, which remains constant until the end of cultivation. The course of the viscosity also
explains the slanted plateau in the OTR during the oxygen limitation in Fig. 3-8A. Giese et al.?
uncovered how increases in viscosity up to 20 mPa-s, can increase the maximum oxygen
transfer capacity in shake flasks. Yet, further elevation of the viscosity lowers the maximum

oxygen transfer capacity?. In essence, the effect is caused by the modulation of the thickness

of liquid films in shake flasks and the oxygen diffusion by the viscosity.
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3.4 Conclusion

The ShakeVisc system provides an unprecedented number of online monitoring signals for
cultivations in shake flasks. It provides accurate measurements of the scattered light as an
indicator for biomass, the DOT, pH value and the shift of angle of bulk liquid 8-00, as a measure
of the change of the viscosity during cultivation. For monitoring the DOT, fluorescent oxygen
sensitive Oxnano nanoparticles were used instead of DOT spots. This leads to accurate
measurements at low DOT levels and allows for tracking of the rotating bulk liquid via the

fluorescent signal intensity.

In this study, the ShakeVisc system was tested with cultivations of E. coli, P. polymyxa and
X. campestris. The importance of tracking of the rotating bulk liquid was demonstrated with
cultivations of E. coli. Non-triggered measurements of DOT and scattered light generate data
noise, from which the measurement points originating from the rotating bulk liquid can be
derived. By triggering, however, DOT and scattered light measurements are only carried out in
the rotating bulk liquid. This leads to distinct well-defined DOT and scattered light signals and
prevents the generation of mixed signals. The tracking of the rotating bulk liquid also allows
for measurement of the shift of angle of the bulk liquid 6-6o, which correlates to the viscosity
of the cultivation broth. The ShakeVisc system operates at measurement frequencies of roughly
0.1 Hz. This is a vast improvement to offline sampling, but even a significant improvement
over the quasi-continuous operation of the RAMOS device. Thus, in the cultivation of E. coli,
the DOT revealed a second phase of oxygen limitation, which might be missed with the
RAMOS device. The measurement frequency and sensitivity of the DOT is even high enough
to capture the small impact of the RAMOS measuring phases on the DOT. This effect could be

observed for the X. campestris cultivation and to some extent in the cultivations of E. coli.

For scattered light measurements with the BioLector system in microtiter plates, the wavelength
of 620 nm is well established'?*. At this wavelength influences of color changes of the medium
are reduced! . Therefore, the newly developed scattered light sensor of the ShakeVisc module
operates at 620 nm. The scattered light signals precisely correlate with offline optical density

measurements, even at elevated viscosities.

The pH value, online measured via pH sensor spots, matches offline measured pH values.
Provided by the higher time resolution of the online measurement compared to offline

measurements, changes in the course of pH are made visible that would otherwise have
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remained hidden. Online and offline measured pH values differ less than 0.4 pH units.

Deviations are most likely based on changes in medium composition during cultivation.

In the cultivation of P. polymyxa, a cultivation at elevated viscosities of up to 150 mPa-s, the
shift of angle of bulk liquid 0-89 correlated precisely with the offline measured viscosity.
Foaming, observed at the end of cultivation, is captured as a sudden increase in the scattered
light intensity. In combination with the viscosity data, the foaming could be linked to the onset

of the out-of-phase phenomenon, due to the high viscosity.

During the cultivations of E. coli and P. polymyxa, the tracking of the bulk liquid and, hence,
triggering and determination of the shift of angle of bulk liquid 6-00 was performed solely based
on the Oxnano nanoparticle signal intensity. In the cultivation of X. campestris, the option for
triggering the measurement was extended by tracking the bulk liquid and determining the shift
of angle of bulk liquid 6-6o, based additionally on the scattered light intensity. The resulting
viscosity monitoring is essentially the same for both approaches. Therefore, Oxnano
nanoparticles are, in the future, only necessary, when monitoring of the DOT is desired, but are

not required for the monitoring of scattered light and of viscosity changes.
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Chapter 4

4 Summary and Outlook

The first goal of this thesis was to establish and verify a CFD model for shake flasks, aimed at
simulating fluid flow and predicting volumetric power input, kra and shear rates. Special
interest was given to simulating elevated viscosity, as is usually encountered in cultivations

involving biopolymers or fungi, exhibiting disperse growth.

Simulated fluid flows were compared to experimentally determined freeze frames of fluid flow,
recorded and kindly provided by Azizan et al.>. Across all simulated filling volumes, shaking
frequencies and viscosities the CFD model closely matched the experimental data in terms of
fluid shape and position. Simulations also matched the measurements for liquid film thickness
of Hermann®” at elevated viscosity. The thus verified velocity fields of the CFD simulations
were used to calculate volumetric power inputs based on the energy dissipation rate. Resulting
volumetric power inputs were compared to experimental values from Biichs et al. and their
correlation for volumetric power inputs in shake flasks**. The average deviation between
volumetric power input from CFD simulation and experiment is just 0.18 kW/m?>. This holds
true even at small phase numbers, where the volumetric power input correlation by Biichs et
al.>* overpredicts volumetric power input. Hence, volumetric power inputs from the CFD
simulations were used to modify and improve the correlation for volumetric power as function
of the phase number. Furthermore, the kia was calculated from the CFD simulations to
investigate the effects of operating conditions and viscosity on oxygen transfer in shake flask.

