
 
 

Delft University of Technology

Implicit large eddy simulations for hydrodynamic stress characterization in 125mL shake
flasks for stem cell cultures

van Valderen, Ramon D.; Juarez-Garza, Brenda E.; Klijn, Marieke E.; Ottens, Marcel; Haringa, Cees

DOI
10.1016/j.bej.2025.109734
Publication date
2025
Document Version
Final published version
Published in
Biochemical Engineering Journal

Citation (APA)
van Valderen, R. D., Juarez-Garza, B. E., Klijn, M. E., Ottens, M., & Haringa, C. (2025). Implicit large eddy
simulations for hydrodynamic stress characterization in 125mL shake flasks for stem cell cultures.
Biochemical Engineering Journal, 219, Article 109734. https://doi.org/10.1016/j.bej.2025.109734

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.bej.2025.109734
https://doi.org/10.1016/j.bej.2025.109734


Implicit large eddy simulations for hydrodynamic stress characterization in 
125 mL shake flasks for stem cell cultures

Ramon D. van Valderen 1, Brenda E. Juarez-Garza 2, Marieke E. Klijn 3, Marcel Ottens ,  
Cees Haringa *,4

Delft University of Technology, Van Der Maasweg 9, Delft, Zuid-Holland 2629 Hz, the Netherlands

A R T I C L E  I N F O

Keywords:
Computational fluid dynamics
Lattice Boltzmann method
Implicit large Eddy simulations
Stem cell cultures
Shake flasks
Hydrodynamic stress

A B S T R A C T

Cell therapies based on inducible pluripotent stem cells offer promising new treatments for a variety of different 
illnesses. However, the sensitivity of stem cells to hydrodynamic stress makes developing reliable stem cell 
production processes challenging. Understanding hydrodynamic stress conditions experienced by stem cells 
during early-stage process development is important to guide scale-up and design scale-down experiments. We 
characterize the hydrodynamic stresses in a 125 mL shake flask using Lattice-Boltzmann implicit large eddy 
simulations (LB-ILES). First, we validated the LB-ILES shake flask simulations using volumetric power input 
measurements and experimental liquid distribution data showing good overall agreement, while also numerical 
challenges of the LB-ILES method regarding grid and time step dependencies are discussed. The mean shear stress 
in the shake flask increases from 0.01 to 0.24 Pa when increasing the shaking frequency from 55 to 250 rpm, and 
the mean Kolmogorov length scale decreases from 185 to 51 μm. Furthermore, time-averaged distributions of the 
shear stress and Kolmogorov length scales were evaluated and compared to reported stress thresholds for stem 
cells. Based on the shear stress and Kolmogorov length scale distributions, our developed shake flask CFD model 
can help to design small-scale experiments to characterize stem cell cultures in terms of their hydrodynamic 
stress tolerance, and ultimately guide scale-up stem cell cultures to larger cultivation systems.

1. Introduction

Human inducible pluripotent stem cells (iPSC) hold great potential 
for the development of new stem cell-based therapies to treat many 
illnesses, such as Parikinson’s, multiple sclerosis (MS), and sickle cell 
disease [1–3]. To obtain a sufficient number of cells for such therapies, 
upscaling of the stem cell production process is needed under 
well-defined process conditions [4]. In recent years, protocols emerged 
to expand and differentiate iPSCs in a well-controlled manner by 
creating embryoid bodies (EBs), which are 3D iPSC aggregates with the 
ability to differentiate into cells of all three germ layers [5,6]. Stem cell 
production through 3D aggregates (e.g., EBs, spheroids or adherent cells 
to microcarries) enables the cultivation in stirred-tank bioreactors as a 
suspension culture, allowing tight control of process variables such as 
pH, temperature, and dissolved oxygen concentration [7]. However, 

scaling up stem cell production to large-scale bioreactors remains 
challenging, in particular due to the sensitivity of stem cell cultures to 
hydrodynamic stress. [8–11]. Unfortunately, it becomes prohibitively 
expensive to evaluate different process operating conditions at produc
tion scale, especially due to the high associated media costs of iPSC 
cultures [12]. It would therefore be useful to have simple lab-scale ex
periments to assess the sensitivity of stem cell cultures to hydrodynamic 
stress, which translate easily across scales.

Shake flasks are an example of a commonly used lab-scale system in 
cell cultures, due to their ease of operation and low costs [13]. Aglialoro 
et al. [14] showed that shake flasks can generate sufficient hydrody
namic stress to induce a strong mechanosensor stress response in single 
cell erythroblasts cultures, and could therefore be suited systems for 
scaled-down hydrodynamic stress sensitivity experiments. However, the 
translation of operating conditions from shake flask to stirred-tank 
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bioreactor is not trivial, as the mechanism to induce fluid motion is 
fundamentally different. This means it is important to understand the 
local hydrodynamic conditions in shake flasks, and how the shake flask’s 
operating conditions (e.g., shaking frequency) modulate the hydrody
namic stress experienced by cells. This ensures the basis for a funda
mentally sound approach to design a scale-down experiment using shake 
flasks to approximate the hydrodynamic stress of large-scale cultivation 
systems, such as stirred-tank bioreactors.

The importance of the hydrodynamic characterization of shake flasks 
has been acknowledged. For example, different mathematical models 
were developed to describe the fluid motion in shake flasks [15,16]. 
Furthermore, Büchs et al. [17] developed a set of empirical correlations 
to determine sensible shake flask operating conditions based on 
dimensionless numbers, namely the shake flasks’ Reynolds number (Re) 
and Phase number (Ph). These models and empirical correlations allow 
for a quick estimate of important engineering parameters, such as mass 
transfer and power consumption, but are unable to quantify local hy
drodynamic stresses inside the shake flask.

Computational fluid dynamics (CFD) is a numerical technique to 
simulate complex fluid flows, and can be used to obtain a detailed and 
local description of a fluid, from which important hydrodynamic stress 
parameters can be determined. In the bioprocess industry, CFD simu
lations are nowadays used routinely to characterize stirred-tank bio
reactors [18–20]. Although less common, CFD has also been applied to 
characterize the flow in shake flasks, mostly focusing on mass transfer, 
volumetric power input, and shear rates [21–23]. Liu et al. [24] per
formed an analysis of hydrodynamic stress in shake flasks using CFD for 
plant cell suspension cultures, where calculations of shear damage on 
large diameter plant aggregates were included. Dinter et al. [23]
developed a 250 mL shake flask CFD model and extensively validated 
their model on experimental data of liquid heights and volumetric 
power inputs at water-like (1 mPa⋅s) and moderate viscosities (16 mPa⋅ 
s). In follow-up work, Dinter et al. [25] extended the validation to liq
uids with high viscosity (100 mPa ⋅ s). However, all of these CFD studies 
focused on larger shake flasks with volumes between 250 and 500 mL, 
with shaking diameters between 25 and 50 mm. Consequently, due to 
the larger shake flask size and shaking diameter, most of these studies 
focus on more turbulent flow conditions (Re > 25, 000), which are 
typically avoided when cultivating iPSCs and EBs. For such stem cell 
cultures, typically smaller shake flasks with smaller shaking diameters 
are used to avoid such turbulent flow conditions, as well as to reduce the 
required amount of expensive media.

