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1 Background

Computational Fluid Dynamics (CFD) simulations of bioreactors, despite re-
cent advances, remain computationally demanding, especially for assessing full
bioprocesses or optimizing design due to the large combinatorial analysis of op-
erating conditions required. Reduced Order Models (ROMs) offer a solution by
reducing the complexity of the model while maintaining spatial detail affordably.
Moreover, these models enable the integration of hydrodynamics and biokinet-
ics at an affordable cost. This database aims to accelerate ROM development
and promote collaboration between microbiologists and biochemical engineers
by releasing CFD-derived data of some bioreactors.

However, the use of reduced-order models in bioreactor analysis is hindered
by the steep learning curve of CFD software and limited access to compre-
hensive databases essential for training and testing these models. By openly
releasing this data, we aim to overcome these barriers, facilitating rapid ROM
development and enabling researchers to benchmark and compare alternative
dimensionality reduction methods like compartment modeling (CM) or proper
orthogonal decomposition (POD).

Therefore, this initiative democratizes access to essential bioreactor data, al-
lowing scientists and engineers to analyze bioprocesses more efficiently without
requiring access to CFD and high-performance computing, facilitating develop-
ments in model and data-driven bioprocess design and optimization.

2 Introduction

The BioBrAln database offers curated sets of CFD simulations across various
reactor geometries and operating conditions, with the goal of democratizing
access to critical bioreactor data—such as velocity fields, turbulence character-
istics, and gas fraction distributions. This resource enables both industrial mi-
crobiologists and machine learning practitioners to evaluate bioprocesses and de-
velop surrogate models without the need for CFD software or high-performance
computing infrastructure. In doing so, it supports advancements in bioprocess
design and optimization through surrogate modeling.

Each case is introduced along with its parameterization, following a typi-
cal CFD workflow: CAD geometry generation, mesh creation, model setup for
turbulence and species transport, discretization, and result visualization. Most
simulations were conducted using ANSYS FLUENT™ so certain configuration
details refer to features specific to its meshing and solver modules. However,
similar setups can be replicated in other proprietary or open-source CFD plat-
forms. In the following tables, we outline the general settings for the turbulence
and species transport models for the cases available in this release:



2.1 Turbulence

Due to known experimental observations for the flow behavior in stirred tank
reactors, along with proven comparisons of simulations, the dispersed standard
k — & model was implemented in ANSYS FLUENT™ by setting the viscous
model with the following parameters:

Table 1: Parameters used for the viscous model to account for turbulence.

Parameter Value
Turbulence model k-epsilon
k-epsilon model Standard
Near-wall treatment Standard wall functions
Turbulence multiphase model Dispersed

Model constants

Cmu 0.09
Cl-epsilon 1.44
C2-epsilon 1.92
C3-epsilon 1.30
TKE Prandtl Number 1.00
TDR Prandtl Number 1.3
Energy Prandtl Number 0.85
Wall Prandtl Number 0.85
Turbulent Schmidt Number 0.70

2.2 Species transport

Subsequent validation of some design points was conducted by comparing esti-
mations of the mixing time from CFD to the ones reported in publicly available
literature, given a converged flow field that was frozen, and an inert tracer was
injected. For this, the parameters described in table 2 were set for the species
transport model.



Table 2: Parameters for the species
times

transport model for determining mixing

Parameter Value Units
Phase properties
Phase liquid -
Phase material tracer_mix -
Water-tracer mixture properties
1. tracer -
Compounds in mixture
2. water -

Density
Viscosity
Mass diffusivity

Diffusion coefficient for tracer

Volume weighted-mixing-law ~ kgm™3

1.003 x 1073 kgm~ts7!
Multicomponent -
1.00 x 1079 m2s~!

2.3 List of cases

Below is a list of the cases available per release, and an overview of the operating

conditions is introduced:
Version 1.0

e Small-scale reactor (7001L)

— Fixed impeller configuration: A single impeller configuration (i.e.,
RT-RT-RT) geometry operating at different filling levels but same
stirring speed (i.e., 300 RPM).

