TU

Grazm

Florian Krainer, BSc

Validation of an Oxygen Measuring System for Industrial Scale
Bioreactors to Investigate Local Oxygen Transfer Rates

MASTER'S THESIS

to achieve the university degree of
Diplom-Ingenieur

Master's degree programme: Chemical and Process Engineering

submitted to

Graz University of Technology

Supervisor

Assoc. Prof. Dipl.-Ing. Dr. techn. Stefan Radl

Institute of Process & Particle Engineering

Graz, October 2018



AFFIDAVIT

| declare that | have authored this thesis independently, that | have not used other
than the declared sources/resources, and that | have explicitly indicated all ma-
terial which has been quoted either literally or by content from the sources used.
The text document uploaded to TUGRAZonline is identical to the present master's

thesis dissertation.

Date Signature



Copyright
Copyright © 2018 by Florian Krainer

All rights reserved. No part of the material protected by this copyright notice may be
reproduced or utilized in any form or by any means, electronically or mechanically, including
photocopying, recording or by any information storage and retrieval system without written
permission from the author.



Danksagung
An dieser Stelle méchte ich mich bei meinem Betreuer Assoc.Prof. Dr. Stefan Radl fir die
umfangreiche und unkomplizierte Betreuung, Korrektur und Optimierung meiner Arbeit

bedanken.

Einen Dank mdchte ich auch meinen Vorgesetzten und meinen Kollegen der Firma ZETA
aussprechen, die es mir moglich machten Studium und Arbeit zu kombinieren und vor allem

in beiden Bereichen Freude zu bewahren.

Die Messmethodik dieser Arbeit entsprang einer simplen Idee und schaffte es schlieBlich
zur ACHEMA 2018, wo ich sie selbst prasentieren durfte. Das war mdglich durch
Risikobereitschaft und Vertrauen der Geschaftsfiihrung der Firma ZETA, daher noch ein

besonderer Dank und auf eine gute weitere Zusammenarbeit!

Selbstverstandlich mdchte ich an dieser Stelle auch bei meinen Eltern bedanken, die mich

mein ganzes Studium begleitet und unterstiitzt haben.

Ein grofRer Dank gilt auch meiner Freundin Ulli, die immer an meiner Seite ist und mich

motiviert hat, wenn es zwischendurch nétig war.



1.

2.

3.

4.

Table of Contents

INEFOTUCTION ...t b ettt b e n e n e 1
110 MIOTIVATION .ot 1
1.2 G0AIS . 1
1,30 OULIINE o 2

The TErMENtAtioN PrOCESS .....ecviiiecieiteit ettt sbeete e besre e b e te e e e srestaestesres 3
2.1. A Definition of fermentation process and cell CUtUE ...........cccovvveve i i 3
2.2. From HiStOry t0 FULUME......ccoiiiieieiciee e 3
2.3.  Oxygen supply as key to an optimal ProduCtion .............cccvverereneneieissesee e 4

OXYGEN TrANSTEE TALE ...ttt ettt b e nen s 6
3.1, Prediction OF the KL ... 8

Measuring methods 0f the KLa-ValUe...........ccccoeiiiicieieec e 9
A1, IMEENOUS. ... 9
N @) Vo[- 4 IET=T 00 £SO RS 11

4.2.1. RESPONSE TIME ...ttt e e s be e be e besreeeesre e 12

4.2.2. Influence of gas BUBDIES...........ccv oo 13

Measuring with a Flow through Cell ............coviiiiiii s 14
TR = (1 o T TP USSP PO PP PROPRPRTORPRON 14
5.2.  Influence on the MeasUred ValUE...........ccooiiiiieieieiii s 14
5.3.  Further applications for the Flow Through Cell............ccccoiiiiiniiii 15

Application of the kia measuring Methods ..........ccecveiiiiiicii e 16
6.1,  EXPErimENtal SEIUD ... oiieiiiii ettt sttt nee e 16
6.2.  Measuring the response time of the SENSOT .........cccooi e 17
6.3.  Validation of the flow through Cell ............cooi i 17
6.4.  Influence of gas DUBDIES..........ooiiii e 18
6.5.  Comparison 0f DSM and DPIM ........cccciiiiiiiiieeeesesie e 19

6.5.1. Dynamic Step Method (DSM) ......couiiiiiiiieieiis e 19



7.

8.

9.

10.

6.5.2. Dynamic Pressure Method (DPM) .......cocv v
B.5.3.  RESUIS ..o e
Measuring a 20L and @ 1501 FEACION........c.ccueiiiieiieceeieste et ste e sre e sre e sre e re e eee e e
7.1.  Classical measurement via liquid-phase concentration change...........cccocovvvniienenenns
7.2.  Measurement via exhaust air concentration Change...........c.covrerereieieiinins s
7.3, SCAIE U .t r e
CONCIUSTON. ...ttt bttt b bbbt b e e
8.1, OULIOOK. ...ttt
RETEIBICES ...ttt bbbttt
F AN o] 0L g [0 o= TSRS URTTOSN
10.1. Appendix A - Technical draWings.........ccoceieieeiiie e
10.2. AppendiX B - LiSt OF fIQUIES .....ccoii e

10.3. AppendixX C - List OF TabIES .......ccooiiiiiiieee s

Vi



Abbreviations

DSM
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FDA
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Hep
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Food and drug administration
Good manufacturing practice
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Liquid exchange area per liquid volume
Oxygen concentration

Saturation concentration
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Mas transfer coefficient
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Abstract

Within this thesis, different methods to measure the volumetric oxygen mass transfer
coefficient (i.e. k.a) in a Stirred Tank Reactor (STR) are compared with specific focus on
their usability in industrial plants. The Dynamic Pressure Method (DPM) and the Dynamic
Step Method (DSM) become apparent to be the most suitable one. Furthermore, a new
measuring method that is based on a flow through cell is introduced and compared to a
standard sensor. It is capable to measure the oxygen concentration at any position inside the
STR without being disturbed by the gas phase. It is shown, that the new measuring method
does not have a negative influence on the system compared to a standard sensor.

