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Abstract

Hydrodynamic stress is an influential physical parameter for various bioprocesses,
affecting the performance and viability of the living organisms. However, different
approaches are in use in various computational and experimental studies to calculate
this parameter (including its normal and shear subcomponents) from velocity fields
without a consensus on which one is the most representative of its effect on living cells.
In this letter, we investigate these different methods with clear definitions and provide
our suggested approach which relies on the principal stress values providing a maxi-
mal distinction between the shear and normal components. Furthermore, a numerical
comparison is presented using the computational fluid dynamics simulation of a stirred
and sparged bioreactor. It is demonstrated that for this specific bioreactor, some of
these methods exhibit quite similar patterns throughout the bioreactor—therefore can
be considered equivalent—, whereas some of them differ significantly.
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1 Introduction

Utilizing a living organism inside a controlled liquid environment is a common aspect of
bioprocess technologies. In this letter, we investigate one of the most important physical
factors affecting cell viability and productivity, namely the hydrodynamic stress, using a
computational fluid dynamics simulation of a stirred and sparged tank bioreactor. The
hydrodynamic stress can deform the cells, physically damage them, and inhibit their growth
and viability; therefore, it is a critical parameter to monitor and control when studying
different bioreactor geometries and scales™™. With an adequate stirrer rotational speed, a
well-mixed and homogeneous cell culture medium can be achieved. However, this increased
mixing/homogeneity comes at the cost of increased hydrodynamic stress, which in return
will reduce cell viability and growth®. Besides its effect on living cells, hydrodynamic stress
exerted at various stages of bioprocesses (e.g. centrifugation, ultrafiltration, etc.), can also
influence the structure of protein molecules” (for a bioprocess-focused review, see Schuegerl
et al.®). The hydrodynamic stress not only affects cells in bioprocesses and other production
methods but also in other settings such as cancer cells in the blood vessels®”, intestinal
cells'?, and dinoflagellate bioluminescence!.

Experimental studies suggest that the normal and shear components of the hydrodynamic
stress differ in the way they affect cells inside a bioreactor™™. It was reported that both shear
and normal flows can result in apoptotic cell deaths at comparable stress levels®. However, it
was also reported that shear flows cause cell membrane damage at a lower stress compared to
normal flows?. Although the hydrodynamic stress is frequently used in various studies, the
definition behind the relevant terms (such as strain, hydrodynamic stress, shear stress and
normal stress) are not always explicit, and there is no consensus on how to calculate them.
It is not always explicitly stated how the normal and shear components of hydrodynamic

d*#12 in certain studies authors rely on theoretical simplifications (e.g.,

stress are calculate
considering only 1D or 2D flows) to do approximate formula-based calculations™™. Tt is
common to see that in many studies the term shear stress is used interchangeably with
the total hydrodynamic stress without actually highlighting the normal/shear distinction”.

As will be discussed in this work, there are differences in the calculation of these terms in



respective studies. Therefore, our aim is (i) to clarify how these terms are defined and can
be calculated from a numerical point of view, and (ii) illustrate how the different ways of
calculating these terms can lead to different results when applied to CFD simulation data of
a specific bioreactor.

Although in some papers hydrodynamic stress is also referred to as shear stress without
a clear distinction why, one of the main reasons is the nature of their experimental meth-

ods which uses devices such as capillary /microfluidic or rotational flow ™19,

Depending
on the work, the term shear stress might actually correspond to the total hydrodynamic
stress without implying any normal and shear distinction (i.e., the magnitude that includes
both normal and shear components). A common experimental approach is to use stress sen-
sitive poly(methyl methacrylate) (PMMA) aggregates to indirectly quantify the maximum
hydrodynamic stress levels in a setup’.

Computational fluid dynamics (CFD) simulations allow local hydrodynamics to be cal-
culated for different stirrer speeds and tank geometries. As opposed to experimental ap-
proaches hydrodynamic stress can be calculated directly from the velocity fields (and tur-
bulence parameters) using first principles. A typical monoclonal antibody production can
hold 5 — 30 x 10° cells per ml1®. Considering a simulation mesh of 2 x 10% voxels for a 1 L
tank, each voxel/cell in a simulation mesh can hold 2.5 — 15 x 10? cells. This means that the
resolution of a typical CFD simulation is far from resolving the flow events at cell scale, and
the calculated values should be interpreted as average values influencing thousands of cells.