— Variable impeller configuration: Six different impeller configurations

are provided, operating at different combinations of stirring speeds
(25-133 RPM) and filling levels (0.35-1.90 m).

e Stavanger reactor (22m?): An industrial-scale geometry equipped with
4 Rushton turbine impellers operating at different stirring speeds (0.45s~!
to 2.22s71), filling levels (4.72m to 6.87m), and aeration rates (0 m3/s
to 0.182 m?/s at normal conditions).

e Industrial bioreactor with Cooling Coil:

Disclaimer: The CFD simulation cases presented in this repository are purely
academic and have been reproduced from publicly available studies. The authors
of this repository are not liable for any misuse of the data presented herein.
Users are responsible for ensuring that the data is used appropriately and in
accordance with relevant regulations and guidelines. The cases presented here
are based on publicly available reactor designs; hence, no patent or commercial

rights can be derived from them.



3 Folder structure

Each case folder includes:

dp-0

dp-1

case: The necessary files for generating the simulations in the CFD
package originally used for this purpose [.cas / .dat files]

data: CFD-derived data in open-source file formats [.csv / .encas
files|

geom: Geometry files containing the CAD models of the reactor walls
and internals [.stl / .scdoc]

mesh: Spatial discretization of the CAD models using the meshing
solution chosen for each case [.msh files]

results: When available, a set of images displaying the flow fields
for variables of interest is provided. [.jpeg files]

config.json: A file containing general parameters to ensure repro-
ducibility of the CFD simulations (including: meshing, turbulence,
species transport, discretization schemes, etc.)

operating_conditions.csv

README.md

CITATION.cff



4 Case 1: 700 L reactor

4.1 Description

This case is based on the studies from Spann et al. [1] and Tajsoleiman et al. [2]
on the formation of pH gradients in a 700 L batch fermentation of Streptococcus
thermophilus. These studies employed a single-phase CFD simulation to predict
the evolution of pH gradients experimentally observed, and then assessed their
effect on growth when coupled to a biokinetic model. Later, Nadal-Rey et al. [3]
utilized this reactor geometry to propose a workflow for developing a dynamic
compartment model based on a library of staggered simulations, aiming to ob-
tain a close-to-real-time representation of the hydrodynamics and respective
gradients of substrate and oxygen.

Two sets of simulations based on the reactor geometry from Spann et al. [1]
are provided in this dataset:

¢ Fixed impeller configuration: For this single-phase case, the impeller
configuration consists of three Rusthon Turbine impellers operating ac-
cording to the conditions outlined in Table 3.

e Variable impeller configuration: This dataset corresponds to six re-
actor geometries where the impeller configuration varies between Rushton
and Pitched-blade Turbines operating according to the conditions outlined
in Table 3.

Table 3: Operating conditions for the 700 L cases

Parameter Fixed geometry Variable geometry Unit

Stirring speed 300 25 - 133 RPM
Liquid height 1.694 0.35 - 1.90 m

DOI: 10.4121/£8d32b7¢-0477-4b87-a038-39e55¢8a7379



Table 4 provides the values of the dimensions of this reactor geometry (See
fig. 1), including both types of impeller used: Rushton Turbine (RT) and
Pitched-blade Turbine (PBT).

B

RT Impeller

C-II

C-I

CB
7

Figure 1: Sketch of the 0.7m? reactor geometry. Details about the dimensions
are presented in Table 4.



Table 4: Reactor dimensions for 700 L case

Part Label Value Description
m
Tank T 0.70 Diameter of tank
H 1.9 Height of tank
D 0.020 Diameter of impeller
A 0.033 Shaft diameter
B 0.069 Width of baffle
CB 0.23 Bottom clearance of impeller
C-I 0.54 Spacing between bottom and
middle impeller
C-1II 0.62 Spacing between middle and
top impeller
RT Impeller b 0.053 Width of impeller blade
w 0.050 Height of impeller blade
¢ 0.090 Diameter of impeller coupling
q 0.0080  Thickness of impeller disk
p 0.15 Diameter of impeller disk
PBT Impeller b 0.053 Width of impeller blade
w 0.050 Height of impeller blade
t 0.0040  Blade thickness
I} 45° Pitch of blades

4.2 Mesh

Table 5 shows the parameters used for each task to generate the watertight mesh

for this reactor geometry.



