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Optimizing bioprocesses requires an in-depth understanding, from a
bioengineering perspective, of the cultivation systems wused. A
bioengineering characterization is typically performed via experimental
or numerical methods, which are particularly well-established for stirred
bioreactors. For unstirred, non-rigid systems such as wave-mixed
bioreactors, numerical methods prove to be problematic, as often only
simplified geometries and motions can be assumed. In this work, a general
approach for the numerical characterization of non-stirred cultivation
systems is demonstrated using the CELL-tainer bioreactor with two
degree of freedom motion as an example. In a first step, the motion is
recorded via motion capturing, and a 3D model of the culture bag geometry
is generated via 3D-scanning. Subsequently, the bioreactor is characterized
with respect to mixing time, and oxygen transfer rate, as well as specific
power input and temporal Kolmogorov length scale distribution. The results
demonstrate that the CELL-tainer with two degrees of freedom
outperforms classic wave-mixed bioreactors in terms of oxygen
transport. In addition, it was shown that in the cell culture version of the
CELL-tainer, the critical Kolmogorov length is not surpassed in any
simulation.
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Abbreviations: CAD, Computer aided design; CCF, Central composite design; CFD, Computational
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hamster ovary; DoE, Design of experiment; DOF, Degree of freedom; GCI, Grid convergence index
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1 Introduction

Single-use bioreactors, which have either a rigid or flexible
plastic cultivation container, are now well established in the
upstream processing of biotechnological production processes.
They are available from the mL range up to a maximum working
volume of 6 m® (Miiller et al., 2021), and are used in research and
development as well as for manufacturing of commercial
products. When properly selected and handled, single-use
flexible
productions than their reusable counterparts (Jossen et al.,

bioreactors allow for safer, faster, and more
2017). However, single-use bioreactors still have limitations,
such as the risk of leakages, the potential contribution of
leachables and extractables to the final product, and limited
instrumentation with single-use sensors (Jossen et al., 2019).
the the

disadvantages when using single-use bioreactors.

Nevertheless, advantages currently outweigh

It is worth mentioning that stirred, orbitally shaken, and
wave-mixed single-use bioreactors are most commonly used. The
upscalable bioreactor system that has been on the market for the
longest is the wave-mixed bioreactor with one degree of freedom
(DOF) motion (rotation along the Y-axis). It was launched in
1998 as the WAVE bioreactor 20 (Singh, 1999). The core
component of wave-mixed bioreactors with 1 DOF is a rocker
with a bag holder on which a pillow-like culture bag is fixed. The
culture bag contains the culture medium and cells. As a result of
the rotating motion of the rocker, a wave is induced in the culture
bag (Werner et al, 2010). In addition, bubble-free surface
aeration takes place. Since the foam generated during
cultivation is permanently incorporated into the culture
medium, there is usually no need to add an antifoam agent in
these wave-mixed bioreactors. In wave-mixed bioreactors with
1 DOF, the specific power input (P/V) and thus the
hydrodynamic stress acting on the cells can be regulated by
adjusting the rocking rate, the rocking angle and the working
volume (Eibl et al., 2009a). Oxygen transfer is increased more
effectively by increasing the rocking rate and the rocking angle
than by increasing the aeration rate. Studies presented in the
literature on the bioengineering characterization of wave-mixed
bioreactors with 1 DOF and a maximum working volume of up
to 500 L have contributed to their extensive use (Eibl and Eibl,
2006; Eibl et al., 2009a,b; Kalmbach et al., 2011; Loffelholz et al.,
2013b; Marsh et al.,, 2017; Bai et al., 2019a,b; Svay et al., 2020;
Bartczak et al, 2022). In addition, these bioreactors (e.g.,
Rocker Wave
Bioreactor, Biostat RM Bioreactor) are universally used. They

HyPerforma Bioreactor, ReadyToProcess
allow for the cultivation of mammalian suspension cells (Kaiser
et al, 2015), insect suspension cells (Eibl et al, 2013), plant
suspension cell and tissue cultures such as cells, hairy roots,
adventitious roots and embryogenic cultures (Palazén et al,
2003; Eibl and Eibl, 2009; Lehmann et al, 2014) and
microorganisms (Mikola et al., 2007). It is generally agreed,
however, that

the primary application of wave-mixed
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with 1 DOF is
commercial monoclonal antibody productions. In such cases,

bioreactors inoculum production in
the preferred production organisms are transfected Chinese
hamster ovary (CHO) cells, but this can cause a wave-mixed
bioreactor with 1 DOF to reach its operational limits. This may
occur, in production processes where high gas-liquid oxygen
mass transfer is needed. This is also the case with fast-growing
plant suspension cultures, whose growth is accompanied by
strong polysaccharide formation and thus an increase in the
viscosity of the culture broth (Eibl et al, 2009b). Similarly,
processes where fungi, yeasts or bacteria are grown can exceed
the operational limits of wave-mixed bioreactors with 1 DOF.
Conversely, in all these cases the wave-mixed CELL-tainer can be
advantageous with regard to cell growth and/or product

expression.
The CELL-tainer is a bioreactor which is available in the
versions  Discovery  (working volume 0.1L-35L), Utility

(0.15L-20L) and Custom_Pro (10 L-200 L), whereby only the
Utility version will be discussed here. The system, available in a
version for mammalian cell cultures as well as for microorganisms,
perfoms a 2 DOF motion (Section 2.1). This allows for higher power
input and oxygen transfer compared to the previously described
wave-mixed bioreactors with 1 DOF (Oosterhuis et al, 2013).
Another feature of the CELL-tainer Utility is
compartmentalization by means of the implemented expansion

its

channels. As a consequence of this and its ability to be operated
from 150 mL to 20 L working volume, the CELL-tainer can easily be
scaled up linearly. This type of bioreactor has already been used
successfully to cultivate plant suspension cells (Gubser et al., 2021),
fungal cultures (Kurt et al,, 2018), microorganisms (Junne et al,
2013) and mammalian cells (Oosterhuis et al., 2011). It has even
demonstrated convincing results in the expansion of bovine satellite
cells on microcarriers as the first step in in vitro meat production
(Hoing et al, 2021). While studies on the experimental
determination of key bioprocess parameters (e.g., mixing time
Opr05 Volumetric oxygen mass transfer coefficient kpa, specific
power input P/V and hydrodynamic stress) for the CELL-tainer
are available (Section 2.4), only one numerical approach for their
determination currently exists (Ahmed, 2019). This approach,
however, assumes a highly simplified geometry of the culture
bag. Therefore, this work focuses on a more accurate geometry
approach for CELL-tainer’s cultivation bag using motion capturing
(Section 2.1), molding, 3D-scanning of the complex geometry
(Section 2.2), computational fluid dynamic (CFD) simulations,
and the subsequent verification of the CFD results (Section 2.3).