There are various ways to calculate the hydrodynamic stress using CFD simulations. The
most common way is to use the magnitude of the stress tensor. However, this method cannot
differentiate between the shear and normal components. In order to make this distinction,
one way is to rotate the stress tensor into the average flow direction®!, however this method
does not ensure that this specific frame of reference is the one maximizing the calculated
shear stress.

In this study, a third way that allows a distinction between the shear and normal com-
ponents using the principal stresses is proposed. The principal stresses correspond to the
eigenvalues of the stress tensor; therefore, they are independent of the frame of reference

selected for the calculations. Moreover, we define and explain how these scalar values are



computed from a CFD simulation. Since such CFD simulations cannot fully resolve the
turbulent fluctuations, in addition to the fluid flow based approaches, we further elaborate
on how the modeled turbulent energy dissipation rate can be utilized to quantify the tur-
bulent hydrodynamic stress. Lastly, even though it is trivial to see that these quantities
are affected differently by the components of hydrodynamic stress—and therefore quantify
different phenomena—, we use simulation results of a (previously) validated CFD model
of a bioreactor to show the relationships between these quantities in a practical industrial

application?.

2 Preliminaries

In this section a minimal set of equations and definitions that constitutes the relation between
stress, strain and deformation are given.

Stress is defined as the force per unit area acting on a surface. For a given frame of
reference the stress on an infinitesimal cubic volume element aligned with the coordinate axes

can be denoted by T;;, where the indices i,j € {1,2,3} represent the stress components;

ij>
1 indicating the direction of the force, j indicating the side that the force is acting upon
(see Figure [la for a visual depiction). The opposite-sided faces of the infinitesimal volume
element have equal stress values in opposite directions due to Newton’s 3'¢ law (also called
Cauchy’s fundamental lemma), in other words the tensor is symmetric, T;; = T;.

When the frame of reference changes, T;; transforms as a tensor, hence it is also named

(Cauchy) stress tensor®:

T = RTRT, (1)

where R is a rotation matrix. A real matrix, R € R"*", is called a rotation matrix if it has
a unit determinant, det(R) = 1, and is orthogonal, RT = R!,

Forces that are parallel to the surface are called shear, and those that are perpendicular
are called normal. That is, the diagonal terms of the stress tensor T;; correspond to normal
stresses and non-diagonal terms T); ;+; correspond to shear stresses. Note that as the frame
of reference changes (Eq. , the shear and normal components of stress would change as

well.
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Figure 1: (a) Stress tensor components for a cubic volume element. (b) (Left) Pure shear

T

deformation in x; direction and (Right) pure stretching in x; direction for a 2D body.

The relationship between the stress tensor and the fluid flow can be established using

the first order deformations, ng, where u is the velocity field. Such deformations can be
J

represented by two components, named normal (or stretching or extensional) and shear
strain. Shear strain is defined by the amount of tangential movement. For the deformed
body in Figure[1D] shear strain is defined as v = tan 6 for pure shear, and normal strain is

defined as %.

For an infinitesimal fluid volume with velocity field u, the symmetric part of the deforma-

8ui
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tion tensor, is called rate of strain (deformation) tensor—in short, strain rate—denoted

by D;;, and the antisymmetric (skew) part is called vorticity tensor denoted by E,;;**

The vorticity E;; does not deform the volume that it acts upon, but only rotates it, therefore

it does not cause any strain“.

For a given frame of reference the diagonal components of the strain rate tensor
(Djj, where i = j) correspond to normal/stretching deformations directed towards the cor-
responding axes and off-diagonal components (D;;, where i # j) correspond to shear defor-
mations parallel to corresponding axes.

For a linearly viscous (Newtonian), isotropic, and incompressible fluid the following equa-
tion holds?%:

Tij = 2uDij — pdyj, (3)

where p is called viscosity, p is pressure.



The first term (hydrodynamic stress without the hydrostatic pressure) is referred to as
the viscous stress tensor (or deviatoric stress tensor), which is equivalent to the strain rate
tensor up to a constant and denoted as . For the rest of the work, we will refer to this value
as “stress” unless explicitly specified otherwise.

Note that the coefficient in the definition of the rate of strain tensor might be different
depending on the textbook. The rate of strain tensor is sometimes defined without the 1/2
factor in Eq. [2] hence the magnitudes of the tensors have different definitions as well to

match the given definitions®”.