Next to the lack of relevance of the previous work to cell cultures, all 
aforementioned CFD shake flask models are based on Finite Volume (FV) 
Reynolds Averaged Navier Stokes (RANS) models. Although powerful 
and well-established, FV methods require significant computational re
sources as the computations can only be parallelized to a certain degree. 
To reduce computational costs, FV methods are often combined with 
RANS-based turbulence models, which only provide a time-averaged 
turbulence representation of the Navier-Stokes equations. Conse
quently, temporal turbulence fluctuations cannot be captured including, 
for example, short-term fluctuations in shear stresses that might affect 
cultivation of iPSCs or EBs. Moreover, deciding which RANS-based 
turbulence model is most suited for modeling fluid flow in a shake 
flask is not obvious, as previous studies have used a variety of RANS- 
based turbulence models including standard k-epsilon, RNG k-epsilon 
and k-omega SST [21–24].

Recently, the Lattice Boltzmann (LB) method has gained more trac
tion for simulating fluid flows, as its parallelizable numerical scheme 
results in fast computation times on modern graphics processing units 
(GPUs). Rather than discretizing the Navier-Stokes equations directly, as 
done in the FV method, the LB method discretizes the Boltzmann 
equation from which the macroscopic incompressible Navier-Stokes 
equations can be recovered [26]. Nowadays, a variety of available LB 
code implementations exist including open-source, such as OpenLB, as 
well as commercial codes, such as M-Star CFD. The speedup of LB codes 

over more traditional FV-RANS methods allows for the more routine use 
of highly resolved turbulence models such as large eddy simulations 
(LES), which has the ability to explicitly capture more details of the 
turbulent energy spectrum. This speedup also makes it easier to simulate 
longer process times and add more complex physics. These advanced 
capabilities are reflected by the use of LB-LES for stirred-tank bio
reactors to simulate free surface oxygen transfer, particle suspension, 
and proportional-integral-derivative (PID) controller functionalities 
[27–29]. Haringa [30] used LB-LES to simulate cellular lifelines in an 
industrial-scle stirred tank bioreactor, which enabled simulation of 
many Lagrangian particles at tractable computational times. Šrom et al. 
[31] used LB-LES to determine the maximum hydrodynamic stress at 
different bioreactor scales for mammalian cell cultures and experimen
tally validated the simulations using shear sensitive micro-probes. 
LB-LES could be used in a similar manner to simulate shake flasks 
fluid flow for cell culture processes by investigating, for example, hy
drodynamic stresses, oxygen transfer, and cellular lifelines. However, to 
our knowledge, LB-LES has not yet been used to simulate shake flask 
fluid flows.

Accurately capturing the free surface dynamics becomes important 
when simulating shake flask fluid flow, and requires extension of the LB 
framework to handle multiphase systems. Many multiphase LB methods 
exist that deal with modeling the internal interfaces between two 
immiscible fluids [32]. Traditionally, LB-CFD has difficulties simulating 
high-density and high viscosity ratios. Given that most cell culture 
media have properties close to water, simulating a shake flask requires 
an LB method that can handle such high density (≈ 1000) and viscosity 
(≈ 70) ratios. Fortunately, many advances have been made to improve 
stability of multiphase LB methods. For example, Sitompul and Aoki 
[33] proposed a multi-phase LB method to simulate two-phase flows at 
high density and viscosity ratios, and at high Reynolds numbers (> 105) 
which requires numerical stability at fast topological changes of the 
interface. Their LB method (CPH-CM-LB) uses a cumulant collision 
model (CM) to improve stability, combined with a conservative 
phase-field (CPH) LB method for interface capturing [34,35]. In addi
tion, Sitompul and Aoki [33] included second-order filters for the 
pressure and velocity fields to improve stability. Since the flow in shake 
flasks generally does not exceed Reynolds numbers above 40,000; the 
CPH-CM-LB method should be more than capable to simulate two-phase 
shake flask flow. Recently, the CPH-CM-LB method based on the work of 
Sitompul and Aoki [33] has been made available in the commercial 
software M-Star CFD.

Interestingly, in the cumulant-based LB method by Geier et al. [34], 
and later further improved by Geier et al. [36], no explicit turbulence 
model is added. This means that all missing sub-grid scale dissipation is 
introduced by selective damping of small-scale fluctuations, which 
happens primarily through the relaxation mechanism of higher-order 
cumulants. When additional implicit filters of the pressure and veloc
ity fields are used, as done by Sitompul and Aoki [33], even more nu
merical dissipation is introduced. The introduction of all sub-grid 
dissipation by the numerical truncation error is known as implicit large 
eddy simulations (ILES) [37]. This is contrary to standard LES where the 
sub-grid dissipation is added explicitly by a physically motivated tur
bulent viscosity. The advantage of ILES in LB frameworks is that 
implementation is straightforward and does not require additional 
sub-grid-scale equations to be solved, thus making it computationally 
more efficient. However, tuning of the relaxation rate and filter pa
rameters is often done heuristically without any particular physical 
basis. Furthermore, the relaxation rate and filter parameters are directly 
coupled to the grid and time resolution, meaning that the LB-ILES 
simulated dissipation might be grid and time step dependent. Conse
quently, it is not guaranteed that the dissipation introduced by LB-ILES 
scales appropriately with the turbulent energy cascade. Therefore, it is 
important to quantitatively validate LB-ILES with experimental data. 
Currently, no quantitative validation studies on energy dissipation exist 
for two-phase LB-ILES [33], and only a limited number of quantitative 
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validation studies on energy dissipation exist for single-phase LB-ILES 
[36,38].

Here, we analyze the hydrodynamic stresses inside 125 mL shake 
flasks at moderate Reynolds numbers (Re ≈ 5000–25,000), a setup 
regularly used for early-stage scale-up experiments for EB-based culti
vation processes [39–41]. To simulate the two-phase shake flask fluid 
flow, we used the novel CPH-CM-LB-ILES model of M-Star CFD to 
simulate two-phase shake flask fluid flow. For simplicity, in this text we 
will refer to this CPH-CM-LB-ILES method as simply LB-ILES.

We first validated the two-phase LB-ILES approach for modeling 
shake flask flow. We considered careful validation critical, given the 
relative novelty of the used LB-ILES method, and since only a limited 
amount of studies have focused on quantitatively validating this 
method. Therefore, we first simulated a 250 mL shake flask and 
compared it to already existing mean energy dissipation rate reference 
data, covering a wide range of Reynolds numbers (Re = 1250 − 40, 000). 
Subsequently, we assessed the quality of our 125 mL shake flask of in
terest using an empirical correlation for the mean energy dissipation 
rate, and by comparing the simulated liquid distributions with experi
mental liquid distributions. Based on this quantitative validation the 
accuracy and challenges of two-phase LB-ILES are discussed in more 
detail, specifically regarding grid and time step dependencies.