2 Materials and methods
2.1 Motion capturing

The movement of the CELL-tainer (Utility version,
Celltainer Biotech BV, Winterswikj, NL) has 2 DOF, with
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FIGURE 1

Computer generated image (CGI) of the CELL-tainer. The
Cartesian coordinate system chosen for the CFD simulations and
the movement of the CELL-tainer are illustrated. The movement of
the CELL-tainer consists of the translation in X-direction

(blue) and the rotation around the Y-axis (red). In addition, the
marker positions for the motion capturing method described in
Section 2.1 are drawn in green. An animated version including a
CFD simulation can be found in the Supplementary Video S1.

translation along the X-axis and rotation along the Y-axis
(Figure 1) (van der Heiden et al., 2006; Awrejcewicz, 2012).
To utilize the complex motion of the CELL-tainer for CFD
simulations, an optical motion capture method with passive
markers was performed (Gutemberg, 2005). First, a full
frame  digital single-lens reflex camera (Nikon
D750 equipped with a Nikon AF Nikkor 50 mm {/1.8D
objective, Nikon Corporation, Tokyo, JP) was calibrated
to eliminate radial and tangential distortions (Beauchemin
and Bajcsy, 2001). This was done with Python 3.10 and was
carried out according to the OpenCV 4.5.4 user guide
(OpenCV, 2015; van Rossum, 2022). 15 images of a ten by
seven checkerboard were analyzed. Furthermore, the pixel
length conversion factor was determined for the locked
camera. Subsequently, eight green, dot-shaped, 10 mm
markers were placed on the frame of the CELL-tainer
(Figure 1). The movement was then recorded for ten
periods per setting at a frame rate of 60 fps. The rotation
and translation of the markers were evaluated frame by
frame using Python 3.10. For this purpose, each frame
was converted into a binary image based on its green hue,
and then the eight circles were detected using Hough
transformation (Hough, 1962; al.,, 1975;
OpenCV, 2015). For the rigid transformation, the Kabsch

Kimme et

algorithm was applied (Kabsch, 1976, 1993), which
minimizes the root mean squared deviation of the
rotation matrix R and the translation vector f,

respectively. Thereby, the transformation T (rotation R;
and translation t;) of the point cloud E in comparison to
the initial position of the point cloud p, was described
(Eq. 1).
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The measured values were then smoothed for further use by
means of a Savitzky-Golay filter (Savitzky and Golay, 1964),
using a window size of eleven data points and a third-degree
polynomial. After being evaluated, the data was exported to the
SIXDEGREEOFFREEDOM format of OpenFOAM (version 9, The
OpenFOAM Foundation Ltd, London, United Kingdom).

2.2 Modeling complex geometry

By claming the bag in the holding device, an irregularly
shaped bag is created, regardless of whether the expansion
channels are used or not. However, since these indentations
and buckles could result in an increase in turbulence and better
mixing (comparable to the baffles in shake flasks), and since at
the same time, they increase the risk of sedimentation at low
rocking rates, a 3D geometry, which is as accurate as possible, was
needed. In the first step, the bag was clamped in the holding
device and gradually filled with leveling compound (Fliesst and
Fertig schnell, Lugato GmbH and Co. KG, Barsbiittel, DE).
Leveling compound (instead of other typical modeling
gypsum) so that the
indentations and buckles in the bag could be replicated as

materials such as was selected

accurately as possible (aided by the lower viscosity of the

to gypsum),
producing a smooth surface. To accelerate drying, the bag was

leveling compound compared while also
placed in the CELL-tainer after adding each layer, and both
gassing and tempering (1.0 L min™' and 310.15 K) were turned
on. After the bag was completely filled and dried, the bag material
was removed, as the reflection of this can reduce the quality when
scanning, and the added volume of the plastic layer would have to
be subtracted afterwards. The finished model was scanned with a
handheld device (EinScan Pro, Shining 3D Tech. Co. Ltd.,
Hangzhou, CN) and saved as computer aided design (CAD)
geometry using the associated software (EXScanPro, Shining 3D
Tech. Co. Ltd., Hangzhou, CN). The CAD geometry generated
still contained minor inaccuracies on the surface, which were
cleaned up by smoothing functions in Blender (version 3.0.7,
Stichting Blender Foundation, Amsterdam, NL). For the
generation of the mesh, the snappyHEXMESH function of the

OpenFOAM software was used.

2.3 CFD simulation

OpenFOAM was used for the finite volume method CFD
simulations. To model the two-phase system, the volume of
fluid (VOF) approach was used, which, according to Seidel
et al. (2021), is recommended for continuous two-phase
(Eqs  2-6). The
correspond to Eq. 2 (conservation of mass) and Eq. 3

bioreactors Navier-Stokes equations
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(conservation of momentum). E represents the surface tension
force acting on the gas-liquid interface and can be calculated
according to Eq. 4. Since a mixed fluid is used in the VOF
approach, properties such as density p and kinematic viscosity
v are weighted according to the phase fraction «; (Eq. 5),
whereby Eq. 6 must always be fulfilled.

V.v=0 @)
ap; - - - W\ =
§+V~(pvv)=—Vp+pg+V~v(Vv+(Vv) >+F (3)

E= 0KV &jiquid (4)
X= e xelp] (5)
ZOC,' =1 V(xi,{(xi|0goci§1} (6)

The OpenFOAM solver INTERFOAM was employed for this
purpose, and the PIMPLE algorithm was selected for the
pressure-velocity coupling (Holzmann, 2019). The mesh motion
was realized via the arbitrary mesh interface, whereby the data
from the motion capturing was implemented with the
SIXDOEMOTION function. The motion was interpolated using the
spherical linear interpolation (SLERP) algorithm (Shoemake,
1985). Only the movement of the tray was taken into account
for the simulation. The bag geometry was kept constant. In reality,
the bag would move slightly through the liquid motion even
though it is clamped. This effect was neglected because the bag
is fixed from four sides (Figure 1). The first 10 s of the simulation
were used for the start-up movement of the CELL-tainer. The
amplitude of the rotational and translational motion was increased
linearly to the final values during this time. The transient
simulation was carried out with an adaptive time step, so that a
maximum Courant-Friedrichs-Lewy-number (CFL-number) of
0.9 prevailed (Courant et al, 1986). The monotonic difference
scheme of van Leer (1974) was generally used, which is of second-
order accuracy. An interfacial compression was performed for the
phase boundary, which was realized using the piecewise linear
interface calculation (PLIC) algorithm (Youngs, 1982). The PLIC
algorithm allows a more sophisticated and accurate reconstruction
of the surface compared to the standard simple linear interface
calculation method (Kawano, 2016; Bure$ et al., 2021). For the
gradient schemes, the Gauss linear method was generally used. For
turbulent simulations, the Reynolds-Averaged-Navier-Stokes
approach was used, with Menter’s (1993) k-w-SST model. To
model the surface tension force, the continuum surface force
model was used, which takes into account the mean curvature
of the interface x (Brackbill et al., 1992).