3 Hydrodynamic Stress Calculations

The mechanism behind how hydrodynamic stress affects living cells is an active research
field. Tt is often observed that negative effects appear once the hydrodynamic stress passes a
threshold, and the normal and shear components of hydrodynamic stress affect cell viability
differently. Nevertheless, there is no consensus on how to derive a scalar quantity from the
aforementioned tensors that describes these normal and shear components. We provide three
hydrodynamic stress parameters that can be calculated from the velocity field. In addition,
we explain how the turbulent hydrodynamic stress can be quantified.

1) Magnitude of the stress tensor. The magnitude of the (viscous) stress tensor is

defined by the following norm:
1
loll = /5 Tr(o0™) = uy/ZTR(DDT) (4)

As mentioned in the previous section the coefficient in the strain rate definition varies
between studies. It is common to refer to 7 = \/m as the strain rate magnitude, so
that it gives the magnitude of the stress when multiplied with pu.

The energy dissipation rate is tightly connected to these quantities and frequently used
to characterize the hydrodynamics of bioreactors through CFD simulations®’. It is defined
as

e = 20Tr(DDT), (5)
where v = p/p is the kinematic viscosity and p is density".
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Regardless of the used form, the magnitude of the stress represents the total force exerted
on a unit volume element, therefore it is a viable approach to examine the effects of the
hydrodynamic stress on cells. Various studies use this quantity and obtain it either through
experimental and/or CFD studies of bioreactors®®.

Given a frame of reference, the diagonal and non-diagonal values can be used to differ-

entiate normal and shear stresses®*3

. However, the magnitudes of the shear and normal
stresses depend on this—rather arbitrary—frame of reference and would give different re-
sults for different frame of references (although the total stress magnitude is invariant under
rotations). As mentioned before the stress tensor becomes diagonal in the frame of reference
defined by the principal stress axes. Moreover, for a traceless tensor (like the viscous stress
and strain rate tensors), a direction where the diagonal terms are all zero can always be
found. Therefore, the maximum values for these shear and normal stress magnitudes would
always correspond to the initial magnitude itself, as the magnitude of a tensor is invariant
under rotations. That is, this method cannot be reliably used to differentiate the normal
and shear components of hydrodynamic stress.

2) Normal and shear stresses in the average velocity frame of reference. In this
method the average velocity direction is selected as the frame of reference and the normal
and shear components are calculated by rotating the stress tensor on this frame of reference.
Kaiser et al.®! and Wollny“! refer to Langer and Deppe“® in order to argue how and why
these components need to be separated for a better assessment of stress on cells. In short,
the frame of reference is transformed so that the first axis is aligned with the average velocity
direction. In this new frame of reference, the stress tensor can be calculated by rotating the
initial stress tensor using axis transformation, i.e. ¢/ = RoRT. See Wollny?! for the details
of the calculation; Werner et al.®? and Kaiser® as further studies using this approach.

Although intuitively this may seem to be a reasonable approach, it is unclear why the
definition of the shear and normal components of the stress depends on the average velocity
direction. As a counter example, consider a volume in a stationary point in the volume with
non-zero shear force, with this method one cannot complete the calculations since the average
velocity is zero. Moreover, this average velocity direction often does not correspond to the

direction leading to the maximum normal or shear deformations. Therefore, this approach



is not optimal for distinguishing the normal and shear strain. As a result, researchers who
believe that shear stress is the main determinant for cell viability would systematically
underestimate the maximal shear strain a cell faces when using this method.

3) Principal stress components. Instead of using a specific frame of reference as in
the previous method, finding the direction which maximizes the relevant deformation is a
valuable alternative. This maximization is quite straightforward using the invariants of the
stress tensors, called principal stresses (or strain rates). Principal stresses are well examined
quantities in various textbooks®?.