With the new method, the DSM is used to estimate mass transfer coefficients from data
collected at different positions of a 20L and a 150L STR. The results show that the two
systems, although they have the same design parameters, cannot be described with the same
model equations.

Zusammenfassung

Im Rahmen dieser Arbeit werden verschiedene Methoden zur Bestimmung des
volumenbezogenen  Stofflibergangskoeffizienten in  Bioreaktoren mit besonderem
Augenmerk auf ihre Einsatzfahigkeit in Produktionsanlagen verglichen. Es zeigt sich, dass
die dynamische Druckénderungsmethode (DPM) und die dynamische Schrittmethode
(DSM) am besten geeignet sind. Desweitern wird eine neue Messmethode, die mittels
Durchflusszelle den Sauerstoffgehalt an jeder Position im Reaktor messen kann, vorgestellt.
Diese wird mit einem Standardsensor verglichen, um zu beweisen, dass sie durch ihre
Methodik keinen negativen Einfluss auf das System hat.

Ein 20L und ein 150L Reaktor werden anschlieend mit der neuen Messmethode und der
DSM an verschieden Punkten hinsichtlich ihrer Stoffaustauschcharakteristik vermessen.
Dabei zeigt sich, dass die zwei Systeme, obwohl sie die gleichen Auslegungsparameter
haben, nicht mit denselben Modellgleichungen beschrieben werden kdnnen.



1. Introduction

The fast development of new biopharmaceutical drugs affects many industries and acts as
driving force for new components and a better process understanding. Particular importance
has to be given to the fermentation process, since it is the key production step for many
biopharmaceutical products[1]. The challenge in optimizing a process with living organisms
is that (i) these microorganisms have highly specific nutrient requirements, that (ii) the
influence of the process parameters on the microorganisms are hard to predict, and that (iii)
these parameters often cannot be determined individually. Statistical approaches are often
used to investigate correlations between process parameters and the performance of the cells
(e.g. growth rate and product yield) [2].

Besides creating an appropriate biosphere (e.g., temperature, pH, pressure), an optimal
supply of nutrients is the key to a good fermentation process. Oxygen, as a nutrition, needs
a special consideration, since it gets supplied in the gas phase and has to dissolve in the liquid
phase before it can be metabolized by microorganisms [3].

1.1. Motivation

The present thesis will focus on the oxygen transfer rate (OTR) in aerobic fermentation
processes, particularly the measurement of the volumetric oxygen mass transfer coefficient
(kca) in a Stirred Tank bio-Reactor (STR) and the influence of its design.

For the financing industrial partner (i.e., ZETA Holding GmbH) the present thesis will
provide the tools for a better process understanding regarding the design and operating
conditions of STRs. Also, a new service for customers, where an existing bioreactor is
characterized regarding its oxygen transfer rate, will be possible with the methods discussed
in this thesis. With such a characterization a customer (i) gains process know how, (ii) is
able to optimize the system parameters, and (iii) can compare different bioreactors or
production plants. All these possibilities are of high value to operators of industrial

fermentation plants, motivating the present thesis.

1.2. Goals

The primary goal of the present thesis is to show the usability of a new measuring method,
especially for the usage at an industrial plant with all the limitations and requirements that
apply to such a scale (e.g., the application in a clean room, the limitation on only using

validated media components, and impossibility of constructional changes)



Specific sub-goals are:
e Investigation of the influence of gas bubbles on the measurement result
e Quantification of the dependence of the ki a on the measuring position

e Collection of results of the k.a for a reactor scale up study

1.3. Outline

Chapter 2 gives a short definition of the fermentation process and shows its history and why
the oxygen transfer rate is of major importance for any aerobic process.

The background in the field of oxygen transfer rate measurements is summarize in the
Chapters 3 to 4. A new oxygen measurement procedure with a flow through cell is presented,
and compared to standard oxygen sensors (see Chapter 0). Thereby, the focus is on
demonstrating the advantages of the newly developed flow through cell regarding the
accuracy and flexibility of the measurement (see results presented in Chapter 6.3).
Particularly, with the new measuring method it is possible to pay focus on the local
distribution of the k.a inside an STR, and so zones with high and low OTR can be identified
(see the demonstration in Chapter Fehler! Verweisquelle konnte nicht gefunden werden.).
The usage of the method is demonstrated with two STR (i.e., 20L and 150L) and the
challenges of a ki a-based scale up are shown (see Chapter 7.3). Finally, conclusions, as well

as a brief outlook, are summarized in Chapter 8.



2. The fermentation process

2.1. A Definition of fermentation process and cell culture

“Fermentation c'est la vie sans l'air”

“Fermentation is life without air ” (Pasteur 1822-1895)

The biological conversion under the absence from oxygen is historically the term for
fermentation [4]. Nowadays fermentation is defined as
“The chemical breakdown of a substance by bacteria, yeasts, or other microorganisms,
typically involving effervescence and the giving off of heat.” [5]

The term cell culture describes the growth of a certain cell population to a larger population
under defined conditions [6].