Results from the CFD simulations were compared to the kra correlation by Henzler and
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Schedel?®. kLa values form the CFD deviate by less than a factor of two from the kra correlation
by Henzler and Schedel. Notably, the kra spans almost three orders of magnitude for the
investigated operating conditions. Lastly, the shear rate was derived from the CFD simulations.
Here, two different ways to calculate the shear rate from the velocity field of CFD simulations
were investigated. Firstly, the shear rate was taken as the scalar measure of the strain rate tensor
and, secondly, as a function of the largest eigenvalue of the strain rate tensor. Resulting shear
rates were compared to the correlation for effective shear rates in shake flasks by Giese et al.”.
The first approach to calculate the shear rate results in shear rates three to six times smaller than
indicated by the correlation by Giese et al.”. Fortunately, the second approach resulted in much
smaller deviations. At waterlike viscosity shear rates from the CFD were less than three times
smaller. At elevated viscosity of above 1 mPa-s the results were on average just 16 % smaller
than indicated by the correlation for effective shear rates by Giese et al.”. Importantly, the CFD
simulations, especially the calculated volumetric power inputs, highlight the inherently gradual

transition from in-phase to out-of-phase operating conditions.

CFD simulations offer exciting possibilities in further deepening process understanding and
enabling careful planning of experiments in the out-of-phase regime. Continued work in the
determination of shear rate is of special interest. CFD simulations presented in this thesis were
performed under the assumption of purely Newtonian behavior. However, biopolymers and
disperse growing fungi notoriously exhibit non-Newtonian, shear-thinning behavior. Hence,
CFD simulations require an accurate approach to calculate shear rates. Furthermore, a recent
study by Neuss et al.'?>* highlighted the importance of the energy dissipation rate in cell culture.
They showed a 40 % reduction of antibody titers for an increase of the average energy

dissipation rate from 0.12 W/kg to 3.84 W/kg.

The second part of this thesis was the combination of online monitoring of DOT, biomass, pH
and viscosity in a single system called ShakeVisc. The DOT was measured with oxygen
sensitive Oxnano nanoparticles, biomass with a newly developed scattered light sensor, pH with
pH sensor spots and viscosity as the shift of the angle of the bulk liquid, i.e., the gradual
transition from in-phase to out-of-phase operating conditions. Importantly, the DOT and
scattered light measurement were triggered according to the shift of the angle of the bulk liquid
to ensure measurements within the rotating liquid phase. Additionally, the OTR in shake flasks

was measured in parallel with a RAMOS.

The ShakeVisc system operates at a sampling frequency of 0.1 Hz. This is a significant

improvement over the semi-continuous operating mode of the RAMOS. The online monitored
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DOT clearly revealed a second oxygen limitation in E. coli cultivations, which would have been
missed in the OTR recorded by the RAMOS. Uncovering this second oxygen limitation allowed
for offline sampling precisely during this time, revealing the consumption of glycerol. The
consumed glycerol must have been carried over from the cryogenic culture. The scattered light
sensor was designed to operate at roughly 620 nm, a wavelength well established in the
BioLector system for microtiter plates. Recorded scattered light signals correlated well with the
offline determined optical density measurements over the entire cultivation, even under
increasing viscosity. Similarly, the pH closely followed the offline determined pH value,
deviating less than 0.4 pH units. Online monitoring of the pH, however, provided a vast
improvement in sampling frequency. Lastly, the shift of the angle of bulk liquid is closely
correlated with offline determined viscosity. It was shown, that the shift of angle of bulk liquid
can be determined based on added Oxnano nanoparticles, but also based solely on the recorded

scattered light signal.

In the future, attention should be given to the calibration the shift of angle of bulk liquid to the
viscosity. This can be done by performing laborious experiments as shown by Sieben et al.®*.
It should, however, also become possible to skip the required experiments in the lab. CFD
simulations were proven to accurately predict shape and position of the rotating bulk liquid.
Therefore, it should be possible to derive the necessary shift of angle of bulk liquid entirely

from CFD simulations.
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Appendix

Appendix 1: Parameters are taken from the VDI Heat Atlas.

Gwater,30°C
Pwater,25°C
Pwater,37°C
MNwater,25°C
MNwater,37°C
Pair,30°C

Nair,30°C

70 mN/m
997 kg/m?
993 kg/m?
0.89 mPa-s
0.69 mPa-s
1.2 kg/m?
0.02 mPa-s

101
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Appendix 2: Shake flasks milled to half their maximal outer diameter to evaluate the exact geometry of the flasks.

Front view of milled down shake flasks. Three shake flasks of the same type and from same manufacturer
were used as replicates. Inner measurements of the flask geometry provided in the main manuscript are
mean values from the three shown flasks. Shake flasks were milled down by Aachener Quarzglas-
Technologie Heinrich GmbH & Co.KG. Results are specified in Fig. 7 and 8.
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Appendix 3: 3D-representation of the comparison of liquid contact lines from CFD and experimental data®

Depicted is the same simulation as in Fig. SA, only as a 3D-representation for distances of 50 to 450 um
normal to the shake flask wall to exclude the liquid film (see Fig. 8A). The figure becomes
incomprehensible for more than two normal distances. Simulated conditions: Viscosity (1) = 0.69 mPa-s,
shaking diameter (do) = 2.5 cm, filling volume (Vi) = 40 mL, shaking frequency (n) = 250 rpm, surface

tension (o) = 70 mN/m, contact angle (®) = 20°, temperature (T) = 25°C
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Appendix 4: Photograph of the liquid distribution at a shaking frequency of 450 rpm, viscosity of 1 mPa-s, shaking
diameter of 2.5 cm and filling volume of 25 mL.