For any symmetric tensor, one can always find a rotation matrix R which diagonalizes the
tensor®d, That is, we can always rotate our frame of reference where o/ = RoR' is diagonal

in this rotated frame, i.e. o; = A\;0;;. These ordered eigenvalues are called principal stresses:

(
o1 0 0 o1 = maX{/\l,/\27/\3},
0 o 0], whereq gy = min{\;, Ay, A3}, (6)
0 0 o3 oy = tr(o) — o1 — 03

(
The eigenvectors corresponding to these eigenvalues are called principal directions, and
they form the principal coordinate frame. Note that in this frame of reference the deforma-
tions are purely normal, meaning the highest absolute eigenvalue corresponds to the largest
normal deformation. There are studies using this eigenvalue to characterize the stress in
bioreactors0.
For an arbitrary surface/direction, the shear and normal components of the stress can

be found using the Mohr’s stress representation plane®”. The maximum shear stress can be

calculated using the principal stresses:

1
Oshear, max — 3 (Ul - 03> . (7)

2

For two dimensions the maximum shear direction is the 45° angle between maximum and
minimum principal stress directions (see|Figure 2)). In general, the following values are called

principal shear stresses (they correspond to the shear stress value on the octahedral plane):

1 1 1

Oshear,1 = 5 (Ul - 03) » Oshear, 2 — 5 (01 - 02) » Oshear, 3 — 5 (02 - 03) .



By definition, 0y and Oghear,max do not depend on a single frame of reference as opposed to
the second method, instead they represent the highest possible deformations given a certain
stress.

Omin

0 max
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2

Figure 2: Visual explanation of the maximum shear direction, which is 45° between maximum

and minimum principal stress directions.

4) Quantifying the effect of turbulence.

In the previous paragraphs, we described three different methods that allow the cal-
culation of the relevant hydrodynamic stress parameters from velocity fields. However, in
real-world applications, even for lab-scale reactors, it is not feasible to measure (e.g., via
Laser Doppler Velocimetry, or Particle Imaging Velocimetry) or calculate a high resolution
velocity field (both spatially and temporally) that is sufficient to resolve the turbulent flows
affecting the living organisms. In particular, the CFD studies of bioprocesses cannot use a
direct numerical simulation (DNS), but instead they use turbulence models such as Reynolds-
averaged Navier-Stokes (RANS), large eddy simulation (LES), and Reynolds stress equation
model (RSM). These models separate the mean and the fluctuating parts of the velocity field
and model the turbulent effects of the fluctuating part via additional Reynold stress terms
in the Navier-Stokes (NS) equations.

These turbulence models can be used to estimate the hydrodynamic stress effect of the
turbulence on the living cells. Even though quantifying the effect of turbulence—for all tur-
bulence models—is not the major goal of this letter, we highlight the following two important
points: (i) deformation tensor based approaches cannot be readily applied to turbulence mod-
els (see below), and (ii) a simplified analysis can assume that turbulent (fluctuating) and

mean hydrodynamic stress parameters can be studied separately, and their effects can be



added.

In the CFD analysis part of this study we used the k-e¢ turbulence model, which is shown
to be effective in predicting the hydrodynamic properties in this and similar setups““. In the
k-¢ model (also in many other turbulence models) turbulent kinetic energy is assumed to be
isotropic, therefore it cannot predict any non-isotropic deformations coming from turbulent
forces. This means that the turbulent hydrodynamic stress parameters calculated from
the model parameters should only be used in magnitudes, as there is no mechanistic way
to distinguish the normal and shear components as in the other methods without further
assumptions. In some studies further physical assumptions are made to find an estimate
normal and shear components of the total stress magnitude®®? however the validity of
these approaches has not been studied in similar—bioprocess—setups.

The turbulent energy dissipation rate can be used to characterize the various bioreactors
in order to quantify the corresponding hydrodynamic stress it induces on the cells®. Be-

0

sides its usage in CFD studies, it is also used in experimental studies®’. The total energy

dissipation can be determined by the mean and turbulent components as
€total = € + Eturb = 2(V + Vturb>Tr(DDT)7 (8)

where vy, is the turbulent kinematic viscosity and D corresponds to strain rate of the mean
flow. Similar to [Equation 5| one can calculate the turbulent strain rate magnitude by

€turb
Tturb = t;r . (9)

It is important to highlight that turbulent flows are inherently chaotic consisting of small
scale fluctuations, and the turbulence models aim to model the effects of these turbulent
flows by making certain physical assumptions. In this case, turbulent energy dissipation rate
needs to be treated as a random variable with a probability distribution. The instantaneous
energy dissipation rate, therefore, might be much higher or lower at a given point. See

Morshed et al., for a detailed discussion (with a focus on turbulent blood flows)4L.
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4 Results and Discussions