Technically these two terms describe two totally different function of a cell. A good example
can be given with Saccharomyces cerevisiae (i.e., baker’s yeast): Under anaerobic conditions
it produces alcohol, a classical fermentation. The same cells produce other yeast cells when
the grow conditions are aerobic [7]. This simple example shows, how one system parameter

can change the whole metabolism of a cell.

2.2. From History to Future

Over 5,000 years ago mankind started to use fermentation without any awareness of
microorganisms and the principals of biotechnology. From the first products that were
produced in an industrial scale by a biotechnological process in the middle of the 19" century
(e.g. manufacturing of lactic acid by Bohringer) it took until the 20" century to reach the
pharmaceutical industry [8].

Ever since the industrial use of cells and microorganisms, their performance regarding their
mechanical and chemical resistance, as well as their growth rate and production performance
were improved: from time and cost intensive random mutagenesis and screening techniques
in the past, to recent research and development trends that aim on exact metabolic
engineering of cells [9]. An improvement of microorganisms has to go hand in hand with an
improvement of the production process. Key component of this production optimization is
the bioreactor. An optimal dimensioning and design is essential for its performance.

Since the biopharmaceutical industry is a rather conservative industry (see all the regulations
that need to be satisfied, e.g. FDA, GMP), a validated process is rarely replaced with a new
innovative process. Often, this is motivated by a lack of process understanding.

Consequently, further research will be necessary to get the industry away from the black-

3



box model of a bioreactor to an integrated understanding of the impacts of process

parameters and controls to cell culture or fermentation process [10] [11].

2.3. Oxygen supply as key to an optimal production

Within the pharmaceutical industry the use of recombinant DNA has led to a trend in
biopharmaceutical proteins. Garcia et al. [12] provides a comprehensive review on the
evolution of this branch and its future.

It is shown, that most of recombinant protein-based products are either expressed by the
bacterial E. coli or the mammalian CHO cell. These two microorganisms form the backbone
of this industry where different production characteristics have to be taken into account.
E.coli, is a bacterium with rather robust mechanical properties, and can resist comparably
high levels of shear stress. In an aerobic fermentation, it has a high oxygen demand, and is
often oxygen limited in the exponential growth phase [3]. Besides the reduction of the grow
rate - an unintentional metabolism can be the results. E. Coli produces under anaerobic
conditions acetate, which reduces the growth rate and the biomass yield [13]. Figure 2-1
shows the variation on how the specific growth rate of different microorganisms react to an

oxygen limitation.
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Figure 2-1 Growth-rate dependence on DO for (a) Azotobacter vinelandii, an aerobic organism, and (b) E. coli, an
facultative organism, that grows anaerobically at about 70% of its aerobic growth rate.
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CHO cells on the other hand have a low oxygen demand and are rather sensitive to
mechanical stress. Not only the agitation has a negative influence to the growth rate, even



the bursting of gas bubble on the liquid surface is suspected to have a cell damaging effect
[14].

Since microorganisms can only metabolize oxygen that is dissolved in the cultivation media
the Oxygen Transfer Rate (see Chapter 3) has a fundamental importance to the process. In
an STR oxygen is usually fed at the bottom of the vessel through a sparger. The sparger, in
combination with the agitator of the reactor, is supposed to ensure a good distribution of gas
bubbles inside the reactor. The design of the sparger, as well as the type of impellers used
have a huge influence on the capability of the system to disperse gas in the liquid phase [15].
Especially in large bioreactors an inhomogeneous oxygen distribution can be the result of a

non-ideal sparger and agitator design —Figure 2-2.
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Figure 2-2 Inhomogeneous oxygen distribution ina STR © ZETA

To achieve a defined OTR is an essential task. For E. coli a maximum is attempted with a
high gassing rate and agitation speed, to generate a high growth rate. For CHO cells the
challenge is delivering a sufficient oxygen supply by keeping the stress to the cells at a
minimum [1].

In summary it can be said, that the OTR is of importance for any aerobic process and is

explained in detail in Chapter 3.



3. Oxygen transfer rate
In a gassed fermentation process, the oxygen transfer rate describes how fast oxygen is
dissolved from gas bubbles into the liquid phase, e.g., the cultivation media. This rate is

described by the formula:

OTR = k;a (C*—C) (1)
Where kia is the volumetric oxygen mass transfer coefficient, C the oxygen concentration
in the liquid, and C* the saturation concentration of the oxygen in the liquid. The k.a is a
combination of two coefficients:

e The mas transfer coefficient k. that combines all the different resistance to mass

transport from the gas to the liquid phase, i.e., 1/kL =Y 1/ki

e ais the gas-liquid exchange area per unit liquid volume.
Since the k. and the a value are hard to measure separately, they are often combined to one
parameter [16].
This combination makes the kia value strong dependent from the process conditions as

shown in Figure 3-1.

A good example for the influence of the properties of the cultivation media to the k.a value
is the feeding of anti-foam. In a bacterial fermentation processes high gassing rates and
agitator speeds are needed to ensure a high kia-value. Foam formation is the consequence
and has to be prevent. So antifoam (often silicon oil) is added to the fermentation. This oil
is a second liquid phase and forms a layer between gas bubbles and the liquid phase. This
has a huge influence on the kl value, but the oil also effects the bubble size and so the
interface area a [17].