After model validation, we analyzed the hydrodynamic stresses in
side the 125 mL shake flask by comparing the shear stress distributions 
(τ) and Kolmogorov length scales (λk) for a range of different shaking 
frequencies, and compared those to reported stem cell cultivation con
ditions in literature. To conclude, we reflect on the possibilities and 
challenges that LB-ILES methods offer for accurately simulating shake 
flask fluid flows, and how such methods to quantify hydrodynamic 
stresses help in scaling up stem cell culture processes.

2. Material and methods

2.1. Flask setup

The shake flask studied in this work was a 125 mL shake flask with a 
maximum inner shake flask diameter of 63.5 mm (Fig. 1). During the 
simulations, the shaking diameter was set at 19 mm with a filling vol
ume of 12.5 mL (10 % WV). The shaking frequencies were varied be
tween 55 and 250 rpm.

2.2. Immiscible two-fluid flow simulations

We used M-Star CFD software v3.11.33 to simulate the two-phase 
fluid flow, which uses the Lattice-Boltzmann (LB) method to solve the 
incompressible Navier-Stokes equations: 

∇u = 0, (1) 

∂u
∂t

+ u⋅∇u = ν∇2u + g −
∇p
ρ +

1
ρfb +

1
ρfs. (2) 

Here, the local fluid velocity at time t is described by u, the gravi
tational acceleration by g, the pressure by p, the fluid density by ρ, the 
fluid kinematic viscosity by ν, the body force density by fb and the sur
face tension force per unit mass by fs. The software numerically solves 
the lattice Boltzmann equation: 

fi(x + ciΔt, t + Δt) = fi(x, t) + Ωi(x, t). (3) 

This describes the fluid as a set of discrete particles distributions fi(x, 
t), which move with velocity ci to a neighboring lattice point x + ciΔt at 
the next time step t + Δt, which is called the streaming step. At the same 
time, particles are redistributed among the populations fi during the 
collision step via the collision operator Ωi(x,t) [26]. In M-Star CFD, we 
chose to model both the liquid and gas phase explicitly using the 
Immiscible Two Fluid (ITF) model with the High Density Ratio 
(ITF-HDR) option enabled. This was motivated by our observations that 
M-Star CFD’s Free Surface (FS) model, where the fluid dynamics of the 
empty space are not modeled explicitly, resulted in incorrect fluid 
behavior (see Figure A.10 of the supporting information). The model 
uses a cumulant based collision operator to relax fi to its equilibrium 
state feq

i [34]. M-Star’s ITF-HDR model includes additional improve
ments of the cumulant lattice Boltzmann method as described in Geier 
et al. [36], which include optimized relaxation rate parameters to obtain 
fourth order accurate diffusion (section 5 in Geier et al. [36]) and 
relaxation rate limiter (section 6 in Geier et al. [36]) to improve 
stability.

The interface tracking is done using a conservative phase-field lattice 
Boltzmann method based on the Allen-Cahn equation [35,42]. The two 
fluids are modeled as a single fluid where the density ρ and kinematic 
viscosity ν are defined using 

ρ = ρ1 + ϕ(ρ2 − ρ1), (4) 

ν = ν1 + ϕ(ν2 − ν1). (5) 

Here, ϕ is an order parameter that distinguishes the two fluids 
(subscripts 1 and 2, respectively). The interface between the gas and 
liquid phase is described by the spatio-temporal evolution of ϕ using: 

∂ϕ
∂t

+∇⋅ϕu = ∇

⎡

⎢
⎢
⎢
⎣

M

⎛

⎜
⎜
⎜
⎝
∇ϕ −

1 − 4
(

ϕ − 1
2

)2

W

⎞

⎟
⎟
⎟
⎠

n

⎤

⎥
⎥
⎥
⎦
, (6) 

where M is the mobility parameter, W the interface width and n the 
normal vector.

During the simulation the energy dissipation ε is calculated using: 

ε = 2ν
∑

i,j
Si,jSi,j. (7) 

Here, ν is the fluid kinematic viscosity and Si,j the norm of the 
resolved strain rate tensor. In the LB method, the strain rate tensor Si,j 
can be obtained locally from the second order cumulants, as described in 
[36].

In this work, the liquid phase was assumed to have water-like 
properties at 37∘C with a density of 993 kg/m3 and kinematic viscos
ity of 6.96 ⋅ 10− 7 m2/s. The modeled gas phase had air-like properties 
with a density of 1.138 kg/m3 and kinematic viscosity of 1.67 ⋅ 10− 5 m2/ 

Fig. 1. Geometry of 125 mL shake flask.
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s. The gravitational constant was set at 9.81 m2/s, and surface tension at 
0.07 N/m.

We used M-Star CFD’s Orbital Shaking acceleration function to 
model the shake flask motion, which adds a cyclic centrifugal acceler
ation to each fluid element on the x-z plane based on its position and 
time [24]: 

ax = ω2r⋅cos(ωt), (8) 

az = ω2r⋅sin(ωt), (9) 

where ω describes the angular velocity, r the radius of the shaker motion 
and t the time.

Similarly as in the work of Sitompul and Aoki [33], a D3Q27 lattice 
was used which is needed for stability. To reduce computational costs, 
only part of the shake flask geometry was used during the simulations by 
filling the domain with lattice points up until a height of 4 cm. A no-slip 
boundary condition was used at the shake flask wall. At the top of the 
lattice domain, where the gas phase starts, a pressure boundary was 
defined using 101,325 Pa. All boundaries were set to grid-aligned 
half-way bounce-back boundaries. Based on the grid dependence 
study, we found that 40 million lattice points (400 lattice points across 
shake flask diameter), with a Courant number of 0.01, was optimal in 
terms of simulation accuracy. A standard desktop containing an NVIDIA 
RTX3090 24 GB GPU was used for all simulations, which enabled an 
average computational speed of 0.125 s of simulation time per hour of 
computational time. Data post-processing was done using Python 3.9.16 
and Paraview 5.10.1.

2.3. Energy dissipation rate correlation

In unbaffled shake flasks, the average energy dissipation rate (ε) may 
be calculated using the correlation of [43]: 

ε = Né ⋅n3⋅d4⋅V− 2∕3
L , (10) 

where n is the shaking frequency in s− 1, d the maximum inside shaking 
flask diameter in m, VL the filling volume in m3. The modified power 
number Né  can be determined with: 

Né = 70⋅Re− 1 + 25⋅Re− 0.6 + 1.5⋅Re− 0.2, (11) 

where, 

Re =
ρ⋅n⋅d2

μ , (12) 

where ρ is the fluid density in kg/m3 and μ the dynamic fluid viscosity in 
Pa ⋅ s.