In (A) a photograph of the rotating bulk liquid in line with the centrifugal force is shown. The photograph
in (B) is taken perpendicular to the centrifugal force, focusing on the tail region, following the rotating
bulk liquid. The small metal balls on the left of (A) and (B) are included to show the direction of the
centrifugal force. The formed liquid film can be seen in (B) as a light shadow up to the maximal liquid
height. Contrary to all previous images, experimental results and CFD simulations, the shaking motion in
these images is counter-clockwise.
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Appendix 5: Photograph of the liquid distribution at a shaking frequency of 300 rpm, viscosity of 1 mPa-s, shaking
diameter of 2.5 cm and filling volume of 25 mL.

In (A) a photograph of the rotating bulk liquid in line with the centrifugal force is shown. The photograph
in (B) is taken perpendicular to the centrifugal force, focusing on the tail region, following the rotating
bulk liquid. The small metal balls on the left of (A) and (B) are included to show the direction of the
centrifugal force. The formed liquid film can be seen in (B) as a light shadow up to the maximal liquid
height. Contrary to all previous images, experimental results and CFD simulations, the shaking motion in
these images is counter-clockwise.
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Appendix 6: Photograph of the liquid distribution at a shaking frequency of 150 rpm, viscosity of 1 mPa-s, shaking
diameter of 2.5 cm and filling volume of 25 mL.

In (A) a photograph of the rotating bulk liquid in line with the centrifugal force is shown. The photograph
in (B) is taken perpendicular to the centrifugal force, focusing on the tail region, following the rotating
bulk liquid. The small metal balls on the left of (A) and (B) are included to show the direction of the
centrifugal force. Contrary to all previous images, experimental results and CFD simulations, the shaking
motion in these images is counter-clockwise.
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Appendix 7: Schematic of the setup for liquid thickness measurements (taken from Hermann®?).

The figure is taken from the dissertation of Hermann®2. Translations added in brackets. The setup was
used to perform liquid thickness measurements in shake flasks. An optical fiber is mounted next to a
shake flask, placed on a shaker table. Half of the optical fiber is connected to a blue LED (350 — 500 nm)
for excitation of fluorescence and the other half to a photomultiplier (PMT) to record the fluorescence
emission (above 570 nm). The signal form the PMT was transmitted through an amplifier and recorded
on a computer. Hall effect sensors were installed within the shaker to monitor the position of the shaker

and the direction of centrifugal force. The measurement frequency was 5000 Hz.
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Appendix 8: Schematic of setup for the calibration of liquid thickness measurements (taken from Hermann®?).

The figure is taken from the dissertation of Hermann®2. Translations added in brackets. The setup was
used to record a calibration, to convert recorded fluorescence intensities (Appendix 7) to liquid thickness.
A custom plexiglass well was constructed and placed above the optical fiber of the fluorescence
measurement system (Appendix 7). For the calibration the volume, hence, height of the fluorescent
solution was incrementally increased and the resulting fluorescence intensity measured. With this data a
calibration curve was created.
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Appendix 9: Liquid thickness in shake flasks for three viscosities based on fluorescence measurements (taken from

Hermann®?).

The figure is taken from the dissertation of Hermann®?, Translations added in brackets. Measurements
were performed with the setup shown in Appendix 7 and calibrated according to Appendix 8. The
calculated liquid thickness (y-axis) is plotted over three full rotations of the shake flask (x-axis) for three
different viscosities. The dashed vertical lines indicate the direction of the centrifugal force. At zero
revolutions the bulk liquid is in front of the sensor for 1 mPa-s. At this point the liquid thickness of the
bulk liquid is determined to be roughly 9 mm. After half a rotation the bulk liquid has passed the sensor
and the liquid thickness of the film is measured with about 50 um. At a viscosity of 35 and 99 mPa-s, the
liquid film starts similar in liquid thickness with about 800 pm. At 35 mPa-s, the film stays at that
thickness until the bulk liquid moves in front of the sensor again. At 99 mPa-s, the film thickness decreases
further to about 500 um. The spike in the liquid thickness, when the bulk liquid arrives at the sensor
(measured fluorescence intensity) at 35 and 99 mPa-s is explained by Hermann with possible reflection
effects in the leading edge of the bulk liquid. Experimental conditions: Viscosity () = 1, 35, 99 mPa-s,
shaking diameter (do) = 2.5 cm, filling volume (Vi) = 25 mL, shaking frequency (n) = 300 rpm, 2.5 pm
fluorescein, fluorescence sensor height =20.6 mm.
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Appendix 10: Impact of the assumed surface tension on the liquid contact line calculated by the CFD model,
compared to experimental data®

The liquid contact lines are shown in mm, viewed from the center of the shake flask, rotating around the
z-axis (see Fig. 1C). Liquid contact lines from CFD calculations were extracted at multiple distances from
50 to 1050 um normal to the shake flask wall to exclude the liquid film (see Fig. 8A). Simulated
conditions: Viscosity (1) = 0.69 mPa-s, shaking diameter (do) = 2.5 cm, filling volume (Vr) = 30 mL,

shaking frequency (n) = 250 rpm, surface tension (6) = 70 mN/m and 63 mN/m, contact angle (®) = 20°,
temperature (T) = 37°C
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Appendix 11: Impact of the assumed contact angle on the liquid contact line calculated by the CFD model,
compared to experimental data®