Morao et al. [17] showed that an antifoam addition in an low concentration significantly
lowers the k.a. However at an certain concentration, the k.a increases again by adding more

antifoam.
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3.1. Prediction of the kLa

Because of the improvements in the metabolic engineering of cells, the requirements from
the customer to their plant (e.g. bioreactors) have changed within the last years. With these
high performance microorganisms, coming out of a laboratory scale, it needs to be ensured,
that the production scale has similar process parameters.

Predicting the k.a value, and hence ensuring a certain OTR in a bioreactor, is a major
challenge. Furthermore, in more and more User Requirement Specifications (URS),
customers request a certain k.a value for the bioreactor to be provided by a supplier.

There is a wide range of correlation equations to calculate a k.a value, most of them are

based on the isotropic turbulence theory from 1944 [18].

C
kLa = Cl (Pg/VL) 21953 (2)

Where C1, C2 and C3 are coefficients depending on the system.
Gomez et al. lists 20 combinations of different coefficients for stirred tank reactors and over

10 different for dimensionless correlations of the k.a value like the formula of Nishikawa et
al [16].

So choosing the right formula to calculate the kia value for a fermenter is rather gambling
than science.

Most of the system parameters, like the properties of the cultivation media, the fermentation
temperature and the operating conditions depend on the preferences of the microorganism
and are often predefined in a laboratory scale. These parameters are then scaled up and define
the main parameters of the production scale [19]. These scale up procedures variate from
simple rule of thumbs concepts to fundamental methods and dimensional analyses.

This was the reason for the financing industrial partner ZETA to focus on the measurement
of kra values. The present thesis hence focuses on establishing technology to be able to

gather real data from the plants ZEAT is building.



4. Measuring methods of the ki a-value

The dependency of the k.a value to a large number of process parameters challenges also its
measurement: the conditions during the kia characterization procedure have to be as similar
as possible to the final process.

Furthermore, for a measurement at an industrial plant other requirements have to be taken
into account: no chemicals and their formulations other than for the process validated can be
used. Also, mechanical changes on the equipment are often impossible, and often the process
control for the test runs has to be done manually.

The measurements have to be done during a downtime, since the measuring method cannot

be used during production.

4.1. Methods
There are many different methods, that can be classified in chemical, biological and physical
methods. During a fermentations process the oxygen supplied is consumed by the

microorganisms so that a concentration change of oxygen in the broth can be described by:

dC—OTR OUR
4 = 0TR—-0U 3)

Here the Oxygen Update Rate is described by the metabolism of the microorganism [16].
Since the tests are done during an absence of biology and any chemical oxygen consumption
the OUR can be set zero so that the concentration change is only a function of the OTR.
Z—f=kLa (C*—C) (4)
In oxygen saturated water (C* — C) equals zero, so to measure the kia, C* or C have to be
changed to measure the balancing process. Two standard methods, that meet all the

limitations were tested and compared.

Dynamic Step Method (DSM)
Here the oxygen concentration of water is set to zero by degassing it with nitrogen. Once the
nitrogen stripped all the dissolved oxygen, the system is gassed with pressurized air again.

With the initial conditions that C(,—) = C, the concertation change can be integrated to

C*—C 5
ln(C*_CD = —kya (t—ty) ®)

and describes the time course of the concentration after starting the aeration [16].
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Figure 4-1 Schematic illustration of the concentration change of a system, reacting to a step change of the saturation
concentration

Nitrogen gas is a commonly used media in fermentation processes, so often it is available at
an industrial plant. However, tests involving lager bioreactors (e.g. 15000L) have shown
(test results and details are confidential and available to ZETA GmbH), that a fast switch
from nitrogen to air in the gassing system is a challenge for the manual process control. For
high gassing rates the air system can also show quite a delay to reach the full volumetric

flow rate, which can also be a problem for measuring a system with very high k a-values.

Dynamic Pressure Method (DPM)

With the DPM no other media than pressurized air and water (or the fermentation broth) are
needed. The concentration change of the system is done by changing the working pressure
of the reactor and so the saturation concentration of oxygen in water [16].

According to Henry’s law the solubility of air in water can be described as

HT = (6)

So that the concentration change due to a pressure change is approximately
C_; ~ &

Ci " P1 )

It has to be noted, that the assumption of air as a single component is a major simplification.

Scargiali et al. [20] shows correlations to correct the measured kia by taking the solubility
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of oxygen and nitrogen into account. Also the sudden pressure change and so the change of
the bubble sizes has a negative influence on the accuracy for this measuring method.

Blazej et al. [21] shows that k a-values from the DPM are up to 100% higher than the k.a-
values measured with the DSM.

Although the kLa-values of the two methods are hardly comparable and the fact that the DSM
is more often used in publications, the DPM has some benefits and still can be used to
investigate spatial inhomogeneities of the k.a values (e.g., the effect of the impeller position
inside an STR).

4.2. Oxygen sensors

The calculated time for a concentration change from 0 to 90% for a k.a-value of 1000 h*
during the DSM is 8.3 seconds. Thus, a fast response time of the oxygen probe is essential
for a good measurement.

There are two types of oxygen probes that are mainly used for bioreactors, (i) the Clark
electrode, which is getting more and more replaced by (ii) optical sensors.

The measurement of the Clark electrode is based on an oxygen reduction, taking place
behind an oxygen permeable membrane. Optical sensors are based on quenching of
luminescence, so the probe reacts to the luminescence intensities in the absence and presence
of oxygen [22].