2.4. Energy dissipation rate calculations from simulations

For each lattice point i, the local energy dissipation rate in the liquid 
phase (εL,i) is determined by: 

εL,i = εi⋅fL,i, (13) 

where εi is the total energy dissipation rate and fL,i the liquid volume 
fraction in the lattice point. We then calculated the mean energy dissi
pation rate in the liquid phase εL using the weighted average of each cell 
with respect to each volume fraction: 

εL =

∑
iεi⋅fL,i

∑
fL,i

. (14) 

The value of εL was determined for each transient simulation after 
pseudo steady-state of ε was reached. To simplify, we will refer to εL with 
ε as only the energy dissipation in the liquid phase is of interest in this 
work.

The mean energy dissipation rate ε is related to the volumetric power 
input P

VL 
by: 

ε⋅ρ =
P
VL

, (15) 

where P is the total power input in J/s. Equation (15) is used to compare 
the simulation results to the volumetric power input measurements by 
Dinter et al. [23].

2.5. Hydrodynamic stress calculations from simulations

The viscous stress tensor τi,j is determined from the strain rate tensor 
using: 

τi,j = 2ρνSi,j. (16) 

The shear stress magnitude τshear is then determined by computing 
the Euclidean norm of the off-diagonal terms of the viscous stress tensor: 

τshear =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

i∕=j
τ2

i,j

√
. (17) 

The Kolmogorov length scale is defined as: 

λk =

(
ν3

ε

)1∕4

, (18) 

where ν is the fluid kinematic viscosity and ε the local energy dissipation 
rate. To obtain distributions of τ and λk, simulation data from 2 full 
rotations, with 8 sample times per rotation, were combined and used to 
determine the distributions. The simulation data was collected after 2 s 
of flow time, so that the shake flask fluid flow reached pseudo steady- 
state. We used a liquid volume fraction fL cutoff larger than 0.5 to 
construct the distributions, as values close to the liquid interface fL < 0.5 
exhibited nonphysically high values in some cases, which is likely 
caused by numerical inaccuracies.

2.6. Shake flask liquid distribution experiments

To experimentally validate the predicted liquid distributions, an 
unbaffled polycarbonate shake flask with a total volume of 125 mL 
(Corning, New York, United States of America) was agitated on an 
orbital shaker with a 19 mm shaking diameter (Thermo Fisher Scientific 
Inc., Waltham, United States of America). We used a digital photo 
camera (Canon, Japan) to capture the liquid distribution inside the 
shake flask at various time points. To increase the contrast, the water 
was stained with black food coloring.

2.7. Simulations of 250 mL shake flask

For LB-ILES validation, we simulated a 250 mL shake flask with both 
a filling volume of 25 mL and 40 mL and a kinematic fluid viscosity of 
both 1 and 16 mm2/s. Shaking frequencies were varied between 180 and 
380 rpm using a shaking diameter of 25 mm and a contact angle of 20 
degrees. The glass shake flask geometry and all other physical parame
ters were kept identical to the simulations performed by Dinter et al. 
[23]. For this system, we found that 34.1 million lattice points (400 
lattice points across the shake flask diameter) with a Courant number of 
0.01, at a maximum domain height of 4.5 cm, was optimal in terms of 
accuracy.

3. Results

3.1. LB-LES model validation using experimental data of a 250 mL shake 
flask

For validation of the LB-ILES method, we compared simulations of a 
250 mL shake flask to experimental and simulated volumetric power 
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input (P∕V) data reported by Dinter et al. [23]. We use this data to 
validate the LB-ILES simulated mean energy dissipation rate (ε) using its 
relation with the volumetric power input (Equation 15) for different 
shaking frequencies from 180 to 380 rpm, kinematic viscosities of 1 and 
16 mm2/s and a filling volume of 25 mL (Fig. 2).

For the higher viscosity of 16 mm2/s (Re ≈ 1250–2500), the LB-ILES 
simulated ε aligns closely to the measured ε by Dinter et al. [23], with an 
average deviation of 0.40 W/kg (relative deviation of 10.8 %) (Fig. 2B). 
We also compared our LB-ILES simulations to the Finite Volume (FV) 
k-omega SST simulations from Dinter et al. [23] (Fig. 2; square symbols), 
which showed an even closer agreement with our model with a mean 
deviation of 0.18 W/kg (relative deviation of 3.8 %). For simulations at 
a viscosity of 1 mm2/s (Re ≈ 20,000–40,000), the predicted ε is again in 
close agreement with the reference data (Fig. 2A). Only at Re > 37, 000, 
a slight under-prediction of ε was observed. For this low water-like 
viscosity, the LB-ILES simulated ε had an average deviation of 0.18 
W/kg (relative deviation of 21.6 %) from the measurements of Dinter 
et al. [23] and 0.15 W/kg from the simulations of Dinter et al. [23]
(relative deviation of 13.2 %). For both viscosities, the empirical cor
relation of Büchs et al. [43] correlates well with our simulations and the 
work of Dinter et al. [23], demonstrating the usefulness and accuracy of 
this correlation for a wide range of operating conditions. Similar 
agreement of our simulation data with the reference data was found for a 
higher filling volume, demonstrating the capabilities of LB-ILES to 
simulate a wide range of shake flask operating conditions (40 mL, see 
Figure A.11 of the supporting information).

However, grid convergence was not yet observed for the simulations 
at a water-like viscosity of 1 mm2/s. At Re ≈ 40, 000, refining the grid 
further helps to bring ε closer to the reference data, which would suggest 
that the LB-ILES simulations were insufficiently resolved to capture most 
of ε at these flow conditions (Fig. 3C). A similar grid dependence was 
observed at Re ≈ 20, 000, even though in this case the simulated ε was 
already close to the reference data and further grid refinement seemed to 
result in over-prediction of ε (Fig. 3B). Moreover, in both cases reducing 
the grid spacing seems to linearly increase ε, with no signs of asymptotic 
convergence. This is in contrast with the simulations at higher viscosity 
of 16 mm2/s, where grid convergence was observed (Fig. 3A). This 
convergence is expected from a well-behaved numerical method as the 
discretization errors approach zero.

This grid dependency study demonstrated that the LB-ILES method 

does not converge at low viscosities under acoustic scaling (Δt ∝ Δx) as 
done in Fig. 3, where Δt was based on a constant Courant number of 
0.01. This Courant-Friedrichs-Lewy (CFL) condition is commonly used 
in Finite Volume methods as it is directly tied to numerical stability. 
However, this is not the case for LB methods as stability is governed by 
the choice of relaxation rate parameters. The disadvantage of using 
acoustic scaling with LB methods is that the lattice Mach number (Mal) 
remains constant and therefore compressibility errors are not dimin
ished when refining the grid. Consequently, if Mal is not sufficiently 
small, these compressibility errors might dominate as Δx → 0, which 
could hinder convergence. The LB method does converge to the 
incompressible Navier-Stokes equation if the time step is scaled pro
portionally to the square of the grid spacing (Δt ∝ Δx2) [34]. This is 
called diffusive scaling and is equal to scaling the Mach number (Ma → 
0). For most of our grid refinement studies, we decided to apply acoustic 
scaling since Geier et al. [38] showed little difference between acoustic 
and diffusive scaling when applying the cumulant LB method on a 
three-dimensional Taylor-Green vortex problem with Re = 1600. 
Acoustic scaling is then advantageous, as it takes less computational 
time compared to diffusive scaling. However, as depicted in Fig. 3B and 
C, we observed a grid dependence for our simulations regarding ε when 
applying acoustic scaling at low viscosities (Re > 20, 000).