The liquid contact lines are shown in mm, viewed from the center of the shake flask, rotating around the
z-axis (see Fig. 1C). Liquid contact lines from CFD calculations were extracted at multiple distances from
50 to 1050 um normal to the shake flask wall to exclude the liquid film (see Fig. 8A). Simulated
conditions: Viscosity () = 16.7 mPa-s, shaking diameter (do) = 2.5 cm, filling volume (Vr) = 30 mL,
shaking frequency (n) = 250 rpm, surface tension () = 70 mN/m, contact angle (®) = 20° and 5°,
temperature (T) = 25°C
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Appendix 12: Impact of the cone angle on the liquid contact line calculated by the CFD model, compared to

Height [mm)]

experimental data®

The liquid contact lines are shown in mm, viewed from the center of the shake flask, rotating around the
z-axis (see Fig. 1C). Liquid contact lines from CFD calculations were extracted at multiple distances from
50 to 1050 um normal to the shake flask wall to exclude the liquid film (see Fig. 8A). Simulated
conditions: Viscosity () = 16.7 mPa-s, shaking diameter (do) = 2.5 cm, filling volume (Vr) = 30 mL,
shaking frequency (n) = 250 rpm, surface tension (¢) = 70 mN/m, contact angle (®) = 20°, temperature
(T)=25°C
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Appendix 13: Parity plot of experimentally determined volumetric power inputs from Biichs et al.* at a shaking
diameter of 2.5 and 5cm.

The black bold line indicates parity and the dashed black line a linear fit of the data. The linear fit indicates
roughly 13 % greater volumetric power inputs at a shaking diameter of 5 cm. Experimental conditions:
Viscosity () = 1 — 32.3 mPa-s, shaking diameter (do) = 2.5 and 5 cm, filling volume (Vi) =25 - 40 mL,
shaking frequency (n) = 180 - 360 rpm
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Appendix 14: The kra value derived from CFD simulations as function of shaking frequency at a filling volume
of 40 mL and viscosity of 1 and 16 mPa-s.

The specific interfacial area a (A + D), gas-liquid mass transfer coefficient ki (B + E) and volumetric gas-
liquid mass transfer rate kpa (C+ F) are derived from the CFD simulations and depicted as a function of
viscosity. The kra values from the CFD simulations in C and F are compared to values calculated with
the kra correlation from Henzler & Schedel (Eq. 37). Simulated conditions: Shaking frequency (n) = 180
- 340 rpm (A — C) and 180 — 380 rpm (D — F), shaking diameter (dg) = 25 mm, surface tension (c) =
70 mN/m, contact angle (®) =20°, temperature (T) =20 °C, viscosity (1) = 1 mPa‘s (A — C) and 16 mPa-s
(D - F), filling volume Vi =40 mL
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Appendix 15: The kra value derived from CFD simulations as function of shaking frequency at a filling volume
of 40 mL and viscosity of 59 and 97 mPa-s.

The specific interfacial area a (A + D), gas-liquid mass transfer coefficient ki (B + E) and volumetric gas-
liquid mass transfer rate kra (C+ F) are derived from the CFD simulations and depicted as a function of
viscosity. The kia values from the CFD simulations in C and F are compared to values calculated with
the kra correlation from Henzler & Schedel (Eq. 37). Simulated conditions: Shaking frequency (n) = 180
- 348 rpm (A — C) and 180 — 360 rpm (D — F), shaking diameter (do) = 25 mm, surface tension (c) =
70 mN/m, contact angle (®) = 20°, temperature (T) = 20 °C, viscosity (n) = 59 mPa's (A — C) and 97
mPa-s (D —F), filling volume Vi =40 mL
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Appendix 16: The kra value derived from CFD simulations as function of shaking frequency at a filling volume
of 25 mL and viscosity of 1 and 16 mPa-s.

The specific interfacial area a (A + D), gas-liquid mass transfer coefficient ki (B + E) and volumetric gas-
liquid mass transfer rate kra (C+ F) are derived from the CFD simulations and depicted as a function of
viscosity. The kia values from the CFD simulations in C and F are compared to values calculated with
the kra correlation from Henzler & Schedel (Eq. 37). Simulated conditions: Shaking frequency (n) = 180
- 380 rpm, shaking diameter (do) = 25 mm, surface tension (c) = 70 mN/m, contact angle (®) = 20°,
temperature (T) = 20 °C, viscosity () = 1 mPa's (A — C) and 16 mPa-s (D — F), filling volume Vi =
25 mL
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Appendix 17: The kra value derived from CFD simulations as function of shaking frequency at a filling volume
of 25 mL and viscosity of 37 and 76.8 mPa-s.

The specific interfacial area a (A + D), gas-liquid mass transfer coefficient ki (B + E) and volumetric gas-
liquid mass transfer rate kra (C+ F) are derived from the CFD simulations and depicted as a function of
viscosity. The kia values from the CFD simulations in C and F are compared to values calculated with
the kra correlation from Henzler & Schedel (Eq. 37). Simulated conditions: Shaking frequency (n) = 180
- 380 rpm, shaking diameter (do) = 25 mm, surface tension (c) = 70 mN/m, contact angle (®) = 20°,
temperature (T) = 20 °C, viscosity () = 37 mPa-s (A — C) and 76.8 mPa-s (D — F), filling volume V| =
25 mL
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Appendix 18: Liquid contact lines extracted from the CFD model, simulating a power law, shear thinning liquid
with the calculation of shear rates, as provided by OpenFOAM.