The main advantage of the optical sensor is, that there is no reduction reaction, that consumes
time and oxygen. This reaction results in a longer response time and has a negative influence
on the measurement [23].

?
>\4 - ° C UQ{}{}
“ -

Figure 4-2 Schematics of an optical sensor. (1) gas or liquid path, (2) lumophore

dispersed on oxygen permeable membrane, (3) lens and filter, (4) exciting radiation, (5)

fluoresccent radiation, (6) optical fiber, (7) LED/Laser, (8) photodiode, and (9) display

[24]
Figure 4-2 shows the assembly of an optical oxygen sensor. Another advantage of the sensor
is, that the membrane with the lens is connected via an optical fiber to the rest of the sensor.

With an optical fiber cable, a very small design of the sensor head is possible. Two oxygen

11



sensors of the same manufacturer are used in the present thesis. They have the same
measuring principle and only deviate in their design. The OXYPro WR-120 (Figure 4-3 a)
sensor is used through a standard nozzle (e.g., Ingold nozzle) and has the advantage of a
compact a robust design. The FTM2-HP (Figure 4-3 c) sensor uses an optical fiber cable to
get a much smaller sensor head. Because of the small construction it is perfect to be mounted

in a flow through cell.

c) d) ©ZETA

Figure 4-3 Used oxygen sensors a) OXYPro WR-120 b) mounted in an Ingold Nozzle ¢) FTM2-HP-1/4"-PSt3-OIW
d) mounted in a flow through cell

4.2.1. Response time
The optical oxygen sensor has an oxygen permeable membrane Figure 4-2 (2) so that the
sensor reacts to an concentration change according to a first order reaction [25].

ACne _ (CL - Cme)
ac T, 8

Here 7,. is the reaction time of the sensor that is defined as the required time for measuring
a concentration change of 63% in case a concentration step change is applied to the sensor.
This value has to be taken into account when calculating the k.a of a STR with the

measurement data of an oxygen probe. With (4 that describes the concentration change of

12



the system, and (8 the correlations between the measured concentration change and the ki a-

value of the system can be calculated.

0K exp(= ) — exp(—Kya -0 (©)

r

c*—C
Cre = C* + ﬁ
4.2.2. Influence of gas bubbles
A gassed bioreactor represents a two phase system with a continuous liquid phase and a
dispersed gas phase. Oxygen can diffuse from both phases to the membrane of the sensor,
with the issue, that the diffusion from gas is much faster. Since only the oxygen
concentration of the liquid is of interest, it has to be assumed that the presence of gas bubbles
has a negative influence on the measurement.
The measuring method with a flow through cell is able to deliver a bubble free sample stream
for the sensor, the advantages are investigated in the experimental part of this thesis (Chapter
5).
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5. Measuring with a flow through cell

To improve the standard measuring methods, a method with a flow through cell equipped
with an oxygen sensor was developed within the present thesis (see patent number
A20182/2018, Status ,,Pending*). This measuring method positions the sensor outside of the
vessel. The actual measuring point is reached with a tubing inside of the fermenter, so that
any position can be investigated, see Figure 5-1.

A full mapping of the fermenter, regarding its oxygen distribution is possible and zones,

where microorganisms are undersupplied with oxygen can be determinate.

5.1. Setup

With a peristaltic pump, a constant sample stream is sucked out of the vessel and transported
to the oxygen sensor, and then back into the vessel.

The internal and external tube are connected through a standard nozzle, in our chase an
Ingold nozzle. Here it is important, that the outlet and the inlet are not causing a short circuit.
Additionally, the tip of the inner tubing is equipped with a membrane, to strip any gas
bubbles from the probe stream, so that the oxygen sensor is not influenced by a two phase

mixture.

N
T
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Figure 5-1 Schematic illustration of the measuring method. (1) membrane (2) pipeline (3) Connector to the reactor (4)
flow through cell (5) peristaltic pump

5.2. Influence on the measured value

It is obvious that the measuring method must not have an influence to the measuring results.
For this, two problems have to be taken into account. An ideal plug flow has to be ensured
in the pipeline, to avoid any back mixing of the probe stream. This results in a small pipe

14



diameter and a high flow rate (i.e., high Reynolds number). On the other hand, the pressure
drop from the measuring point to the sensor has to be at a minimum, so that the sampled
liquid does not degas on the way to the sensor.

For a full turbulent regime, a Reynolds Number of 8,000 has to be ensured. Thus, for a %4>’
tubing with an inner diameter of 4.57 mm, the volumetric flow rate has to be 1.7 I/min.

e = 0D
€= (10)

The pressure loss caused by the pipe friction can be calculated for this flow regime with

I pu?
Ap =¢ D, 2 (11)
¢ for Re=3,000 to Re=10°
03164
~ VRe (12)

So the pressure loss for the tubing used results in Ap ~ 0.1 [bar/m] [26].

If this pressure loss has a negative influence to the measurement will be investigated in
Chapter 6.3.

5.3. Further applications for the Flow Through cell

The possibility of generating a bubble free probe stream out of a gassed bio reactor can be
used for various different applications.

For example, a conductivity probe, mounted in the flow through cell can be used for mixing
time studies in gassed systems. At the moment, the method is not used for the actual
fermentation process during a production, because it does not meet the GMP requirement in
terms of clean ability and process safety. A further development in the future could lead to

new ways of process controlling.
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6. Application of the k a measuring methods

6.1. Experimental setup
For the tests a 20L and a 150L stirred tank reactor are used. The reactors are equipped with
a central agitator, a ring sparger for gas supply and four baffles.