To determine the mixing time ®y g5, a virtual tracer T;,, was
added to the system, which was analogous to the experimental
investigations. The tracer volume was chosen in such a way that it
corresponded to the volume of sodium thiosulfate solution used
in the decolorization method, which is the recommended
method of the DECHEMA expert group for single-use
technology (Bauer et al., 2020). For the solution, a convection-
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diffusion equation without a source or sink term was used (Eq. 7).
A diffusion coefficient D of 1-107° mm?s™ was used for all
simulations (Rard, 2021). Turbulent diffusivity is not taken
into account in the solvers implemented in OpenFOAM. Even
though this leads to an additional error, it was not the aim of this
research to write an own solver for this purpose.

oT,,

Cm V. (V) = V2(DTw) = 0

o )

The simulations were performed with a temperature T of
310.15 K, which corresponds to a density of 993.37 kgm™ for
water (pyaer) and 1.138 kgm™ for air (p,;,). The kinematic
viscosity is equivalent to 0.6959-10°°m*s™' for water (Vyater)
and 16.64-10°ms™> for air (v,,). A surface tension ¢ of
71.968-10°Nm™ and a gravitational acceleration g of
9.81 ms> were defined. All material properties were taken
from Stephan et al. (2019). The CELL-tainer bag is made of
Renolit Solmed Infuflex 9101 (Renolit SE, Worms, DE), which
was developed for biotechnological use. The main component is
polyethylene. The material properties were taken into account in
the CFD simulations with respect to the contact angle.
Depending on the source, polyethylene has a contact angle of
92° - 104°, whereas a contact angle of 97° was used in this work
(Vogler, 1998).

All simulations were run in parallel on a high-performance
computing system, as described in Seidel and Eibl (2021), using up to
32 physical cores. Paraview (version 5.10.0) (Ahrens et al., 2005) and
Python 3.10 were used for post-processing. In order to make
statistically reliable statements about the investigated process
parameters and to describe them via a response surface model
(RSM), a design of experiment (DoE) was performed for each
geometry. The software Modde 13 from Sartorius AG (Géttingen,
DE) was used for this purpose. The factors investigated were the
rocking rate (5 rpm-25 rpm), the rocking angle (4.80°-16.48") and
the working volume (0.15L-3.0L and 3.0L-20.0 L). The central
composite design of Box and Wilson (1951) was used for the study,
using the “face-centered” design (CCF). By using formula N = 2% +
2k + cp with k as the number of factors and cp as the number of
center points, 15 simulations per geometry were obtained (since no
variation in results is expected when simulating at the center point,
cp = 1) (Ranade and Thiagarajan, 2017). The CCF design allows data
to be fitted to a complete quadratic model and is widely used both in
the general literature as well as in the field of CFD (Wang et al., 2018;
Betancour et al., 2021; Kaur et al., 2022; Murillo et al., 2022).

2.4 Validation and comparison

Two approaches were taken to evaluate the numerically
obtained data. First, bioengineering data and simulations for
wave-mixed bioreactors with 1 DOF (rotation along the Y-axis)
were considered. Subsequently, existing bioengineering data for
the CELL-tainer were evaluated.

frontiersin.org


https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2022.1021416

Seidel et al.

Several articles, posters, and conference proceedings deal with
bioengineering aspects of the CELL-tainer, but no sufficient
characterization exists. Panckow et al. (2018, 2019a, 2019b)
investigated the shear stress inside the CELL-tainer by means
of droplet analysis. Gomez-Rios et al. (2019) have compared the
shear stress and its impact on Streptomyces clavuligerus of stirred
tank reactors with the CELL-tainer. In addition, articles related to
the ka value have been published by Junne et al. (2013), Junne
et al. (2016), Oosterhuis et al. (2011), Qosterhuis (2014),
Westbrook et al. (2014), and Gémez-Rios et al. (2019). The
mixing time in the CELL-tainer has also been described by
Junne et al. (2013), Thomassen et al. (2012), Thomassen
(2014) and Westbrook et al. (2014). For her PhD-thesis,
Thomassen (2014) performed an experimental, DoE-based
investigation of the mixing time, which will be used for the
verification in this study. Ahmed (2019) performed numerical
investigations regarding fluid flow, mixing time, microcarrier
sedimentation, power input, and shear stress. Nevertheless, the
oversimplified geometry used may not be sufficient for reliable
predictions (Ahmed, 2019).

3 Results and discussion

3.1 CELL-tainer motion

The movement of the CELL-tainer was examined for
rocking rates from 5 rpm-25 rpm, in steps of 5 rpm, for all
eight possible angle settings. Figure 2 shows an example of the
movement over a rotation and translation period (3 s) for the
standard setting of 8.2° and 20 rpm. In this figure, the rotation
is shown in red and the translation is indicated in blue. Both of
these parameters were determined according to Section 2.1.
The circle detection via Hough transformation is shown in
brown. The rotation and translation obtained by the
evaluation are shown as temporal progression and as phase
space in Figure 3 (exemplary representation also for 8.2° and
20 rpm). Using all 40 of the analyzed videos, a system of
equations was created which describes the time-dependent
translation and rotation of the CELL-tainer on the basis of the
set angle a and the set rocking rate ng, (Eqs 8, 9). Comparing
the standard angle, it is given as 8.5 in the Operation and
v2.1 (Cell-Tainer Biotech, 2018),
Oosterhuis et al. (2011) specifies in their work an angle of
8°,and Ahmed (2019) an angle of 8.22° (Precision of the data in
each case was transferred from the authors). In this study, an

Installation Manual

angle of 8.20° was found. Furthermore, the angular change
which occurs as a result of one change of the screw position
was measured as 1.69° in this study, whereas the Operation and
Installation Manual (version 2.1) (Cell-Tainer Biotech, 2018)
indicates approx. 1.7° and Ahmed (2019) reports 1.67°. Ahmed
(2019) changed the translation by exactly 20 mm per screw
position. In this work, slightly higher values (1.5% up - 4.8%)
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were measured. Due to the systematic deviation, a device-
specific difference can be assumed.