The liquid contact lines are shown in mm, viewed from the center of the shake flask, rotating around the
z-axis (see Fig. 2-1). To exclude the liquid film, liquid contact lines from CFD were extracted at multiple
distances from 50 to 4550 pm normal to the shake flask wall (Fig. 2-3A). Instead of determining a
Newtonian viscosity for the simulations, as done in Fig. 2-8, consistency factor and flow behavior index
are used in the CFD simulation and shear rates estimated by OpenFOAM. Simulated cases are essentially
identical to the simulations shown in Fig. 2-8, except in the description of the rheological behavior.
Simulated conditions: Shaking diameter (do) = 25 mm, surface tension (c) = 70 mN/m, contact angle (®)
= 20°, temperature (T) = 20°C, consistency factor (K) = 104 mPa-s, (m) flow behavior index = 0.956
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Appendix 19: Schematic view of the position of the rotating bulk liquid in shake flasks at two different viscosities.

A: The initial viscosity is low (1 mPa’s), the angle 6y of bulk liquid is 90°. B: The viscosity is high (93
mPa’s), the angle 0 of bulk liquid increases from 90° to 136°. The zero position is defined by a built-in

acceleration sensor. Figure adapted from Sieben
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Appendix 20: Preparation of 1 L of Wilms-MOPS minimal medium for cultivation of Escherichia coli.

Solution

Volume [mL]

Base solution

Trace elements solution (1000x)
Glucose (25x)

Magnesium sulfate (100x)
Thiamine (1000x)

Ampicillin (1000x)

Deionized water

500
1

40
10

447

Appendix 21: Composition of Wilms-MOPS base solution for cultivation of Escherichia coli.

Substance

Concentration [g/L]

Ammonium sulfate

Dipotassium hydrogen phosphate
Sodium sulfate

MOPS

13.96
6

4
83.7

The pH of the base solution was adjusted to a pH of 7.5. The solution was autoclaved at 121°C for 20 min.

Appendix 22: Composition of Wilms-MOPS trace elements solution for cultivation of Escherichia coli.

Substance

Concentration [g/L]

Zinc sulfate heptahydrate

Copper sulfate pentahydrate
Manganese sulfate monohydrate
Cobalt dichloride hexahydrate
Iron trichloride hexahydrate
Calcium chloride dihydrate
Titriplex I1I

0.54
0.48

0.30
0.54
41.76
1.98
33.40

The trace solution was sterile filtered with a pore size of 0.2 um.
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Appendix 23: Composition of Wilms-MOPS stock solutions for cultivation of Escherichia coli.

Solution Substance Concentration [g/L]
Glucose (25x) Glucose monohydrate 550

Magnesium sulfate (100x) Magnesium sulfate heptahydrate 50

Thiamine (1000x) Thiamine hydrochloride 10

Ampicillin (1000x) Ampicillin sodium salt 100

The glucose solution was autoclaved at 121°C for 20 min. Other solutions were sterile filtered with a pore size of

0.2 pm.
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Appendix 24: Composition of the MM1P100 medium for cultivation of Paenibacillus polymyxa.

Substance Concentration
Glucose monohydrate 33 g/L

Casein peptone (Carl Roth GmbH & Co.) S5¢g/L
Magnesium sulfate heptahydrate 1.33 g/L
Potassium dihydrogen phosphate 1.67 g/L
Calcium chloride dihydrate 0.05 g/L
Vitamin solution RPMI 1640 (100x) (Sigma-Aldrich) | 10 mL/L

Trace elements solution (1000x) 1 mL/L

All solutions were prepared as individual stock solutions. The pH value of the potassium dihydrogen phosphate
solution was adjusted to 7.0 with potassium hydroxide. The trace elements solution and potassium dihydrogen
phosphate solution were sterile filtrated. The vitamin solution was purchased sterile. All other solutions were

autoclaved at 121 °C for 20 min.

Appendix 25: Composition of the trace elements solution for MMI1P100 medium for cultivation of
Paenibacillus polymyxa.

Substance Concentration [g/L]
Iron sulfate heptahydrate 2.5

Sodium tartrate dihydrate 2.1

Manganese chloride tetrahydrate 1.8

Cobalt chloride hexahydrate 0.075

Copper sulfate heptahydrate 0.031

Boric acid 0.258

Sodium molybdate 0.023

Zinc chloride 0.021
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Appendix 26: Composition of YM medium for cultivation of Xanthomonas campestris.

Substance

Concentration [g/L]

Glucose monohydrate

Yeast extract (Carl Roth GmbH & Co.)
Malt extract (Sigma-Aldrich)

Peptone (Carl Roth GmbH & Co.)
MOPS

11
3
3
5
30

To avoid the Maillard reaction, complex components were autoclaved separately from the non-complex

components. Complex components and non-complex components were prepared with a 10-fold concentration. The

YM medium was completed by mixing both solutions and diluting them with heat sterilized deionized water.

Appendix 27: Composition of GY medium for cultivation of Xanthomonas campestris.

Substance

Concentration [g/L]

Glucose monohydrate

Yeast extract (Carl Roth GmbH & Co.)
Potassium dihydrogen phosphate
Magnesium sulfate heptahydrate

MOPS

27.5
25

2
0.205
30

To avoid the Maillard reaction, complex components were autoclaved separately from the non-complex

components. Complex components and non-complex components were prepared with a 10-fold concentration. The

GY medium was completed by mixing both solutions and diluting them with heat sterilized deionized water.
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Appendix 28: Calibration of the viscosity measurement of the ShakeVisc system.