The properties of the vessels are listed in Table 6-1

20L 150L

Fermenter | Vessel _ z
Working volume \Y 20L 150L
Diameter D 0.265m | 0.530m el
Baffle width B 01D Hy | H
Filling height H 1.36 D -
Agitator diameter | Da D/3 = - TH Hag
Sparger Diameter | Ds 0.7 Da ~— 2
Agitator 1 Ha1 1.3 Da B L gs
Agitator 1 Ha2 1.9 Da DA
Sparger height Hs 0.6 Da

Table 6-1 Reactor design - properties Figure 6-1 Reactor design

The vessels are connected to a gassing system, where the gassing rate is measured and
controlled and a fast switch between nitrogen and air is possible for the DSM experiments.
Unlike the glass vessel, the 20L fermenter is designed for a working pressure of up to 4
bar(g) for carrying out the comparison tests between the DSM and the DPM.

The central agitator is equipped with two Rushton stirrers mounted on the shaft.

0.25 Dy

0.125 D,
| | 3
(o]
S 0.75 D LI
. A
Dy

Figure 6-2 Properties of a Rushton agitator
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6.2. Measuring the response time of the sensor

Since the diffusion of the oxygen to the sensor membrane causes a delay according to (8),
the response time of the sensor has to be determined. For this, a fast concentration change
from degassed to oxygen saturated water is generated and the response of the probe is
measured.

It is important that the response time of the sensor is measured under similar conditions as
the tests are carried out (e.g., similar pressure and temperature).

Since the influence of gas bubbles to the sensor are investigated as well, the response time
is also measured for a gas phase with a change from nitrogen to air.

For the tests in water two beakers, one saturated with oxygen and one degassed with sodium
sulfite were prepared, and the sensor was calibrated. The sensor was then put from one
breaker to the other logging with its maximum sampling rate of 5 s™.

The tests with gas were carried out in a flow though cell. The cell was connected to a three-
way valve for a fast switch between nitrogen and air. It is important, that no backpressure

occurs in the cell so that the tests are done at atmospheric conditions.

120
100 — = =———
_—e S
- - = -
'd
80 -7
7
= 7
< s
+ 60 P
a ’
NS s
/
40 ,
/
/ - = =Cliqg
20 /
Cgas
0
0 I 2 4 6 8 10
to Time [s]

Figure 6-3 Measured concentration change of an oxygen sensor after an oxygen step change
Figure 6-3 shows the results of the measurements in the gas and liquid phase. The measured
response time for a concentration change in water was 1.85 [s]. The response time of the

sensor in a gas phase is - with 0.25 [s] - significantly faster.

6.3. Validation of the flow through cell
To compare the flow through cell with the standard sensor, and to proof that the method does

not have a negative influence on the measuring results, the system was set up in the 20L

17



fermenter. The standard probe was mounted at the bottom through an Ingold nozzle and the
tube of the flow through cell, with a length of 0.5m, was lead to the same measuring point
below the sparger.

The gassing rate and agitator speed were set to the lower end of the investigated parameter
range (i.e., 140 rpm; 0.5 vvm) so that no bubbles, rising from the sparger are pushed back
down to the sensors. The pump of the flow through cell was set to 1.7 L/min and the DSM

was carried out.

120

100 P e sARARAsazso s s
-

80

60

% sat. Ait

40

20

0 - = = 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0O 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68
Time [s]

Standard sensor X Flow through cell

Figure 6-4 Concentration measurement of a standard oxygen sensor and a flow through cell

Figure 6-4 shows the concentration curves of both measurements. The calculated k a-values
are 340.6 [1/h] for the standard probe and 344.3 [1/h] for the flow through cell. So the
pressure drop of the pipe does not influence the measurement.

6.4. Influence of gas bubbles

To investigate the influence of the two phase system to the results of the measurements, tests
with different gassing rates, agitator speeds measuring positions were done with both
systems, i.e., the standard probe and the flow through cell.
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Figure 6-5 Noisy signal caused by large gas bubbles Figure 6-6 Noisy signal caused by small gas bubbles
adhering onto the sensor head

The tests showed, that when the dispersion of the gas phase is high enough the standard
probe is not negatively influenced. Figure 6-5 shows, that at higher gassing rates the bigger
air bubbles add a certain noise to the signal. On the other range of the setup, when the
measurements are carried out at a low agitator speed and gassing rate, bubbles start to adhere

to the sensor and influence the signal (Figure 6-6).

6.5. Comparison of DSM and DPM

Since both measuring methods have their advantages and drawbacks regarding to their
usability at an industrial site both methods are carried out with the new flow through cell
and their results are compared. The measurements are done in the 20L fermenter. For the
experiments the measuring position is at sparger height at mid between the agitator shaft and

the vessel wall. The agitator speed is set to 700 rpm and the gassing rate to 2.0 vvm.

6.5.1. Dynamic Step Method (DSM)

For the DSM the fermenter is filled with deionized water. The water is then degassed with
nitrogen until the oxygen concentration is constant below a value of 0.1% Air. Then the
gassing is rapidly changed back to air at the set gassing rate. Figure 6-7 shows the setup for

the 20L fermenter.
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1 T 6

2-inlet needle valve
3- three-way valve
4- flow meter

5- manometer
@ 6- vent needle valve

Figure 6-7 Setup of the 20L reactor for the DSM

—E1
O— “4 | 1-pressure reducer

The concentration change, from 0-100% saturated air is then logged at a measuring rate of
0.2 s. Since the pressure of the system has an influence on the k a value, the tests are done
from 0 bar(g) to 1bar(g) at 0.2bar steps to compare them to the DPM. The system pressure
is adjusted with a needle valve in the vent line at the vessel lid.