We therefore tested whether diffusive scaling would result in grid 
convergence, ensuring any compressibility effects are diminished, at a 
viscosity of 1 mm2/s where Re ≈ 20, 000. Nevertheless, grid conver
gence was still not observed (Fig. 4A). This suggests that the behavior of 
the LB-ILES method’s truncation errors is sensitive to the chosen com
bination of Δt and Δx at low viscosities. The sensitivity to the chosen Δt 
at fixed Δx of 281 μm was confirmed, where the simulation even seemed 
to diverge at very small Δt (Fig. 4B). The influence of the lattice spacing 
Δx at fixed Δt on the truncation errors using ε is more difficult to assess 
individually, as it cannot be decoupled from resolving smaller scales and 
thus resolving more ε. In general, a solution depending on the choice of 
Δx and Δt is undesirable for a numerical method. Yet, for an implicit 
large eddy simulation (ILES) turbulence model this is not completely 
surprising behavior, given that the truncation errors are being used to 
introduce sub-grid dissipation, which are inherently dependent on the 
chosen Δx and Δt.

The ratio of the grid spacing to the Kolmogorov length scale (Δx
λk

) 
gives an indication of how much of the flow is simulated explicitly. This 

Fig. 2. Comparison LB-ILES mean energy dissipation rate (circles) with volumetric power input measurements performed by Dinter et al. [23] (triangles), Finite 
Volume (FV) k-omega SST simulations from Dinter et al. [23] (squares) and empirical correlation by Büchs et al. [43] (dotted line). The error bars of our simulations 
originate from the inherent transient nature of the LB-LES method and represent the ± 2σ confidence interval. The error bars of the data of Dinter et al. [23]
correspond to the reported ± 2σ confidence interval with N = 4 (only available for ν = 1 mm2/s). The fluid flow in a 250 mL shake flask was simulated with a filling 
volume of 25 mL (10 % WV), shaking diameter of 25 mm, surface tension of 0.07 N/m, contact angle of 20 degrees was simulated for a fluid kinematic viscosity ν of 
both 1 mm2/s (A) and 16 mm2/s (B). A lattice spacing of Δx of 211 μm was used (corresponding to 400 lattice points across the shake flask diameter in the x-di
rection), where Δt was set using a Courant number of 0.01.
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is only an approximation as we used the simulated energy dissipation 
rate ε to determine the local Kolmogorov length scales, which could 
differ from the actual local ε. Nevertheless, given that ε was approxi
mated well at a Δx of 211 μm as shown in Fig. 2, the Δx

λk 
should serve as a 

good approximation of the local degree of flow that is being resolved. At 
a Δx of 211 μm and Re ≈ 2500, the local Δx

λk 
ratio showed that the 

simulation is moderately under-resolved where the Δx is maximum 6 
times higher than the local λk (Fig. 5A). These under-resolved zones 
primarily occur close to the shake flask wall. At Re ≈ 20,000 and Re ≈
40,000 the simulations become more under-resolved where Δx

λk 
reaches 

up to 16 and 24, respectively (Fig. 5B and 5C). Despite the increased 
under-resolution, the LB-ILES method remained stable. This shows that 
the used LB-ILES method is robust at dissipating energy using the nu
merical truncation errors as substitute for sub-grid scale dissipation even 
at significant under-resolution.

Overall, we showed that for wide variety of spatial resolutions (Δx 
between 281 and 165 μm) the simulated ε is at least within 50 % of the 
reference data for a wide range of Reynolds numbers (Re =

1250–40,000). By setting Δx to 211 μm the truncation errors of the LB- 
ILES method were best controlled and close alignment to the reference 
data was obtained (Fig. 2). Although it is generally considered bad 

practice to use a grid resolution that fits the data best, for ILES methods 
it is more justifiable given the inherent link between truncation errors 
and spatio-temporal resolution. We acknowledge that the two-phase LB- 
ILES methods needs further development to improve the use of nu
merical truncation errors as source for artificial dissipation, given the 
observed dependence on the chosen spatial and temporal resolution. For 
the goal of this work, based on the comparison to the reference shake 
flask data of [23], we assume that given a good agreement in ε, the 
simulations are sufficiently accurate to comment on the hydrodynamic 
stress distributions in a 125 mL shake flask, under the condition that an 
appropriate spatial and temporal resolution is used.

3.2. LB-LES model validation of 125 mL shake flask

Given that the correlation of Büchs et al. [43] accurately describes 
the ε compared to the experimental and simulation data for the 250 mL 
shake flask, we also compared this correlation to our simulations of the 
smaller 125 mL shake flask (Fig. 6). For the simulation resolution, 400 
lattice points across the shake flask diameter were used (Δx = 160 μm) 
with a Courant number of 0.01. This is the same relative number of 
lattice points used as for the 250 mL shake flask. Again, the LB-ILES 
method aligns closely to the ε predicted by the correlation, with an 

Fig. 3. Grid dependence studies at Re ≈ 2500 (A, ν = 16 mm2/s), Re ≈ 20, 000 (B, ν = 1 mm2/s) and Re ≈ 40, 000 (C, ν = 1 mm2/s) under acoustic scaling (Δt ∝ Δx). 
Reference data includes measured volumetric power input measurements by [23] (triangles) and empirical correlation by Büchs et al. [43] (stars). Lattice spacings Δx 
between 281 and 165 μm were used, which correspond to grids between 300 and 500 lattice points across the shake flask diameter, with a constant Courant number 
of 0.01.

Fig. 4. Grid and time step dependency studies at Re ≈ 20, 000. (A): Grid dependency study under diffusive scaling (Δt ∝ Δx2), at resolutions Δx = 280 μm, Δt =
5.60 μs (solid line); Δx = 211 μm, Δt = 3.18 μs (dashed line); and Δx = 159 μm, Δt = 1.81 μs (dotted line). (B): Time step sensitivity at fixed Δx = 280 μm with time 
steps Δt = 5.6 μs (solid line), Δt = 0.56 μs (dashed line), and Δt = 5.6 μs (solid line). Reference data includes measured volumetric power input measurements by [23]
(triangles) and empirical correlation by Büchs et al. [43] (stars).
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average deviation of 0.034 W/kg (relative deviation of 27.8 %). Some 
deviation from the correlation of Büchs et al. [43] was expected as this 
correlation was developed based on data from shaking diameters be
tween 25 and 50 mm, whereas the shaking diameter used here was 
19 mm. This probably resulted in slightly different shaking conditions 
than investigated by Büchs et al. [43].

In addition to the simulation validation using an empirical correla
tion, a qualitative validation of the 125 mL shake flask simulations was 
performed by comparing the simulated liquid distributions with exper
imental liquid distributions (Fig. 7). As the shaking frequency increases, 
part of the bulk fluid will start rolling along the sides of the shake flask, 
while the remaining part of the bulk remains relatively stationary on the 
bottom of the flask. This characteristic fluid behavior is captured by our 
LB-ILES model.