The calibration was performed with glycerol — water mixtures of different viscosities. Calibration
conditions: 0.2 mg/mL Oxnano nanoparticles, shaking frequency (n) = 200 rpm, filling volume (V) =30
mL, shaking diameter (do) = 50 mm, temperature (T) = 30°C.
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Appendix 29: Comparison of calculated viscosity, based on calibration, to offline measured viscosity of the
Paenibacillus polymyxa cultivation from Fig. 3-7.

Calibration is shown in Appendix 28. Cultivation conditions: MM1P100 medium with 30 g/L glucose,
0.2 mg/mL Oxnano nanoparticles, initial pH = 7, initial OD600 = 0.5, shaking frequency (n) = 200 rpm,
filling volume (VL) = 30 mL, shaking diameter (d0) = 50 mm, temperature (T) = 30°C. Standard deviation
of offline viscosity measurements is barely visible, as it is smaller than the data points.
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Appendix 30: Fluorescence intensity of Oxnano nanoparticles of the Escherichia coli cultivation from Fig. 3-4.

The upper boundary layer represents measurements from the bulk liquid. Beneath a signal intensity of 25
mV, the Oxnano nanoparticle system is known to no longer produce reliable values.
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Appendix 31: Online monitoring of an Escherichia coli cultivation with a triggered ShakeVisc device and a
RAMOS device.

This cultivation was a reproduction of the cultivation shown in Fig. 3-5. (A) Online monitoring of
dissolved oxygen tension (DOT) and oxygen transfer rate (OTR), with Oxnano nanoparticles and a
RAMOS device, respectively. The DOT was calibrated to 100 % in the non-inoculated medium prior to
starting the monitoring. (B) Online monitoring of scattered light, compared to optical density
measurements from offline samples at 600 nm. (C) Online monitoring of the pH value with pH sensitive
spots, compared to offline pH, measured from offline samples. The pH spot was not calibrated before the
cultivation. (D) Online monitoring of the shift of angle of bulk liquid 6-689, compared to the offline
viscosity, measured from offline samples with a rheometer. All offline samples were taken from separate
shake flasks, cultivated in parallel. The vertical dashed line indicates the sudden change in DOT and pH
after 6.5 hours. Missing data points (0.5 h — 2 h) are due to a malfunction of the lab shaker. Triggering of
the measurement of the bulk liquid was enabled by an acceleration sensor, according to the illustration in
Fig. 3-3B. Cultivation conditions: Wilms-MOPS medium with 20 g/L glucose, 0.2 mg/mL Oxnano
nanoparticles, range of pH spot = 6 — 8§, initial pH = 7.5, initial ODsgo = 0.5, shaking frequency (n) =
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350 rpm, filling volume (V1) = 10 mL, shaking diameter (do) = 50 mm, temperature (T) = 37°C. Standard
deviation is barely visible, as it is smaller than the data points. Measurements of offline optical density
ODsoo and offline viscosity were performed in duplicate. ¥*Only single measurement was performed.
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Appendix 32: Calculation of the specific oxygen uptake rate (qO-)

The online measured oxygen transfer rate (OTR) and the online measured scattered light signals allow the
calculation of the specific oxygen uptake rate (qO2). The scattered light signal was correlated to the optical density
(ODsoo). Since no cell dry (CDW) weight measurements were conducted in this work, correlation between optical
density and CDW were taken from literature. Hence, the online scattered light measurements can be converted to

the CDW.
The qO; can be calculated as follows:
q0, [mmol - g~1-h™'] = OTR [mmol - L™t -h~1]/CDW [g - L] (1)

The calculated qO; values were then compared to qO; values found in literature. Until oxygen limitation is reached,
the calculated qO, values are in the same range as qO; values reported in literature, as shown in Appendix 33,
Appendix 35 and Appendix 37. Deviations are due to different cultivation conditions between data from literature
and this work. In literature, fermenters were used as cultivation vessels, instead of shake flasks, also media
composition differ, to name a few examples. Additionally, for Paenibacillus polymyxa no literature data for qO,
values and optical density to cell dry weight correlations could be found, thus, literature data from Bacillus subtilis

were used.
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Appendix 33: Data from cultivation of Escherichia coli from Fig. 3-5, extended by subfigure C.

density (ODggo ) [1 (OTR) [mmol/L/h]

(C) Specific oxygen uptake rate (qO>), calculated based on the recorded data of OTR and scattered light.
A correlation between scattered light and offline optical density was derived from recorded data (see
Appendix 34). A correlation between optical density and cell dry weight was found in the literature

The vertical dashed-dotted line indicates qO; values from literature
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Appendix 34: Correlation between offline optical density (ODeoo) and scattered light for Escherichia coli.

The data used for the calculation originate from the cultivation of Escherichia coli, shown in Fig. 3-5.
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Appendix 35: Data from cultivation of Paenibacillus polymyxa from Fig. 3-7, extended by subfigure C.

(C) Calculation of the specific oxygen uptake rate (qO2), based on recorded data of OTR and scattered
light. A correlation between scattered light and offline optical density was derived from recorded data
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(see Appendix 36). A correlation between optical density and cell dry weight was found in the literature®’.
The vertical dashed-dotted line indicates qO- values from literature'?. For correlations between optical
density and cell dry weight and qO», literature data of Bacillus subtilis were used, since data on
Paenibacillus polymyxa are sparse.
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Appendix 36: Correlation between offline optical density (ODeoo) and scattered light for Paenibacillus polymyxa.