In the previous section, three methods that allow to calculate hydrodynamic stress were
described. In order to test and compare these hydrodynamic stress parameters, we applied
them to a CFD simulation of a stirred and sparged bioreactor. The bioreactor is a 3 L Mo-
bius CellReady bioreactor (Merck KGaA, Darmstadt, Germany) with a microporous sparger
(gas flow rate at 0.02 L/min) and a marine-blade impeller with three blades (rotating at
250 rpm). See for a visual illustration of the setup. This simulation setup has pre-
viously been developed in a study and validated with experimental measurements for various
physical quantities (mixing time and specific oxygen mass transfer coefficient)?2. The CFD
modeling assumptions and choices—that are also made in this work—closely follow the pre-

vious work and are known to be effective in predicting the hydrodynamic properties of similar

bioreactors™®243,

Strain Rate Magnitude [s 1]

Figure 3: Snapshot of the strain rate magnitude of the bioreactor at t = 1 s. The green and

orange lines above and below the impeller denote the path used for the comparison plots.

igure 4] shows a comparison between different hydrodynamic stress parameters over two
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Figure 4: Comparison of different hydrodynamic stress parameters over the lines at different
heights of the bioreactor. The turbulent strain rate magnitude is indicated with a dashed
purple line and has a second y-axis due to scale difference. The location of the impeller shaft

and the measurement probes are shaded in gray.
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Table 1: The Spearman (lower triangle values) and Kendall (upper triangle values) correla-

tions for the relevant hydrodynamic stress parameters.

Kendall | Strain Rate Maximum Shear Shear Strain Rate Maximum Principal

Spearman Magnitude Strain Rate Average Flow Strain Rate
Strain Rate 1.000000 0.980557 0.749887 0.966495
Magnitude

Maximum Shear

X 0.999257 1.000000 0.750579 0.948348
Strain Rate
Shear Strain Rate 0.898023 0.898397 1.000000 0.745956
Average Flow
Maximum Principal | go04 0.995853 0.896303 1.000000

Strain Rate

transects through the bioreactor. The first transect is positioned above the impeller and the
second transect is placed beneath the impeller. They intersect various walls, such as im-
peller shaft and measurement probes, as indicated with green and orange lines in [Figure 3]
It can be observed that all three methods provide different hydrodynamic stress patterns
over the sample line. Assuming that the cell viability and growth is abruptly affected after
crossing a threshold in the stress value, these different approaches would give different nu-
merical results. Even though these quantities are different numerically, it can be observed
that some of them exhibit quite similar patterns. To quantify this similarity the Spearman
and Kendall correlations are calculated throughout the bioreactor (Table 1)). If a—possibly
nonlinear—monotonic relation exists among two datasets, both of these correlation mea-
sures give values close to 1. Kendall correlation is considered to be more robust against
outliers. The very high correlations between the strain rate magnitude and the values from
the principal strain rates suggest that thresholds found for one quantity can be transformed
in a corresponding threshold for another quantity that will generally lead to a highly similar
partitioning of a bioreactor in regions that are harmful or not for cell viability. Moreover,
these results also suggest that for this setup the maximum values that normal and shear
strain rate take are very close both in magnitude and in terms of correlation; therefore, both
normal and shear forces could play an important role in the cell viability. On the other hand,
the method with the average velocity frame of reference has a different behavior as opposed

to the other methods, which is reflected in and in

Since experimental studies suggest that the detrimental effects of stress become prominent
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only after it passes a certain threshold, using the magnitude might be misleading instead
using “one-dimensional” values like principal stress components can be preferred. Moreover,
most formula-based approaches are also not magnitude based, therefore comparing various
studies would be more reliable with these approaches.

When comparing different stress and strain thresholds from various studies, there are a
few points that need to be considered. Firstly, one needs to consider how viscosity plays a
role in cell damage and decide whether it is the force on a surface (quantified by stress) or
the deformation (quantified by strain rate) that adversely impacts the cell viability or its
production efficiency. Stress values could take much different values for the same strain—thus
same deformation—, so simply comparing these values among different studies might be
misleading. Secondly, as discussed in this work, some approaches use magnitude as a sum of
various strain components, and the others use single values, comparing these values might
cause wrong implications for the setup under investigation. This argument also extends to
the formulas determined by either theoretical assumptions or experimental results. Lastly, we
would like to stress once again (see that the selected coefficient in the definition
of stress-strain relation (and their magnitudes), might be different from study to study
depending on the definition that authors have selected (or that the software used). Therefore,
corresponding values might need to be scaled up or down by a factor of two, before comparing
them among different studies.