Each test is done five times to see how reproducible the results are.

120
Nitrogen supply Air supply

100

80

60

% sat. Air

40

20

Time

Figure 6-8 Schematic illustration of the concentration change when using the DSM
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6.5.2. Dynamic Pressure Method (DPM)
For the DPM a quick pressure change between 0.2 and 1.0 bar(g) has to be ensured. A simple
closing of the vent pipe and using the backpressure of the gassing rate is by far not fast

enough. Therefore, a second inlet of compressed air is mounted in the headspace of the

vessel.

1 5 1 \ Vent

Air / 3
@6barg N /
barg 4&]— Vent

L il Ij—_l-_r|

1 - Ball valve 2- Manometer 3 Needle valve

Figure 6-9 Setup of the reactor lid for the DPM

For the tests a certain pressure, for example 0.6 bar(g) is adjusted with the flow resistance of
the needle valve at a closed ball-valve. The pressure is then released by opening the ball-
valve again. When the sensor is measuring the constant saturation concentration at
atmospheric pressure again (e.g. Co=100%) the test is started by closing the ball-valve and
at the same time opening the ball-valve of the head pressure @6 bar(g). The valve is closed
again when the head pressure reaches the target value.

With a little practice this pressure change can be done in under 2 seconds by hand.

190 0,7

170 05
=
150 =
+ 03 T
© ’
¥ 130 3
X

110 01

90 . 0,1

Time
Oxygen concentration = eeeee- System pressure

Figure 6-10 Schematic concentration change during a DPM
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6.5.3. Results

As already explained the kia-values of the two methods are not comparable, Figure 6-11

shows the results of the DSM and DPM for different head pressures. The k.a values of the

DPM are up to 45% higher than the once measured with the DSM. This finding correlates

with the conclusion of Blazej et al. [21].
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170

180

190 200

Figure 6-11 Comparison of the DSM and DPM with the standard deviation of five measurements

210

Since the DSM is easier to handle, the corresponding results are clearly more reproducible.

The standard deviation of the DPM is a result of the manual handling of two valves, this

could be optimized by an automated system.
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7. Measuring a 20L and a 150L reactor

7.1. Classical measurement via liquid-phase concentration change

To show the usage of the developed measuring system, k.a-measurements at the 20L and
150L vessel are done at three different positions with 25 different operating points. It has to
be mentioned, that since the developed method measures the oxygen concentration change
at a fixed point, the resulting value cannot be strictly defined as k.a value. This is due to the
fact, that the measured concentration change is a result of the oxygen getting dissolved by
the local kra-value and convection and diffusion which transports oxygen from other areas
to the measurement location. In case these other areas have a very different (e.g., higher)
oxygen dissolved concentration, the estimated k.a value would be different (i.e., too high).
Consequently, a kra-like coefficient termed as the local oxygen supply rate “k.a*” is used

to indicate the local rate of oxygen supply (Figure 7-1).

Global | Local
ac _ :
ac _ . dC ) ac ac ac
dt ka(C ) : d_t=kLa (C _C)_(u"aJr”y@Jruza)
! 5 a’c d*’c o%c
: Flerr\ gxox T dydy T 9z0z
v l
°s3 :
] ! dz
C—, 7 > C
2| C*
1 : d
N dy

dx

Figure 7-1 Concentration change for a global and a local kLa measurement

Since all the oxygen is supplied by diffusion, described by (4 the measured kia* value

fluctuates around the global k a value.
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_ Yk, a;
kLa = llm O—LL
1—00 1A
The measurements in the reactor were done at (i) S1: below the sparger (ii) S2: between
the stirrers and (iii) S3: below the surface of the water.

(13)

The results of the 20L vessel already show an inhomogeneity between the different
measuring points. Figure 7-2 a and b show that this inhomogeneity occurs at high agitator
speeds and at high gassing rates. For 700 rpm and a gassing rate of 2.5 vvm the k.a* at the
top of the reactor is more than 25% higher than the k.a* at the bottom. The measurements

of the 150L reactor show similar results (Figure 7-2 ¢ and d).
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Figure 7-2 Results of the kLa* measurements in the 20L and 150L reactor
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7.2. Measurement via exhaust air concentration change

To compare these measurements with a global k.a value, the attempt of measuring it over a
simple mass balance between the inlet and outlet of the gas stream of the reactor during a
DSM was made. The test was done in the 20L vessel at a gassing rate of 2.5 vvm and an
agitation speed of 700 rpm. The oxygen concentration was measured with the OXYPro WR-
120 in the headspace (5L) of the reactor.

The concentration change of the gas stream was calculated with (5. Since the head space of
the reactor is filled with pure nitrogen at the beginning of the experiment the concentration
change of the exhaust air is calculated by assuming an ideal mixing within the head space
and the gas stream leaving the liquid phase of the reactor. The so calculated concentration
change is the compared to the measured.