8r 1

a(t) = asin(t(nspﬁ - 8_2))
797'[)

N + = 8n 1
R S N
165 235 82 50

®)

&)

3.2 Mesh generation and study

Before the computational mesh could be created, a physical
rigid model of the CELL-tainer bag had to be created, which was
then digitized using a 3D scanner. Figures 4, 5 show the results of
the CELL-tainer model generation. In comparison to the bottom
of the bioreactor, the surface was not smooth on the top due to
minimal air inclusions. Due to the resolution of the 3D scanner,
these also appeared in the digital model. In the digital model,
however, the air inclusions could be corrected without issue in a
post-processing step. The digital model was then used to create
different
unstructured meshes (M1-M4) with different amounts of cells

the computational mesh. In each case, four
were created using SNAPPYHEXMESH.

The mesh study was used to determine the discretization error.
This is a numerical error which always occurs in CFD and
corresponds to the difference between the solution of the partial
differential equation (PDE) and that of the discrete approximated
PDE (Jasak, 1996; Seidel et al., 2021). The goal was to achieve the
smallest possible discretization error while still ensuring an
economical computation time. The solution change thereby
should lie in the asymptotic range. For this purpose, both a
qualitative investigation of the velocity profiles as well as a
quantitative investigation which involved calculating the grid
(GCI) by applying the Richardson
extrapolation were performed, which is recommended by the
OECD Nuclear Energy Agency (2015) and is considered to be
the best practice for CFD (Richardson, 1911; Roache, 1994; Cosner
et al,, 2004). Here, only the mesh study of the standard CELL-tainer

configuration will be discussed in more detail. The quantitative

convergence index

mesh analysis of the CELL-tainer with the expansion channels is
summarized in Table 1. Figure 6 shows a summary of the results
from the qualitative mesh analysis. Figure 6A illustrates the four
computational meshes, one below the other, with the cell number
increasing from top to bottom. The standard setting at 8.2° was used
for the mesh study. 11.5 L of fluid was moved at 10 rpm. Figure 6
shows the CELL-tainer upon reaching 8.2° (and a translation of
10.79 mm). The velocity vectors v were mapped using the line
integral convolution technique, and it can be seen that there is
minimal difference in the orientation of the velocity vectors (Cabral
and Leedom, 1993). For the velocity magnitude [vl, there are
deviations in areas with low velocity. The fluid surface shows a
larger difference here. The smoothness of the surface increases with
increasing mesh fineness, which can have a direct influence on the
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FIGURE 2

The time series shows the CELL-tainer movement over one period (3 s) in six images at a rocking rate of 20 rpm and a set angle of 8.2°. In brown,

the respective circle detections via the Hough transformation are shown (detection of the green markers). The red line shows the calculated rotation,
and the blue line indicates the relative translation to t = 0, whereby the empty diamond marks the initial position.

=
o
S

=
o
@

0.00

-0.03

X-translation ¢, [m]

-0.06
0
Time ¢ [s]

10

5

Rotation 7 []

Time ¢ [s]

Rotation 7 [°]

—10
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

X-translation ¢, [m]

FIGURE 3

The figure shows the movement of the CELL-tainer for a setting of 8.2° and a rocking rate of 20 rpm. The rotation and translation measured by

the motion capturing method are shown in black and the filtered and fitted function are shown in red. In the upper part of the sub-figure, the
translation of the CELL-tainer is shown, and in the middle the rotation, each for a period of 10 s. The corresponding phase space is shown below.
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Bottom view

Top view

Physical
model

Digital
model

Mesh

FIGURE 4

From top to bottom, the figure shows the workflow of

creating the computational mesh for the CFD simulations for the
standard configuration of the CELL-tainer bioreactor. First, the
CELL-tainer bag was clamped and filled using leveling
compound, resulting in the physical model. It can be seen that on
the top of the model, due to air bubble inclusions, it was not
possible to achieve as smooth of a surface as in the rest of the
model. Second, with the help of the 3D scanner, a digital model
was created, which was post-processed with Blender. The digital
model was finally used to create the mesh using SNAPPYHEXMESH,
with only a half section of the mesh shown here. This allows for the
visualization of the wall layers.

TABLE 1 Overview of the investigated meshes for the standard CELL-
tainer design.

Mesh Cells N Sim. Time # W
[-] [hs™] (Wm™]
Ml 0.461-10° 2.01 8.056
M2 0.977-10° 17.67 6.351
M3 1.690-10° 52.23 6.314
M4 2.767-10° 419.98 6.290

specific oxygen surface area a, and thus the kja value. Figure 6B
shows the velocity magnitude over the line marked in red in
Figure 6A. There is a deviation, especially for the first mesh.
For a quantifiable statement, the GCI study summarized in
Table 2 was performed. The specific power input averaged
over a period of motion was used as a criterion for the GCI,
which was calculated via the turbulent and viscous energy
dissipation (Section 3.3.2). It is known that for unstructured
meshes like the ones created with sSNAPPYHEXMESH, there are
higher GCI results, compared to structured meshes (Liu et al,,
2015). Since typically three meshes are compared, two cases
were distinguished (Jiang et al., 2018; Ramirez et al., 2020).
First, meshes 1-3 were compared and second, meshes 2-4. For
the analysis, a safety factor F; of 1.25 was used in each case and
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Analogous to the workflow shown in Figure 4, the mesh for

the CELL-tainer was also created with expansion channels. Here,
too, a physical model was first created, which served as a template
for the digital model. In this case, the air pockets on the top

side were more extreme than in the standard model. However, this
was easily fixed in post-processing with Blender. A half section of
the mesh is also shown here to visualize the wall layers.

the meshes were chosen so that the mesh refinement ratio r
was greater than 1.1 and was approximately 1.3 (Steffen et al.,
1995; Roache, 1998; Meana-Fernandez et al., 2019; Baker et al.,
2020) (Eq. 10). The determination of the GCI was performed
analogously to the calculations of Baker et al. (2020), Ramirez
et al. (2020) and Pappalardo et al. (2021) (Egs. 11, 12). Where
¢; corresponds to the numerical solution with mesh i (in this
case the averaged power input P/V), and p corresponds to the
observed order of accuracy. The specific power input averaged
over one period (10rpm, 11.5L and 8.2°) is substantially
higher with the coarsest mesh (= 8.1 Wm™) than with the
three finer meshes (= 6.3 W m™?), which is also reflected in the
relative error ¢,,,. This demonstrates the strong influence of
the mesh on the specific power input. Since the first case
resulted in a negative observed order of accuracy, and since the
solutions thus diverge monotonically, the GCI could not be

applied (Baker et al., 2020). In the second case the GCI could
GClisa,is1
rPGCIZH'l,i

indication that the solutions are in the asymptotic range of

be applied and the quotient is close to 1, which is an
convergence. For this reason, combined with economical
reasons (simulation times are shown in Table 1), mesh
2 was used for the subsequent simulations. Analogously, a
mesh for geometry with expansion channels was chosen,
which possesses 1.577-10° cells.

r= (%)d (10)

frontiersin.org


https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2022.1021416

Seidel et al.