If the normal and shear distinction of the hydrodynamic stress is not crucial to the process
under consideration, the magnitude of the stress tensor is the most straightforward way to
quantify this parameter. However, if a distinction is necessary, using the principal stress
components to calculate the maximum normal and shear is the most suitable way to achieve
this distinction properly.

As mentioned before, in this work, we used the k-¢ model to calculate the turbulent hy-
drodynamic parameters. The turbulent strain rate magnitude calculated from the modeled
turbulent kinetic energy is found to be on average 9.7 times larger than the mean flow strain
rate magnitude in this setup, which is also reflected in Figures [4 and [} But the maximum
value they take throughout the reactor is found to be close to each other (turbulent: 8983.6

s~ mean flow: 7863.3 s7!). As discussed before, the turbulent strain rate magnitude needs
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Figure 5: Strain rate magnitude calculated for the mean (left) and turbulent flows (right).

to be considered as a potential additional source of deformation in addition to the mean flow
based calculations, therefore it is not added to the correlation analysis. Although theoret-
ically these quantities represent the same physical parameters, their potential meaning in
terms of small scale deformations—in a bioprocesses—is different. The strain rate calculated
(or measured) from the mean flow, exerts deformation on a volume element as explained in
However, whether the turbulent strain rate calculated from the turbulent energy
dissipation would deform the cells in the same mechanism or not is an open question. As
we are not resolving the turbulent eddies directly, we need to consider further aspects in
order to address this issue. One possible aspect that is frequently raised in similar studies is
the Kolmogorov length scale. This parameter represents the size of the smallest turbulent
eddies, below which the turbulent energy is fully dissipated into heat; and therefore argued
to be important when it is close to the size of the cells inside a bioreactor. In this setup
we observed that the minimum Kolmogorov length scale is 11.14 pm and comparable to the
mammalian cell size (10-20 pm), whereas its average value is considerably larger (104.2 pm).

This indicates that at highly turbulent regions, the strain effects of turbulence calculated

15



from the turbulent energy dissipation rate should be taken into account.

5 Conclusion

In this letter, we provided clear definitions for the most common hydrodynamic stress pa-
rameters and a numerical comparison using the CFD simulation of a bioreactor.

A properly calculated hydrodynamic stress during the design phase will ensure a reliable
process for different geometries and scales. We showed that different hydrodynamic stress
properties in certain cases can result in different results in the bioreactor, therefore has to
be treated properly. If the velocity data is acquired via CFD simulations both mean and
fluctuating velocities need to be considered. For the mean velocity field, the principal stress
based calculations allows a maximal distinction between the shear and normal components.
For the fluctuating velocity field, the turbulent kinetic energy dissipation rate can be used
to calculate the hydrodynamic stress magnitude. Assuming that the isotropicity argument
of the turbulence models is valid, such distinction between normal and shear components is
not relevant for the turbulent fluctuations.

The CFD simulation that we used is representative of the typical bioreactor-level simu-
lations for similar studies. In order to better address the hydrodynamic stress calculations,
several improvements can be made on the simulation approach so that more granular fluctu-
ating velocities can be resolved. First, using a large eddy simulation (LES) can provide more
resolved velocity at smaller scales, which could be used to further investigate the hydrody-
namic stress effects of turbulent flows. Second, the simulation can be improved by using
a finer mesh focusing only a portion of the bioreactor geometry, in particular the impeller.
This would allow for a more accurate calculation of the hydrodynamic stress around the
impeller, which is the most critical region in the bioreactor. Supported with further the
wet-lab experiments these improved CFD simulations may give further insight about the
hydrodynamic stress in bioreactors.

Especially in experimental studies without the CFD analysis, the definitions tend to
differ among different studies, since they frequently rely on certain physical assumptions and

are calculated with formulas that are based on theoretical simplifications. For those studies
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where the full hydrodynamic stress tensor is not available, it is difficult—if not impossible—
to compare different studies. Therefore, for a proper identification of the relevant critical
parameters of a (bio)process, we suggest a CFD analysis of the flow would give proper
insights to the designer. In this aspect, we believe this work would provide a guidance to
those experimental studies in selecting the most relevant hydrodynamic stress parameter

affecting the living cells.
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