3.3. Hydrodynamic stress characterization - shear stresses

Understanding how the shaking frequency influences hydrodynamic 
stresses inside 125 mL shake flasks is important given the shear- 
sensitivity of stem cells, and in order to be able to use small shake 
flasks to design hydrodynamic stress scale-down experiments. Fig. 8
shows the time-averaged and shear stress (τ) distributions for shaking 
frequencies between 55 and 250 rpm (Re ≈ 5,000 to 25,000). From 
55–250 rpm, the mean shear stress τ increases from around 
0.01–0.24 Pa and the shear stress is approximately log-normally 
distributed. At frequencies above 100 rpm, the distribution appears to 
become bi-modal, as an additional local maximum is visible on the right 
side of the distribution. This region of high shear stress values is related 
to the change in liquid distribution as observed in Fig. 7. Here, the part 
of the bulk liquid that rolls over the shake flask walls, especially the tip, 
travels at significantly higher velocities than the rest of the bulk liquid, 
resulting in higher shear stress values compared to the rest of the bulk 
liquid.

Fig. 8 also shows reported shear stress thresholds (vertical lines) that 
influence the differentiation or cultivation of embryonic stem cells (ESC) 
and embryoid bodies (EB). A shaking frequency higher then 100 rpm 

Fig. 5. Ratio of lattice spacing Δx to Kolmogorov length scale λk at Re ≈ 2500 (A, ν = 16 mm2/s), Re ≈ 20, 000 (B, ν = 1 mm2/s) and Re ≈ 40, 000 (C, ν = 1 mm2/s). 
For these simulations, a Δx of 211 μm was used (400 lattice points across shake flask diameter) with a Courant number of 0.01. Color bar represents the Δx

λk
-ratio where 

the midpoint has been set at 1.0, meaning blue zones represent fully resolved flow zones (Δx < λk) and red zones represent under-resolved flow zones (Δx > λk).

Fig. 6. Comparison LB-ILES mean energy dissipation rate ε (circles) with 
empirical correlation by Büchs et al. [43]. A 125 mL shake flask with a filling 
volume of 12.5 mL (10 % WV), shaking diameter of 19 mm, surface tension of 
0.07 N/m and fluid kinematic viscosity of 0.7 mm2/s (T = 37∘C) was used for 
this comparison. A lattice spacing of Δx of 160 μm was used (corresponding to 
400 lattice points across the shake flask diameter in the x-direction), where Δt 
was set using a Courant number of 0.01.
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would result sufficient shear stress to modulate EB size and structure, 
based on the reported average shear stress of 0.07 Pa by Sargent et al. 
[44]. Furthermore, Nsiah et al. [45] showed that subjecting ESC 
monolayers to a constant shear stress of 0.5 Pa for 48 h before initiating 
EB formation significantly increased the expression of endothelial 
marker genes and the organization of endothelial cells in EBs. Although 
the shear stress in a shake flask is not constant, EBs would be exposed to 
values of 0.5 Pa when the shaking frequencies increases sufficiently. At 
150 rpm, 3.1 % of the shake flask volume contains shear stress values 
about 0.5 Pa, which increases for 200 rpm to 7.0 % and for 250 rpm to 
10.8 %. Cormier et al. [46] reported a maximum shear stress of 0.78 Pa 
during EB bioreactor cultivation, which resulted in excessive shear 
completely inhibiting EB formation and proliferation. According to our 
simulations, this maximum shear stress is already reached for all 
investigated shaking frequencies (Table 1). Although shaken bioreactors 
are often associated with low shear stress [11], our shake flask simula
tions show that comparable levels of shear stress may be reached as in 
lab-scale stirred-tank bioreactors [46]. Furthermore, Table 1 shows that 
comparable levels of maximum shear stress τmax are reached in our 
shake flask at high shaking frequency (5.72 Pa at 250 rpm) as found by 

Šrom et al. [31], who reported values of around 6.5 Pa in a 3 L biore
actor using their shear sensitive micro-probe experiments and CFD 
simulations. However, compared at the same specific power input (P∕V) 
of 0.35 W/kg, which corresponds to approximately a shaking frequency 
of 100 rpm in a shake flask, the τmax of the shake flask is approximately 
half compared to the 3 L bioreactor used by Šrom et al. [31]. This is in 
consensus with the general believe that the hydrodynamic heterogeneity 
in shake flasks is lower compared to stirred-tank bioreactors [24].

Similar to ̌Srom et al. [31], we reported the εmax∕ε ratio as a measure 
for hydrodynamic heterogeneity (Table 1). Although the εmax∕ε ratios 
for the shake flask are generally lower than compared to the work of 
Šrom et al. [31] (1100 for lab-scale and 4000 for large-scale bio
reactors), at lower shaking frequencies εmax∕ε becomes unexpectedly 
high (≈ 1800 for 100 rpm and ≈ 14,000 for 55 rpm). This highlights a 
challenge in determining this ratio from CFD simulations, as it is based 
on a single absolute maximum εmax which is susceptible to numerical 
inaccuracies. Especially for the two-phase LB-ILES method used in this 
work, where stability is a major challenge, such maxima become unre
liable. Consequently, comparing εmax∕ε between different simulation 
methods is challenging as it now also depends on the stability and 
consistency of the numerical method. For example, Liu et al. [24]
recognized this challenge and defined εmax based on the mean of the top 
1 percent of highest values (99th percentile), which is why we reported, 
in a similar fashion, τmax,99. However, determining where to set this 
cutoff remains rather arbitrary and no consensus on this definition ex
ists. Thus, although conceptually hydrodynamic stress parameters based 
on maximum values (e.g,. τmax and εmax) are sensible, defining them 
using simulations is not straightforward.

Fig. 7. Comparison of LB-ILES simulated (A) and experimental (B) liquid distributions in a shake flask. A 125 mL shake flask with a filling volume of 12.5 mL (10 % 
WV), shaking diameter of 19 mm, surface tension of 0.07 N/m and fluid kinematic viscosity of 0.7 mm2/s (T = 37∘C) was used for this comparison.

Fig. 8. Shear stress distributions inside the shake flask. Multiple shaking fre
quencies are compared, including 55 rpm (solid line), 100 rpm (dashed line), 
150 rpm (dotted line), 200 rpm (dash-dot line) and 250 rpm (loosely dashed 
line). Shear stress distributions represent the time-average for 2 shake flask 
rotations with 8 sample points per rotation. Average shear stress τ is included in 
the legend. Vertical dotted lines represent known shear stress values that affect 
stem cell growth and differentiation: modulation of embryoid body (EB) size 
and structure at 0.07 Pa [44], increased expression of endothelial markers in 
EBs after exposing embryoid stem cells (ESC) to a shear stress of 0.5 Pa [45], 
excessive shear completely inhibiting EB formation at 0.78 Pa [46]. A 125 mL 
shake flask with a filling volume of 12.5 mL (10 % WV), shaking diameter of 
19 mm, surface tension of 0.07 N/m and fluid kinematic viscosity of 0.7 mm2/s 
(T = 37∘C) was used for this comparison.