TABLE 2 Overview of GCI analysis for the standard CELL-tainer
design.

- GClisa,it1
Case Mesh r P Emn GCI [%] GO
Case 1  MI-M2 1284 -231 211.608.10°° N.A. N.A.
M2-M3 1201 5.763-107° N.A.
Case 2  M2-M3 1201  1.355 5.763-107 2.56 1.02
M3-M4  1.178 3.903-107° 1.96
¢i+27¢i+1
o — 111 ¢i+l_¢i (11)
P Inr
14,1 — ¢l
GCL‘.,.]),* = Fsu (12)
rP -1

3.3 CFD simulations

3.3.1 Velocity profiles

The velocity profile of the fluid is discussed here, using the
standard configuration of the CELL-tainer, with the same
phenomena observed in the configuration with expansion
channels. Figure 7 shows the mean velocity magnitudes for
different operating parameters. If the rocking rate and rocking
angle are kept constant, the velocity magnitude oscillations are
stronger for low volumes (3.0 L) than for higher volumes (11.5 L
and 20.0 L). This phenomenon is due to the force acting on the
bioreactor, as this is proportional to the mass, and at constant
density, to the volume. As the volume increases, the mean velocity
magnitude changes from a pure sine function to an oscillation,

FIGURE 6
Comparison of (A) the fluid flow of CFD simulations with different meshes and (B) the resulting fluid velocities plotted over the red line in (A).
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resembling a sum of sine functions with different frequencies.
Evaluating the results of the simulations visually, it becomes
evident that this phenomenon is caused by the breaking of the
resulting wave (a video of the phenomenon can be found in the
Supplementary Video S1). The simulations also show that as the
rocking angle increases, the mean velocity magnitude increases. For
example, mean velocity magnitude increases from 0.12 m s at 4.8°
to 022ms™' at 11.52° and 0.29 ms'at 16.48°, each at 11.5L
working volume and a rocking rate of 15rpm. Zhan et al
(2019) makes the same observations in his investigations in the
10 L wave-mixed culture bag (1 DOF motion) and with 4 L working
volume, although in this case, a rocking angle of only 4° - 7° was
investigated. Due to the different rocking angles, there is also a slight
phase shift of the velocity peaks. As a consequence of a higher
rocking rate, the oscillation frequency of the mean velocity
magnitude increases. In addition, the average velocity magnitude
also increases from 0.08 ms™' at a rocking rate of 5rpm to
039ms™ at 25 rpm (0.21 ms™ at 15 rpm). Werner et al. (2016)
describes a similar behavior in their CFD investigations of the 20 L
wave-mixed culture bag (10 L working volume, 1 DOF motion). In
this case, the mean velocity amount at a rocking angle of 8" increased
from 0.08 ms™ at 16 rpm to 024 ms ™" at 30 rpm. Zhan et al.
(2019), on the other hand, observed the opposite in their 2D
simulations. In their simulations, the mean velocity magnitude
decreased, although no explanation for this phenomenon could
be described.

3.3.2 Power input P/V, energy dissipation rate ¢
and Kolmogorov length scale A,

The specific power input P/V is a key parameter for the
bioengineering characterization of bioreactors (Werner et al,
2014). The specific power input serves as an important scale-up
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FIGURE 7

Comparison of the mean velocity magnitudes with different operating conditions. The standard configuration of the CELL-tainer was used for
the representation. The upper figure shows three CFD simulations with different volumes, where the rocking rate was kept constant at 15 rom and
the rocking angle was kept constant at 11.52°. In the middle figure, the effect of different rocking angles was investigated at constant working volume
(11.5 L) and rocking rate (15 rpm). In the lower figure, three different rocking rates at a rocking angle of 11.52° and 11.5 L were investigated.

criterion and describes the power dissipated in the bioreactor in
relation to the working volume. In stirred bioreactors and 1 DOF
wave-mixed bioreactors, the power input can be determined via
the torque, among other methods (Loffelholz et al., 2013a, 2011;
Schirmer et al., 2018). Because of the 2 DOF of the CELL-tainer,
the specific power input was determined via the local energy
dissipation rate ¢, Eq. 13 (Kysela et al., 2017). The energy
dissipation rate e can be calculated using the k-w-SST
turbulence model via the product of turbulent kinetic energy
k, specific dissipation rate w and the model parameter * = 0.09,
Eq. 14 (Menter, 1993).

_ Z(Si)ViP
P/V = = (13)
e=kwf" (14)

However, several authors have claimed that the specific power
input is underestimated when the energy dissipation rate is used for
the calculation (Ng and Yianneskis, 2000; Hortsch and Weuster-
Botz, 2009; Liangchao et al,, 2018; Liangchao et al,, 2019). Thus,
Liangchao et al. (2018) determined up to 50% lower power inputs
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compared to the determination via torque (experimental and CFD).
In contrast to stirred systems, where the power input can be
assumed to be constant, the power input oscillates in 1 DOF
wave-mixed bioreactors (Bai et al.,, 2019a; Svay et al., 2020). The
same phenomenon was observed in the CELL-tainer bioreactor.
Figure 8 shows how the Kolmogorov length scale changes
periodically over time, which can be explained by the change in
the energy dissipation rate and thus the power input.

For the following evaluation, the time-averaged specific power
input was used. The maximum value of the mean specific power
input over time is 1.5 — 4.5 times higher than the time-averaged
mean specific power input. Using the DoE approach, an RSM was
generated by multilinear regression for the two CELL-tainer
configurations. The contour plots are shown in Figure 9 and
correspond to Eq. 15. For the regression, only model terms that
have a statistically significant influence on the average power input
were used (a; = 0.05). The specific power input increases with an
increasing rocking angle, rocking rate, and decreasing working
336.7Wm™ in the
677Wm™ in the

volume and varies from 93Wm™ -

standard configuration (33Wm™> -
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FIGURE 8

Temporal change of the relative probability density function of the Kolmogorov lengths. The respective process parameters are shown as the
titles of the individual density maps. In the top row, volume increases from left to right. In the middle row, the rocking rate and, in the bottom row, the
rocking angle increase from left to right. In each case, the start-up process described in Section 2.3 can be seen in the first 10 s. The lines marked in
red indicate the minimum and maximum mean Kolmogorov lengths (the first 10 s were not taken into account). The frequency density function

was normalized so that the maximum frequency density for each time step equals 1.