The data used for the calculation originate from the cultivation of Paenibacillus polymyxa, shown in Fig.
3-7.
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Appendix 37: Data from cultivation of Xanthomonas campestris from Fig. 3-8, extended by subfigure C.

(C) Calculation of the specific oxygen uptake rate (qO:), based on recorded data of OTR and scattered
light. A correlation between scattered light and offline optical density was derived from recorded data

(see Appendix 38). A correlation between optical density and cell dry weight was found in the literature

The vertical dashed-dotted line indicates qO; values from literature
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Appendix 38: Correlation between offline optical density (ODsoo) and scattered light for Xanthomonas campestris.

The data used for the calculation originate from the cultivation of Xanthomonas campestris, shown in
Fig. 3-8.
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Appendix 39: Fluorescence intensity of Oxnano nanoparticles of the Escherichia coli cultivation from Fig. 3-5.

Fluorescence intensity was used for the detection of the leading edge of the rotating bulk liquid. At a
shaking frequency of 350 rpm, one 360° rotation takes approximately 171 ms. The fluorescence signal of
five consecutive rotations is shown, after a cultivation time of 4 h. Cultivation conditions: Wilms-MOPS
medium with 20 g/L glucose, 0.2 mg/mL Oxnano nanoparticles, range of pH spot = 6 — 8§, initial pH =
7.5, initial ODggo = 0.5, shaking frequency (n) = 350 rpm, filling volume (V1) = 10 mL, shaking diameter
(do) = 50 mm, temperature (T) = 37°C.
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Appendix 40: Calculation of the glycerol carryover

Cryogenic cultures had an optical density of ODgoo = 4 and a glycerol concentration of cgy = 150 g/L.

For pre-cultures, 10 mL of Wilms-MOPS medium was inoculated with the cryogenic culture to an initial optical

density of ODsgo = 0.2. Therefore, w = 0.5 mL of cryogenic culture was used. This led to an initial glycerol

0.5mL'1508/

concentration in the pre-culture of ¢y, =
gLy 10 mL

75 &
L

Pre-cultures were harvested after approximately 7 h in the early exponential phase. At this time point, the optical
density usually reached a value of roughly ODgoo = 4. Since the pre-culture was harvested in the early exponential

phase before glucose depletion, no glycerol was metabolized by this time point.

For main-cultures, 10 mL of Wilms-MOPS medium was inoculated with the pre-culture to an initial optical density

L°0. . L
of ODsoo = 0.5. Therefore, 10mb79° — 1.25mL of pre-culture was used. This led to an initial glycerol
o . 125 mL'7.5 8/ g
concentration in the main-culture of ¢y, = —————=0.9 =
10 mL L

The calculated concentration of the glycerol carryover (cgy = 0.9 g/L) is close to the measured glycerol

concentration in the main culture (cgy = 0.5 g/L).

Nomenclature:

cgly = glycerol concentration in g/L.
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Appendix 41: Online monitoring of a Paenibacillus polymyxa cultivation with a non-triggered ShakeVisc device
and a RAMOS device.

(A) Online monitoring of dissolved oxygen tension (DOT) and oxygen transfer rate (OTR), with Oxnano
nanoparticles and a RAMOS device, respectively. The DOT was calibrated to 100 % in the inoculated
medium prior to starting the monitoring. (B) Online monitoring of scattered light, compared to optical
density measurements from offline samples at 600 nm. (C) Online monitoring of the pH value with pH
sensitive spots, compared to offline pH, measured from offline samples. The pH spot was calibrated at
pH 2 and 11 before the cultivation. All offline samples were taken from shake flasks, cultivated in parallel.
Cultivation conditions: MM1P100 with 30 g/L glucose, 0.2 mg/mL Oxnano nanoparticles, range of pH
spot = 6 — 8, initial pH = 7, initial ODggo = 0.5, shaking frequency (n) = 200 rpm, filling volume (Vr) =
30 mL, shaking diameter (do) = 50 mm, temperature (T) = 30°C. Offline optical density ODgn and offline
pH was measured in single measurement. For this experiment, a different batch of casein peptone (Carl
Roth GmbH & Co.), compared to Fig. 3-7, was used.
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Appendix 42: Shake flask and RAMOS flask with foaming cultivation broth at the end of the cultivation of
Paenibacillus polymyxa.

Online monitoring and offline samples of the cultivation are shown in Fig. 3-7. Cultivation conditions:
MMI1P100 medium with 30 g/L glucose, 0.2 mg/mL Oxnano nanoparticles, range of pH spot =5 — 7,
initial pH = 7, initial ODsoo = 0.5, shaking frequency (n) = 200 rpm, filling volume (V) =30 mL, shaking
diameter (do) = 50 mm, temperature (T) = 30°C.
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Appendix 43: Online monitoring of a Xanthomonas campestris cultivation with a non-triggered ShakeVisc device

and a RAMOS device.

(A) Online monitoring of dissolved oxygen tension (DOT) and oxygen transfer rate (OTR), with Oxnano
nanoparticles and a RAMOS device, respectively. The DOT was calibrated to 100 % in the inoculated
medium prior to starting the monitoring. (B) Online monitoring of scattered light, compared to optical
density measurements from offline samples at 600 nm. (C) Online monitoring of the pH value with pH
sensitive spots, compared to offline pH measured from offline samples. The pH spot was calibrated at pH
2 and 11 before the cultivation. All offline samples were taken from shake flasks cultivated in parallel.
Cultivation conditions: YM medium, 0.2 mg/mL Oxnano nanoparticles, range of pH spot = 6 — 8, initial
pH = 6.9, initial ODgo = 0.5, shaking frequency (n) = 300 rpm, filling volume (Vi) = 20 mL, shaking
diameter (do) = 50 mm, temperature (T) = 30°C. Offline optical density ODgoo and offline pH was

measured in single measurement.
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Appendix 44: Normalized scattered light signal intensity of the Xanthomonas campestris cultivation from Fig. 3-8.