Table 1 
Summary statistics of shear stress τ and energy dissipation rate ε distributions. 
Both the absolute τmax and the mean of the 99.9th percentile highest τ values are 
reported due to the sensitivity of τmax to numerical inaccuracies. Staistics 
represent the time-average for 2 shake flask rotations with 8 sample points per 
rotation. A 125 mL shake flask with a filling volume of 12.5 mL (10 % WV), 
shaking diameter of 19 mm, surface tension of 0.07 N/m and fluid kinematic 
viscosity of 0.7 mm2/s (T = 37∘C) was used for this comparison.

Shaking frequency τ τmax,99 τmax ε εmax∕ε
rpm Pa Pa Pa W/kg [–]

55 0.01 0.79 3.10 0.005 14,499
100 0.05 0.81 2.53 0.025 1793
150 0.11 1.34 3.68 0.114 637
200 0.18 2.08 4.95 0.268 298
250 0.24 2.88 5.72 0.500 212
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3.4. Hydrodynamic stress characterization - Kolmogorov length scales

EBs are large compared to single stem cells and have been shown to 
grow up to 400 μm in diameter [6,47]. The local fluid shear stress is no 
longer an adequate measure of hydrodynamic stress as these aggregates 
no longer follow local flow patterns. Rather, turbulent eddies smaller 
than the aggregate size with sufficient energy are hypothesized to be 
damaging to these cell aggregates. The size of the smallest turbulent 
eddies can be estimated using the Kolmogorov length scale λk (Equation 
(18)). A typical rule-of-thumb to determine whether the turbulent 
eddies are damaging originates from the work of Croughan et al. [9], 
who found detrimental effects on cell viability if the average Kolmo
gorov length scale λk falls below two-thirds of the aggregate size. Fig. 9
shows the distribution of λk inside the shake flask for a range of shaking 
frequencies. Also shown are the average sizes of single ESCs (15 μm), 
microcarriers (170 μm) and EBs (400 μm) [47]. For microcarrier culti
vations, more than 51 % of the volume contains eddies smaller than 
two-thirds of the microcarrier size when increasing the shaking fre
quency above 100 rpm. For EBs of 400 μm, this volume reaches 97 % 
when shaking increases above 100 rpm. This is in line with the notion 
that microcarrier cultivations are conducted at low shaking speeds (<
55 rpm) [44]. Yet, even at a shaking frequency of 55 rpm, our simula
tions predict significant volume fraction containing eddy sizes below 
two-thirds of microcarriers and EBs (volume fractions of 7.3 % and 89 % 
respectively), even though successful EB cultivation at comparable hy
drodynamic conditions have been shown [44,46]. As expected, for sin
gle ESCs, the λk is significantly larger than the average cell size for all 
shaking frequencies (volume fractions less than 0.01 %).

4. Discussion

With the current simulation setup, we observe good overall pre
dictions for energy dissipation for a range of different shaking condi
tions, provided an appropriate selection for the grid and time step size. 
In general, a dependency on simulation parameters, such as grid and 
time step size, is undesirable for a numerical method as these parameters 
are unrelated to the underlying fluid flow physics. The observed grid 
dependencies were unexpected, especially under the rather strict diffu
sive scaling of the simulations. Our results showed no apparent 

difference in grid dependence between acoustic and diffusive scaling, 
indicating that numerical compressibility errors were likely not the 
cause of the grid dependence. For simulations of biotechnologically 
relevant fluids, acoustic scaling will diminish any numerical compress
ibility effects if a sufficiently low Courant number is selected.

One possibility explaining this grid dependence is the used boundary 
condition at the shake flask wall, where a rather simplistic grid-aligned 
half-way bounce-back boundary was used to enforce the no-slip condi
tion. For curved surfaces, such as the shake flask wall, this grid-aligned 
representation leads to so-called staircasing resulting in geometrical 
inaccuracies. Furthermore, at low viscosities, the velocity boundary 
layer becomes thinner making it more difficult to accurately resolve 
steep gradients, especially during simulations at higher Reynolds 
numbers when the flow close to the wall is significantly under-resolved 
(Δx > > λk). Another consequence of staircasing is that the half-way 
bounce-back scheme effectively becomes first-order accurate [48]. 
This is in contrast to the order of accuracy of the LB methods themselves, 
which are at least second-order accurate, or in the case of the cumulant 
LB method as used here, even higher-order accurate [36]. Consequently, 
numerical errors introduced by the boundary representation might not 
diminish sufficiently, or not diminish at all, when refining the grid. This 
could potentially also degrade the accuracy of the simulated bulk fluid 
and result in an apparent grid dependence. This boundary representa
tion is especially critical when modeling shake flask fluid flow, as the 
fluid motion is introduced through the friction with the shake flask wall. 
By improving the boundary representation to, for example, interpolated 
bounce-back schemes the geometrical errors could be reduced and a 
higher-order accuracy could be achieved, thereby improving grid 
convergence [48].

The apparent grid and time step dependency also raises the question 
whether such implicit large eddy simulations (ILES) are desired over the 
more conventional explicit large eddy simulations (LES) when using 
two-phase LB methods. With ILES, the sub-grid dissipation is controlled 
by rather heuristic model parameters, such as higher-order relaxation 
rate limiters, and velocity and pressure field filter parameters. Although 
some of these parameters have been tuned using reference data, for 
example by Geier et al. [36] and Sitompul and Aoki [33], some of these 
are still free parameters that were set solely based on good stability 
properties. Further tuning of these parameters using experimental or 
DNS results might improve the accuracy of LB-ILES simulations. This is 
opposite to explicit LES, which usually only involves one free parameter 
for which the value is determined based on DNS results for various flow 
problems [49]. Coupling two-phase LB methods with explicit LES 
models might improve the accuracy of the simulated dissipation. How
ever, Geier et al. [38] showed that for a single-phase cumulant LB 
method with a Wall Adaptive Local Eddy (WALE) model the simulation 
accuracy and efficiency decreased at a moderate Reynolds number of 
1600, compared to using the relaxation rate limiters of the cumulant LB 
scheme to introduce the sub-grid dissipation (ILES). It is thus still an 
open question whether adding an explicit LES model would improve the 
simulated energy dissipation for shake flask simulations. In any case, 
when applying two-phase LB-ILES methods, we strongly recommend to 
thoroughly assess the grid and time step dependencies, as well as care
fully validating the simulation results using quantitative reference data.