with The
configuration of the cell culture CELL-tainer version thus covers

configuration expansion  channels). standard
the full range of typical averaged power inputs from 10 W m™ -
250 Wm™ for mammalian cell cultures and is comparable to
1 DOF wave-mixed bioreactors (Eibl and Eibl, 2009; Platas
Barradas et al., 2012; Nienow et al., 2013a; Jossen et al., 2017).
Bai et al. (2019a) described the same dependence for 1 DOF wave-
mixed bioreactors, using a digital multimeter to measure the DC
current at a constant 24 V DC voltage to determine the power input.
Since their investigation involved a rocking rate of up to 40 rpm,
specific power inputs of up to 720 W m™ were measured. The ratio
of maximum to average specific power input (3 L working volume)
was 1.1 - 6.0, which is comparable to the results in CELL-tainer.
Using the calorimetric method, Jones et al. (2017) determined

similar power inputs for the Wave bioreactor with 2 L working
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volume (64 W m™ - 633 W m ), where measurements were also
made up to a rocking rate of 40 rpm. Eibl et al. (20092) modeled the
power input using a static model and described the specific power
input for the BioWave (today Biostat RM 25/50 Sartorius AG,
Géottingen, DE) to have a range from 8 W m™ to 561 W m™ (0.2L -
1 L working volume, 6 rpm - 30 rpm and 7° - 10°). Werner et al.
(2016) have calculated the average power inputs of 49 Wm™ -
551Wm™ for V=2Land 141 Wm™ - 290.6 Wm™ for 10 L
working volume through CFD investigations. Werner et al. (2016)
and Svay et al. (2020) used different numbers of mesh cells fora 20 L
wave-mixed bioreactor with 1 DOF. Svay et al. (2020) used 0.8-10°
cells, in this study 0.977-10° cells were used for the 20 L CELL-tainer.
Werner et al. (2016) used the most cells with 1.92:10°, whereby only
an optical evaluation of the mesh study was carried out. Panckow
et al. (2019) also carried out CFD investigations (no statement was
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Response surface model (RSM) for the time-averaged specific power input. The top row shows the model for the standard CELL-tainer
configuration (N = 15, DF = 11, R? = 0.83, RMSE = 0.89 W m~®) with three different working volumes (3.0 L, 11.5 Land 20.0 L). The lower row shows the
RSM (N =15, DF = 10, R? = 0.90, RMSE = 2.05 W m™) for the configuration with expansion channels (0.15L, 1.525 L and 3.0 L). The black circles mark
process parameter settings on which CFD simulations were performed to create the model, and the filling color corresponds to the exact value

of the CFD simulation.

made about the mesh size) to determine the power input in the
CELL-tainer and obtained comparable values. Panckow et al. (2019)
predicted a specific power input of 548 Wm™ (V = 10L, n =
20 rpm, o = 4.9°) and the RSM developed here predicts a specific
power input of 541 W m™ (the power input of Panckow et al.
(2019) was taken from Figure 4 of his publication. For this purpose
100 data points of the temporal representation of the power input
were digitized and integrated with the trapezoidal rule and divided
by the time span). If the microbial version of the CELL-tainer was to
be investigated, significantly higher specific power inputs would be
determined, since the rocking rate in that version ranges up to
45 rpm.

100.04707&0.03790;70.0152V70,1973 +0.1

P/V: 0.1 ’

100.0425n+0.0594a+0. 1753V -0.0213aV+0.8132 __ 1

with standard configuration

with expansion channels
(15)

Not only the ratio of maximum to time-averaged specific power
input can be investigated, but also the ratio of maximum to averaged
energy dissipation rate at a specific time. In the literature, this ratio is
called hydrodynamic heterogeneity @ and provides an indication of
how homogeneously the power input is distributed in the system
(Zhang et al, 2009; Liu et al, 2016). Thus, the hydrodynamic
heterogeneity in stirred bioreactors is high, as the power is only
introduced locally by the stirrer under unaerated conditions, and
can reach up to @ = 100 depending on the stirrer (Kieran et al.,

Frontiers in Chemical Engineering

1

2000). Orbitally shaken systems, which are systems with
homogeneous power input, are in the range of ® =~ 1 - 18
(Buchs and Zoels, 2001; Liu et al, 2016). As expected, wave-
mixed systems lie in between. Svay et al. (2020) posit that the
highest energy dissipation values occur at the gas/liquid interface. In
their investigations, the same behavior was observed, and
hydrodynamic heterogeneities of @ = 8.8 — 32 were determined.
The Kolmogorov length scale A, can be derived directly from
the turbulent energy dissipation rate & and, according to
Kolmogorov’s microscale theory, corresponds to the smallest
vortex of the vortex cascade at which the turbulent kinetic energy
dissipates into thermal energy (Nienow, 2021). The Kolmogorov
length scale can be calculated for each mesh cell (Eq. 16). From
this, a frequency distribution can be determined which is
weighted by the mesh cell size, and its probability density
function (PDF) can be derived. The PDF is typically log-
normal distributed. This representation of hydrodynamic
stress is often used for steady-state CFD simulations of stirred
bioreactors. Kaiser et al. (2011b) and Jossen (2020) used this
representation to represent the shear gradient distribution and
Loubiére (2018) and Berry et al. (2016) for the presentation of the
Kolmogorov length distribution. As with the specific power
input, it cannot be assumed that the PDF is constant over
time. The change in PDF over time is depicted on the density
maps with a temporal resolution of 0.04 s, showing three different
volumes, rocking rates and rocking angles (Figure 8). For cell
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cultures, critical Kolmogorov length scales are lengths smaller
than the cell diameter, which for example is approximately 18 um
for CHO cells (Nienow, 2006; Nienow et al., 2013b; Maschke
etal., 2022). In this study, it was shown that no process parameter
setting results in critical Kolmogorov lengths for mammalian cell
cultures. The lower the working volume and the higher the
rocking rate, the narrower the PDF of the Kolmogorov

lengths gets.
3\i
Ak B (V_>
&

3.3.3 Volumetric oxygen mass transfer
coefficient k.a
Oxygen supply is of crucial importance for many cell

(16)

cultures. If the volumetric oxygen mass transfer coefficient kya
in a system and the specific oxygen uptake rate qo, of the cells are
known, the balance of the oxygen uptake rate and oxygen transfer
rate can be used to determine the theoretical maximum cell
density, provided that no other limitations occur (Garcia-Ochoa
and Gomez, 2009; Seidel et al., 2021; Maschke et al., 2022). Thus,
theoretically, a kya-value of 8.6 h™' would be sufficient on average
to cultivate 5-10° Chinese hamster ovary cells per milliliter (Seidel
et al,, 2021). Similar to the specific power input, the kya-value is
also one of the most important key parameters in process
characterization and scale-up. The determination of the kia-
value by CFD was carried out analogously to the method
employed by Svay et al. (2020) for a 1 DOF wave-mixed
bioreactor. The specific interface a was determined using a
contour surface (ay = 0.5). The liquid side mass transfer
coefficient k;, was determined using Higbie’s penetration
theory, employing the local energy dissipation rate ¢ (Eq. 17).