The scattered light signal intensity was used to trigger the measurement of the shift of the angle of the

bulk liquid 6-6o. At a shaking frequency of 300 rpm, one 360° rotation takes 200 ms. The normalized
scattered light signal intensity of one rotation at two different time points of the cultivation is shown.

Cultivation conditions: YM medium, 0.2 mg/mL Oxnano nanoparticles, range of pH spot = 6 — 8, initial
pH = 6.9, initial ODggo = 0.5, shaking frequency (n) = 300 rpm, filling volume (Vi) = 20 mL, shaking

diameter (do) = 50 mm, temperature (T) = 30°C.
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Rheometer measurements to estimate concentration and chain lengths of hyaluronic acid

In cooperation with Dr. Johannes Gottschalk from the Helmholtz Institute of Biomedical
Engineering headed by Prof. Lothar Elling at RWTH Aachen University an attempt to predict
chain length of hyaluronic acid based on rheometer measurements was made. Dr. Johannes
Gottschalk worked on the enzymatic production of low dispersity hyaluronic acid and provided
hyaluronic acid samples used in Appendix 45 and Appendix 46. Hyaluronic acid is a highly
viscous shear-thinning biopolymer. It was intended to, at some point, utilize online viscosity
monitoring in shake flasks, as presented in chapter 3, to monitor the enzymatic synthesis. In a
first step samples provided by Dr. Johannes Gottschalk were measured on a commercial
rheometer (Physica MCR 301, Anton Paar GmbH, Ostfildern-Scharnhausen, Germany).
Samples were measured on a logarithmic shear ramp from 10 to 5000 s'. Hyaluronic acid
samples were provided with seven different mean chain lengths between 625 and 2300 kDa.
Each chain length was provided in three different concentrations of 0.25, 1 and 4 g/L. A
concentration of 3 g/L. was also provided for 625 kDa. Recorded viscosity values were fitted
with the three-parameter viscosity model by Carreau. The Carreau model captures Newtonian
behavior and low shear rates and shear-thinning behavior at elevated shear rates well. It takes

the following form:

h-1
2

Nerr = Mol1 + (A)?]

where neff is the effective dynamic viscosity at the given shear rate y. n0 is the zero-limit shear
viscosity. n is the power-law index. A is a constant with dimensions of time and relates to the
shear rate for which rheological behavior switches form Newtonian to non-Newtonian. Data
recorded on the rheometer and accompanying fits of the Carreau model are shown in Appendix
45. Interestingly, all samples are separated based on concentrations at high shear rates of 1000
to 5000 s™. At 5000 s™! all samples with 0.25 g/L exhibit a viscosity of ~2 mPas. This value is
reached by all samples, independent of chain length. Similarly, samples of 1 g/L bundle at 4-
5 mPas and samples of 4 g/L at above 10 mPas. This might possibly allow for the determination

of hyaluronic concentration of samples with unknown chain lengths.
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Appendix 45: Rheometer measurements of low dispersity hyaluronic acid samples-

Hyaluronic acid samples were provided by Johannes Gottschalk from the Helmholtz Institute of
Biomedical Engineering of Prof. Lothar Elling at RWTH Aachen University. The hyaluronic acid was
produced enzymatically, showing a low dispersity in chain length and therefore molecular weight.
Provided were hyaluronic acid samples of seven different chain length between 625 and 2300 kDa. For
each chain length samples were provided in concentrations of 0.25, 1 and 4 g/L. A concentration of 3 g/L
was also provided for 625 kDa. Samples were measured on a rheometer on a logarithmic shear ramp
between 10 and 5000 s'. All samples were fit with the Carreau model to capture the shear-thinning
behavior.

The fit parameter A of the Carreau model was then used in an attempt to predict the chain length
of hyaluronic acid samples. Appendix 46 depicts the chain lengths of all samples over the square
root of A. A linear correlation between the two can be derived, showing an R? of 0.96. The linear
correlation results in a prediction error of just 118 kDa. This result is true for all tested
concentrations and is, importantly, independent of the hyaluronic acid concentration. The
combination of both approaches might enable the determination of both hyaluronic acid chain
lenghts and concentration of a sample where neither information exists. Unfortunately, no
funding was found to continue the investigations in a collaboration with the group of Prof.

Elling.
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Appendix 46: Correlation of hyaluronic chain length and square root of the fit parameter A of the Carreau model.

Hyaluronic acid samples were provided by Johannes Gottschalk from the Helmholtz Institute of
Biomedical Engineering of Prof. Lothar Elling at RWTH Aachen University. The hyaluronic acid was
produced enzymatically, showing a low dispersity in chain length and therefore molecular weight.
Provided were hyaluronic acid samples of seven different chain length between 625 and 2300 kDa. For
each chain length samples were provided in concentrations of 0.25, 1 and 4 g/L. A concentration of 3 g/L
was also provided for 625 kDa. A was taken from the fits in Appendix 45. Linear correlation between
chain lengths and square root of A results in an R? of 0.96 and a prediction error of 118 kDa.
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