Table 5: Parameters used for generating a watertight mesh of the reactor ge-

ometry
Task Parameter Value/option
Impellers:
Growth rate 1.2
Size control type Body size
Local sizing Target mesh size [m] 0.005
Bulk:
Growth rate 1.2
Size control type Body size
Target mesh size [m] 0.02
Minimum size [m] 0.005
Surface mesh Maximum size [m] 0.02
Growth rate 1.2

Describe geometry

Type

Change from wall to internal

Share Topology
Non-conformal Mesh
Multizone Meshing

Only fluid with no voids
No (Fluid-fluid boundary)
Yes
No
No

Boundary Layers

Walls:

Offset method type
Number of layers
Transition ratio
Growth rate
Add in

Grow on

Transition impeller zones (3):

Offset method type
Number of layers
Transition ratio
Growth rate

smooth-transition
3
0.272
1.2
fluid-regions
Tank_walls

smooth-transition
3
0.25
1.15

Add in fluid-regions
Grow on impeller_zone_walls
Fill with poly-hexcore
Buffer layers 2
Volume mesh Peel layers 2
Min cell length [m)] 0.005
Max cell length [m)] 0.01
Improve volume mesh Improve cell quality limit 0.3
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Table 6 shows parameters for the different meshes generated based on the
700 L reactor geometry. For all of these meshes, the cell type is poly-hexcore
with a minimum orthogonal quality of 0.3.

Table 6: Mesh parameters for the 700 L. geometry

Configuration Cell quantity Faces

PBT-PBT-PBT 945192 108511
PBT-PBT-RT 891774 106662
PBT-RT-RT 836329 105160
RT-PBT-PBT 881994 106709
RT-RT-PBT 832384 105321
RT-RT-RT 783959 103524

4.3 Model development

The dataset was generated with the goal of developing surrogate models capa-
ble of handling various impeller configurations operating under different stirring
speeds and filling levels. Consequently, the focus was placed on calculating the
liquid flow field. Although the simulations included the headspace, they were
solved exclusively for the liquid phase. This approach simplified the computa-
tions and significantly reduced run times. In the following sections, the details
for setting up the different models of the simulations are provided.

Turbulence The settings for this model follow the ones described in Table 1;
no further alterations were made.

Species transport Parameterization of this model followed the details shown
in Table 2. Additionally, the tracer was injected using a spherical cell-register
with a radius of 2 cm located along the x-axis 0.17m from the centre and 5cm
below the liquid surface (Hyp,).

Discretization schemes Table 7 provides details about the discretization
schemes and under-relaxation factors used for solving the steady simulations of
the 700 L reactor geometry.
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Table 7: Discretization schemes used for the solution of transient simulations
for the evaluated single-phase setups in this work.

Solution methods Solution controls

Pressure-velocity coupling
Scheme SIMPLE

Spatial discretization

Gradient Least squares Cell Based -

Pressure PRESTO! 0.30
Density Second order upwind 0.50
Momentum Second order upwind 0.35
Volume Fraction First order upwind 0.20
Turbulent kinetic energy Second order upwind 0.40
Specific dissipation rate Second order upwind 0.40
Tracer ¢ Second order upwind 0.99
Transient formulation® Second order implicit -

@ Used only when solving for the mixing-time analyses.

Convergence criteria Convergence of the simulations was considered given
the values shown in Table 8 for the different equations being solved for. These
were combined with a stopping criteria described in the following section (Check
section 4.3.1).

12



Table 8: Equations being solved along with their convergence criteria

Equation Variable(s) Convergence criteria

continuity
u-liquid
u-gas
Flow v-liquid 1x1073
v-gas
w-liquid

w-gas

Turbulence k-liquid 1x1073

eps-liquid

Volume fraction vi-gas 1x1073

Tracer tracer<I> 1x 1073

4.3.1 Stopping criteria

Along with the convergence criteria shown in Table 8, a stopping condition
was set based on a quasi-stable torque report definition. This involves checking
the torque variability being within a +£2.5% range over a rolling window of 200
iterations. This condition becomes active after 3000 iterations from the start.

4.4 Simulations

Table 9 provides the combinations of stirring speeds and liquid heights used per
design point simulated for all cases, disregarding the impeller configuration.