2 /Dp,\t
kL=—8v< Oz)

N 17)

As there is no forced aeration via a sparger, lower kya-
values are expected, which are comparable to 1 DOF wave-
mixed bioreactors. The determined time-averaged kya-values
were used to create an RSM, with one model for each of the two
CELL-tainer configurations. The RSMs are shown in Figure 10
and correspond to Eq. 18. As already described in Section
3.3.2, only model terms that have a statistically significant
influence on the k;a-value were considered (a; = 0.05). In the
investigated design region, kja-values are predicted from
24 h! 1928 h™' (23 h!
channels). The smaller the working volume, the higher the

495 h™' with expansion

specific surface area and thus the kya-value. Likewise, higher
rocking rates and rocking angles lead to higher kja-values.
Similar dependencies of the kja-value on the process
parameters were found by various authors for 1 DOF wave-
mixed bioreactors. Svay et al. (2020) and Mikola et al. (2007)
showed that the kpa-values in the 1 DOF wave-mixed
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bioreactor increase with higher rocking rate and rocking
angle (no statements were made about the working
volume). In addition to these influences, Bai et al. (2019a)
and Werner et al. (2013) (orbitally shaken bag) were also able
to show that the kpa-value increases with decreasing volume.

with standard configuration
with expansion channels
(18)

100.1l72n+0.0069!x+0v0951V+Uv0027V270.0004nV+2v1651 —1
kra ’

10\).0\)55n+0.0129!xf\).941SV+U,1892V2f0.()0580¢‘/+2.4983 ~1
>

It was confirmed in the present study, as stated by Zijlstra and
(2010), that the
configuration of the cell culture version ranges up to 200 h™'

Qosterhuis kia-value for the standard
(192.8 h™" modelled). However, higher k;a-values, such as those
described by Junne et al. (2013) (kpa =450 h™') and Oosterhuis
and van der Heiden (2010) (kpa =700 h™"), could not be achieved
with the cell culture version of the CELL-tainer, as the rocking
rate was limited to 25 rpm.

Using the RSM and extrapolating beyond the model limits
indicates a kya-value of 225h™" at 30 rpm, 12° and 2.5 L, which
corresponds to the findings from Westbrook et al. (2014) with
(204.0 + 21.5)h™". Goémez-Rios et al. (2019) does not specify the
rocking angle used in his work, but if the standard angle of 8.2° was
used, then the simulated kja-values from the present study match
his findings. Using the RSM, a kya-value of 854 h™' can be
predicted and Gomez-Rios et al. (2019) predicted a kja-value of
(73.25 £ 7.40) h™" with the same settings (12 rpm, 8.2° and 5L). In a
similar investigation, Demay et al. (2011) presented a kia
measurement of 82 h™' (20 rpm, 16.48° and 7L) which also
verifies the results of the RSM, with a predicted a k; a-value of 85 h™.

The kja-value in stirred reactors is often described by the
equation of van’t Riet (1979) as a function of the specific power
input and the superficial gas velocity (Yawalkar et al., 2008; Pan
et al,, 2018; Kreitmayer et al., 2022). Such a relationship has not
yet been described for wave-mixed bioreactors. However, it is
possible to describe the kja-value in the two CELL-tainer
configurations using a modified van’t Riet equation (Eq. 19).
Instead of the superficial gas velocity, the relative working
volume V, (based on the total volume of 26.25L for the
standard configuration and 14.15L with expansion channels)
and thus the aerated headspace is taken into account. The
equations derived here describe the kpa-value with a relative
error of 7.7% (respectively 6.7% with expansion channels)
compared to the directly simulated kja-value. Compared to the
description via the RSM, the deviations are slightly higher (4.2% in
the standard version and with expansion channels), but the k;a-
value can be described via physical properties.

65 1
i (P/V )S%V;%, with standard configuration

de = (19)

29

Z(P/VYVE,
20( V)V,

with expansion channels

The determination of the specific surface area a should be
accurate due to the PLIC algorithm. However, the choice of the
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standard CELL-tainer configuration (N = 15, DF = 9, R? = 0.99, RMSE = 1.77 h™) with three different working volumes (3.0 L, 11.5 Land 20.0 L). The
lower row shows the RSM (N = 15, DF = 9, R? = 0.99, RMSE = 1.94 h™) for the configuration with expansion channels (0.15 L, 1.525 L and 3.0 L). The
black circles mark process parameter settings on which CFD simulations were performed to create the model, and the filling color corresponds

to the exact value of the CFD simulation.

k;-model significantly influences the kja-value (Seidel and Eibl,
2021). The kya-value is generally lower (1 h™'-20 h™") in 1 DOF
wave-mixed bioreactors than in the CELL-tainer, which in
combination with the low-stress movement (Section 3.3.2)
makes it excellently suited for the cultivation of mammalian
cells (Singh, 1999; Mikola et al., 2007; Eibl et al., 2009a). Even
ultra-high cell densities around 200-10°cells mL™" could be
achievable (Miiller et al., 2022).

3.3.4 Mixing time

The mixing time is crucial to the bioengineering
description of the system, as poor mixing of the system
could lead to zones of limited growth and production. The
mixing time was determined analogous to the DECHEMA
expert group recommendation for mixing time determination
in single-use bioreactors (Bauer et al., 2020). Instead of the
4mLL™" thiosulfate, 4 mL L™! tracer was used, which was
added in each case in the same bioreactor position
(maximum deflection in the X-direction and 0° rotation)
and in each case as a cube below the liquid surface
(Figure 11). To determine the mixing time, the widely
used ®y95 was used, which describes the time to reach
95% homogeneity M in each cell (Eq. 20) (Kaiser et al,
2011a; Bach et al., 2017; Ebrahimi et al., 2019; Martinetz
et al.,, 2021).
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The volume-rendered results of the simulations in Figure 11

M) =1 (20)

show how the tracer concentration changes over time. It is
evident that rapid mixing occurs in the rocking direction.
Werner et al. (2016) were previously able to describe this for
1 DOF wave-mixed systems. Werner et al. (2016) also described
poorer mixing orthogonal to the rocking direction, which is also
visible here. The determined mixing times were used to create the
RSM (Eq. 21 and Figure 12). The mixing times ®y 95 range from
11.8 s to 112.4s (4.6 s and 22.4 s with expansion channels).