Figure 7-3 shows the calculated concentration change of the exhaust air for an kia of 1 [1/h]
and 1,000 [1/h], as well as the measured concentration change. As shown it is not possible
to predict the global k.a by measuring the exhaust air. The concentration change in the
bubbles leaving the liquid is too small to have a significant impact on the concentration

change of the head space volume.
300

C [mg 02/1]

0 | | | | | | | | | | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
Time [s]
measured exhaust air — —kLa =1000 [1/h] = o okla=1[1/h]

Figure 7-3 Measured and calculated concentration change of the exhaust air for different kLa values

7.3.Scale up

Since the two measured systems only differ regarding their volume, a comparison of their
kia values is done to check how scalable the simple turbulence theory according to (2 is.

Instead of the agitator speed and the gassing rate the power input per vessel volume and the
superficial air velocity are used. With the power numbers of the agitators the power input

can be calculated for each agitator speed and gassing rate.
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Table 7-1 shows the power input for each operating point. The power numbers were

measured in the 150L vessel and are valid for the whole agitator, so two Rushton stirrers on

one shaft. Also, the power distribution of the agitator bearings has been considered.

0.5 1 1.5 2 2.5
Gassing
vvm [min!]  vwm[min?] vvm[min?!] vvm[min?] vvm [min]
Power Nr.: 6.35 4.84 4.33 4.12 3.94
RPM P/V [103W/m?]
140 0.022 0.017 0.015 0.014 0.013
280 0.174 0.132 0.118 0.113 0.108
20L 420 0.586 0.446 0.399 0.380 0.363
560 1.388 1.058 0.947 0.901 0.861
700 2.711 2.067 1.849 1.759 1.682
80 0.017 0.013 0.012 0.011 0.011
160 0.138 0.105 0.094 0.090 0.086
150L 240 0.466 0.355 0.318 0.303 0.289
320 1.105 0.842 0.754 0.717 0.686
400 2.159 1.645 1.472 1.401 1.339

Table 7-1 Power number and power input for different operating points

Table 7-2 presents the superficial air velocity (i.e., air volumetric flow rate divided by cross

sectional area) for the two vessels.

0.5 1 15 2 2.5
Gassing
vvm [min!]  vwm[min?!] vvm[min'] wvvm[min?!] vvm [min?]
vg [m/s] 20L 0.00302 0.00604 0.00906 0.01208 0.0151
Vs [m/s] 150L 0.00585 0.0117 0.01756 0.02342 0.0292

Table 7-2 Superficial air velocity for different gassing rates

Since the turbulence theory relates to the global k.a, the kLa*-values of the three different

measuring points were averaged (an alternative averaging of the concentrations, and then

calculating the global k.a value was postponed to future work).
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Figure 7-4 Comparison of the kLa values of the 20L and 150L reactor for different gassing rates
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For the two vessels the coefficients of (2 were fitted, resulting in the two following

correlations:
0.52 1

P
kLCLZOL ES 17 (Vi) 1.759'41 [_] (14)

S
PN 1
kLalsoL ES 9-8 (Vi) 1750'62 [;] (15)

P w
7 Ll v [5]

The model for each vessel fits the measuring points very well, and is ideal to predict the k.a
value for different operating points.

Unfortunately, the equations are not scalable (based on identical vvm), so it is not possible
to make an assumption for the 150L system with the 20L model, although all geometric
properties are the same. Thus, for the practical application the challenge is finding the right
model for a considered reactor design. For example, one could replace the gassing rate with

some other quantity, e.g., the flow number FI = I{q/(d3n) to find a better correlation in a

future study.
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8. Conclusion

The presented oxygen measuring method improves the standard oxygen sensors used in a
stirred tank reactor regarding the flexibility of the measurement position and accuracy when
measuring in a two-phase system.

The presented ki a measuring methods are capable to deliver a local oxygen supply rate and
the general performance of a bioreactor can be investigated.

With these tools it is possible to analyze operating conditions and carry out process
optimizations for new or existing bio reactors.

The two measured systems (e.g., 20L and 150L reactor) show a striking contrast of their k_a-
values, although all their system parameters and specific operating points are identical. This

shows, why the scale up of the ki a-value is a challenge and of major importance.

8.1. Outlook

Because of the significant similarity of the inhomogeneity of the two test reactors, another
scale-up procedure is proposed. Based on the theory that the scale of the k.a value of an STR
is defined by the power input per reactor volume and the gassing rate, it should be possible
to define a kLa value for any reactor with a reference reactor within the same scale.

Figure 8-1 shows the proposed procedure.

For example, the kLa value for a STR X should be predicted. To do this, measurements of a
reactor with a similar size and dimension, but a different agitator configuration shall be used.
To investigate the influence of the deviating agitator geometry a smaller reactor with an easy
to change agitator geometry (for example with 3D-printed stirrers) is characterized with the

design of reactor A and B.

STR-X STR-A
I 7 I 7 STR-T1 STR-T2
SO L .
SO
SR i
N N i

- krLa (STR-T2)
V(STR -X) =~ V(STR —A) kL8 (sR—x) = K10 (sTR-1) kLa (sTr-T1)

Figure 8-1 Scale up model based on the kca ratio on different reactor designs
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The new ki a is then calculated with the scale of the reactor X and the design ratio of T1 and
T2.

This procedure requires an extensive pool of k.a in order to deliver a variety of STR, as well
as (potentially) reliable kia values. Further k.a studies will be necessary to proof this scale-

up procedure.
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10.Appendices

10.1. Appendix A - Technical drawings
20L Laboratory Fermenter DIN A3
150L Glass reactor DIN A3
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