We used our shake flask simulations to quantify shear stress distri
butions for different shaking frequencies, and related those to reported 
stress responses of embryonic stem cells (ESC) and embryoid bodies 
(EB). In most of these cases, reported stress values are based on an un
derlying assumption about how the stress is related to the observed cell 
response. For example, Sargent et al. [44] related the average shear 
stress to EB response, whereas Nsiah et al. [45] only reported the 
maximum shear stress. It is however not always obvious which shear 
stress (e.g., mean or maximum) metric correlates best with actual 
cellular responses. Similar limitations exist when using the Kolmogorov 
length scale λk to determine whether hydrodynamic conditions are 
damaging to suspended 3D cell aggregates. The rule-of-thumb defined 

Fig. 9. Kolmogorov length scale (λk) distributions inside the shake flask. Mul
tiple shaking frequencies are compared, including 55 rpm (solid line), 100 rpm 
(dashed line), 150 rpm (dotted line), 200 rpm (dash-dot line) and 250 rpm 
(loosely dashed line). Kolmogorov length scale distributions represent the time- 
average for two shake flask rotations with 8 sample points per rotation. Average 
Kolmogorov length scale (λk) is included in the legend. Vertical dotted lines 
represent average size of single embryoid stem cells (ESC) of 15 μm, average 
size of microcarriers of 170 μm, and embryoid body (EB) size of 400 μm as 
reported by [47]. A 125 mL shake flask with a filling volume of 12.5 mL (10 % 
WV), shaking diameter of 19 mm, surface tension of 0.07 N/m and fluid ki
nematic viscosity of 0.7 mm2/s (T = 37∘C) was used for this comparison.
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by Croughan et al. [9] states that the hydrodynamics become signifi
cantly damaging if the λk falls below two-thirds of the aggregate size, is 
still widely used. However, the relation of this length scale to an actual 
cell death rate kd is still highly cell type and microcarrier material spe
cific. Using this rule-of-thumb, our simulations would suggest that 
shaking the 125 mL shake flask at 55 rpm would result in hydrodynamic 
damaging conditions for EB cultivation. Yet, EBs have been successfully 
cultivated in such hydrodynamic conditions [39,46]. Therefore, exper
iments are needed to determine the exact relation between kd and λk to 
really understand how different cultivation systems and operating 
conditions affect EB growth.

Furthermore, hydrodynamic stress parameters, such as the average 
and maximum shear stress, do not include any temporal information, 
such as exposure duration or exposure frequency to certain shear stress 
thresholds. For instance, Bratengeier et al. [50] showed that not just the 
maximum shear stress, but rather the combination of a certain ampli
tude and duration of the shear stress stimulus results in a strong cellular 
response of the mechanosensitive Piezo1 receptor by hematopoeietic 
progenitor cells. The notion that damage results from a combination of 
stress magnitude and exposure duration is consistent with prior exper
iments on fungal agglomerates in stirred vessels, where the impact was 
best captured by the so-called Energy Dissipation Circulation Function 
[51]. Experiments on ESCs and EBs as performed by Bratengeier et al. 
[50] would be helpful future research to better understand the relation 
between cell response and nature of shear stress.

The advantage of the LB-ILES method of M-Star CFD used here is its 
inherent transient nature. Compared to traditional Reynolds-averaged 
Navier-Stokes (RANS) based approaches, which only yields a time- 
averaged representation of turbulence, the LB-LES inherently simu
lates the temporal fluctuations in the fluid flow including fluctuations in 
the hydrodynamic stresses. Simulation techniques such as lifeline 
analysis, where computational (Lagrangian) particles are tracked during 
a CFD simulation to obtain a collection of time-series that represent the 
physical conditions (e.g., shear stress) encountered by cells, would allow 
the quantification of exposure duration and frequency to certain shear 
stress thresholds [30]. Since M-Star’s LBM solver runs naively on the 
GPU, longer time-scale simulations (minutes, hours) including 
Lagrangian particle tracking, are now tractable on simple desktop 
hardware. We do note, however, that M-Star’s two-phase LB-ILES is 
computationally more demanding than M-Star’s single-phase models 
due to the required larger velocity set (D3Q27), the use of a cumulant LB 
collision operator, and additional phase-field equations that must be 
solved. Therefore, the computational time is not yet as low as in 
stirred-tank bioreactor simulations as, for example, reported by Haringa 
[30]. In the present work, an emphasis was placed on first validating the 
LB-ILES approach, which was followed up with a straightforward anal
ysis of the time-averaged shear stress and Kolmogorov length scale 
distributions. In future work, we will explore the potential of LB-ILES for 
simulating lifelines to quantify exposure time and frequency to certain 
hydrodynamic stress thresholds in the context of stem cell cultures.

5. Conclusion

The sensitivity of stem cells to hydrodynamic stress is a major 
challenge when developing stem cell therapy-based production pro
cesses. Specifically, the hydrodynamic differences between lab-scale and 
production-scale cultivation systems makes scale-up of the production 
process challenging. Quantifying the hydrodynamic stresses in lab-scale 
systems, such as shake flasks, improves process understanding and helps 
develop low-cost scale-down experiments to approximate hydrody
namic stresses in larger cultivation systems, such as stirred-tank bio
reactors. We used the LB-ILES method of M-Star CFD to simulate a 
125 mL shake flask and quantify the shear stress and Kolmogorov length 
scales distributions inside the system.

First, we showed good overall predictions of the LB-ILES method for 
energy dissipation in 250 mL shake flasks by comparing our results to 

reported experimental and simulation values. However, some chal
lenges were identified with the LB-ILES method, specifically regarding 
grid and time step dependencies, which is why we stress the importance 
of validation when using such methods. With appropriate simulation 
settings, the accuracy of the 125 mL shake flask model was assessed 
using an empirical correlation for volumetric power input and experi
mental liquid distribution data.

The mean shear stress in our shake flask setup (19 mm shaking 
diameter, 10 % working volume) increases from 0.01 P to 0.24 Pa when 
increasing the shaking frequency from 55 to 250 rpm. At higher shaking 
frequencies, maximum shear stresses (5.72 Pa at 250 rpm) comparable 
to 3 L lab-scale bioreactors are achieved, showcasing the potential of 
small shake flasks to mimic larger cultivation systems. Compared to 
reported values in literature, the 125 mL shake flask can generate suf
ficient shear stress to affect gene expression in embryoid bodies (EB), or 
even result in excessive shear damage on EBs. Similarly, the mean Kol
mogorov length scale decreases from 185 to 51 μm when increasing the 
shaking frequency from 55 to 250 rpm. Although our simulations pre
dict a significant volume fraction at low shaking frequency (89 % at 
55 rpm) that contain eddies with sufficient energy to be damaging to EBs 
(reported size of 400 μm), the rule-of-thumb by Croughan et al. [9] re
quires case-specific refinement and experiments are needed to deter
mine the exact relation between Kolmogorov length scale and shear 
damage.

Computational fluid dynamic simulation methods, as used in this 
work, are useful to determine hydrodynamic stresses to which stem cells 
and EBs are subjected during cultivation. Our shake flask model can be 
used to design scale-down experiments, by tuning the shake flask 
operating conditions (e.g., shaking frequency) to mimic hydrodynamic 
stress conditions of large-scale cultivation systems, allowing for easier 
and cheaper experimentation. Ultimately, such scale-down experiments 
designed using our shake flask simulations can help guide scale-up of 
stem cell culture production processes.
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