If the results are compared with experimental investigations
from Panckow et al. (2019), it becomes apparent that there are
very strong similarities between experimental findings and
simulations for different volumes and rocking angles at
moderate and high rocking rates. The deviation is therefore in
the range of between 0.85% (experiment: 18.4 s, CFD: 18.25 s at
5L, 25 rpm and 8.2°) and 24.6% (experiment: 46.5 s, CFD: 37.3 s
at 5L, 12.5 rpm and 4.8°), which is comparable to other CFD
investigations in stirred bioreactors. Most of the mixing times
investigated by Kaiser (2014), which were determined with CFD,
differed between 0% and 14.7% from the experimental
investigations. However, there were also individual deviations
of up to 42% (Kaiser, 2014). It is however evident that the
deviation between experiment and CFD increases with
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FIGURE 11

The volume-rendered CGl show the concentration change of the tracer over time. The simulation at 11.5 L, 25 rpm and 16.48° is shown. (A) The

10.3389/fceng.2022.1021416

tracer (yellow) was added at t = O s (after the start-up phase and 10 complete revolutions). Images (B) (t = 1.5 s) and (C) (t = 3 s) show rapid mixing in
the rocking direction. Images (D—F) (t = 4.5s,t = 655, t = 7.5 s) show the slower mixing in the orthogonal direction. The Viridis color map was used for

representation.

Working volume V' 3.0 L

Rocking angle o [°]
s ® S b & o

o

10 15 20 25
Rocking rate n [rpm]

Working volume V' 0.15 L

~ o

%)

Rocking angle o [°]

o

@

10 15 20
Rocking rate n [rpm]

FIGURE 12

Response surface model (RSM) for the global mixing time @y 5. The top row shows the model for the standard CELL-tainer configuration (N =
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15, DF = 9, R? = 0.88, RMSE = 1.45 s) with three different working volumes (3.0 L, 11.5 L and 20.0 L). The lower row shows the RSM (N = 15, DF =9, R? =
0.89, RMSE = 1.18 s) for the configuration with expansion channels (0.15L, 1.525L and 3.0 L). The black circles mark process parameter settings on

which CFD simulations were performed to create the model, and the filling color corresponds to the exact value of the CFD simulation.

decreasing rocking rate, whereby the results of the simulations
underestimate the mixing times. For example, at 5 rpm (8.2° and
5L) the deviation rises to above 50%. Bujalski et al. (2002)
was able to show that the addition point has a significant
influence on the mixing time. Since, compared to the
experiments, the tracer is already completely in the liquid
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Mixing time g5 [s]

at the time of addition and is not added at the surface, the
mixing time could be underestimated in the simulations.
This effect could have been extremely negative, especially
with very slow mixing. In addition, it is not known where in
the CELL-tainer and at which rotational position the tracer
was added. The method chosen for the experimental
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FIGURE 13

Mixing time as a function of the specific power input for
different systems. ? Values were derived from RSM Egs 15, 21 for all
combinations of rocking rate, working volume and rocking angle.
 Measured values of Maschke and Eibl (2019). @ Regression

of various measurements with two segment blade impeller (SBI) of
Loffelholz et al. (2013b). @ Measurements of Jones et al. (2017) for a
rocking angle of 10°.

determination of the mixing time also influences the result
(Nienow, 1997).

Junne et al. (2013) also determined the mixing time
experimentally using pH measurements. The rocking angle
used was not specified. These mixing times are shorter than
those found in experiments from Panckow et al. (2019), which
would suggest that the maximum angle of 16.48"° was used
rather than 4.8" and 8.2°. This would also be consistent with
the simulations in this study. The RSM predicts a mixing time
0f 12.99 s and Junne et al. (2013) recorded a time of 12.54 s at
51, 25 rpm and probably 16.48° (or extrapolated 13.43 s at
35 rpm, 15L and 16.48° compared to the measured 13.18s).
Junne et al. (2013) did not investigate low rocking rates, but it
can be assumed that at such speeds the CFD simulations
would also deviate more from the experiments and
underestimate the mixing time. Thomassen et al. (2012)
predict through their DoE that the vertical displacement

squared is a statistically significant model term for
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modelling the mixing time. This is analogous to the
rocking angle used here (see Figure 3). In the simulations
carried out here, this model term had no statistically
significant influence on the mixing time. Thomassen et al.
(2012) also use the rather unconventional ®y;gs criterion,
which makes comparison difficult. Nevertheless, the trend
remains that the mixing times at very low rocking rates are
underestimated by simulations.

When mixing time is represented as a function of the
specific power input, it can be seen that the mixing time for
classical 1 DOF wave-mixed bioreactors is longer than for
the CELL-tainer the specific power input
(Figure 13). When the mixing time of the CELL-tainer is
compared to those of stirred bioreactors, it can be seen that
the mixing time for both CELL-tainer configurations are

for same

longer than for stirred cell culture bioreactors with similar
working volumes. Loffelholz et al. (2013b) investigated
larger systems than the CELL-tainer, where there is an
overlap in the mixing time function, although in general it
can also be assumed that the mixing time is longer in the
CELL-tainer than in stirred bioreactors with the same
specific power input.

, with standard configuration
10—&0144"—0.048711—0.1287V+O.0105aV+l.9097 _ 1, Wlth expansion Channels

@n

—0.0203-0.01760:+0.0217V+1.8025
10 -1
Onios

4 Conclusion

In this work, methods were developed that allow for a
complete bioengineering characterization of bioreactors
with complex motion and shape to be carried out using
numerical methods only. For this purpose, the CELL-
tainer bioreactor was characterized in the cell culture
version and compared with experiments described in the
literature. Using a digital single-lens reflex camera and the
written algorithm, the exact 2 DOF profile of the CELL-
tainer was recorded and digitized. The geometry was
replicated both with and without expansion channels with
the help of leveling compound, and the digitized using a 3D
scanner. This method allows for the complex geometry of a
non-rigid bioreactor to be exactly reproduced on a computer
(ignoring the potential deformation of the bioreactor due to
the liquid motion). Together with the recorded motion, an
accurate CFD model was created. Using the VOF approach,
the mean power input, the temporal Kolmogorov length
scale distribution, the mean volumetric oxygen mass
transfer coefficient and the mixing time were determined.
With the help of the created RSMs, the entire operating range
of the CELL-tainer (cell culture version) can be described.
The characterization can now be wused to optimize
bioprocesses in the CELL-tainer bioreactor. It could be

frontiersin.org


https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2022.1021416

Seidel et al.

demonstrated that for mammalian cell cultures no process
parameter configuration and at no time, the critical
Kolmogorov length scale was understepped. Furthermore,
it was shown that the CELL-tainer is superior to 1 DOF wave-
mixed bioreactors in terms of oxygen transfer. The
procedure described here for motion capture and
geometry acquisition can easily be used to characterize

other systems using CFD as well.
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