Table 9: Operating parameters and dimensionless mixing times for simulations
employed in this study

Design point  Stirring speed Liquid height

N, [ (s71) Hy, / (m)
0 1.9 1.7
2.2 0.58
2 1.8 1.5
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Table 9: (continued)

Design point  Stirring speed Liquid height

N, [ (s71) Hy [ (m)
3 0.76 0.52
4 1.3 1.2
) 0.61 1.7
6 1.2 1.6
7 0.49 0.91
8 2.1 1.0
9 2.0 1.2
10 1.5 0.35
11 2.0 1.6
12 1.0 1.5
13 1.1 1.3
14 1.9 1.9
15 1.7 0.54
16 1.5 0.93
17 1.4 1.1
18 0.66 0.49
19 0.90 0.41
20 0.73 0.86
21 1.7 1.2
22 2.2 1.3
23 1.6 1.5
24 1.4 1.7
25 1.6 1.7
26 1.7 0.65
27 0.96 0.38
28 1.9 1.1
29 1.1 0.46
30 0.69 1.8
31 0.99 1.1
32 0.85 0.67
33 0.88 0.97
34 0.81 1.8
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Table 9: (continued)

Design point  Stirring speed Liquid height

No /(571 Hy / (m)
35 1.3 1.8
36 1.0 0.97
37 0.53 1.2
38 2.0 0.62
39 1.3 1.8

4.5 Data visualization

Based on the simulation results, the data for gas holdup within the reactor is
shown in Figure 2, and for the magnitude of liquid velocity is shown on Figure 3,
respectively. The plots shown here have been done for design point 0 of the RT-
RT-RT configuration as an example.

For details and instructions regarding the generation of such plots, please refer
to Appendix A.

Configuration:
RT-RT-RT

Gas Holdup (9

0.30

0.25

0.20

0.15

& —0.10

o X | 0os

—00

Figure 2: Gas Holdup for RT-RT-RT configuration
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Configuration:
RT-RT-RT

Liquid Velocity
Magnitude (m/s)

1.00
0.80
0.60
0.40
& — 020

—0.00

Figure 3: Liquid velocity (magnitude) for RT-RT-RT configuration

5 Case 2: Stavanger 22m?

5.1 Description

Access to publicly available detailed information on industrial-scale fermentors is
limited [4]; most studies date back to the 1980s and 1990s, before the widespread
availability of affordable computing power. Among these, the EU-Project Bio-
process Scale-up Strategy analyzed a 30 m? reactor design for a fed-batch process
with a maximum working volume of 22 m? equipped with Rushton Turbine (RT)
impellers, as well as 3- and 6-blade radial Scaba or axial Scaba hydrofoil im-
pellers. Here, we focus on the configuration using solely RT-impellers. The
studies by Bylund et al. [5] and Vrédbel et al. [6] provide detailed descriptions
of the reactor geometry, pulse-response experiments for mixing time determina-
tion, and the process conditions. Notably, the available data spans a wide range
of operating conditions—both aerated and non-aerated—resulting in distinct
impeller flow regimes (i.e., flooding, loading, and transitional states). Based
on these studies, simulations were conducted across the operating conditions
summarized in Table 10.

16



Table 10: Operating conditions for the Stavanger case

Parameter Range Unit
Stirring rate 0.45 - 2.22 1/s
Liquid height 4.725 - 6.87 m
Aeration rate® 0-0.182 m3s~!

@ measured at normal conditions
DOI: 10.4121/34¢5d95d-2e34-4087-b970-5{14b7463d44

5.2 Mesh

To maintain computational efficiency and ensure tractable simulations, only
half of the reactor was modeled. A periodic boundary condition was applied
in the xy-plane, facilitating faster solution times and improved convergence
under aerated conditions. While this simplification may influence the spatial
distribution of the gas phase, it is expected to preserve the essential physical
behavior of the system.

17



Table 11: Parameters used for generating a watertight mesh of the Stavanger
reactor geometry

Task Parameter Value/option
Impellers:
Growth rate 1.2
Size control type Body size
Local sizing Target mesh size [m] 0.01
Bulk:
Growth rate 1.2
Size control type Body size
Target mesh size [m] 0.04
Minimum size [m] 0.01
Surface mesh Maximum size [m] 0.04
Growth rate 1.2
Type Only fluid with no voids
Change from wall to internal No (Fluid-fluid boundary)
Describe geometry Share Topology Yes
Non-conformal Mesh No
Multizone Meshing No
Sparger:
Offset method type smooth-transition
Number of layers 3
Boundary Layers Transition ratio 0.272
Growth rate 1.15
Add in fluid-regions
Grow on sparging_face
Fill with poly-hexcore
Buffer layers 2
Volume mesh Peel layers 1
Min cell length [m] 0.01
Max cell length [m] 0.04 (bulk_ liquid)
Improve volume mesh  Improve cell quality limit 0.3

5.3 Model development

The simulation workflow began with a single-phase setup, which served as the
initial condition for the subsequent multiphase simulations. This approach en-
sured numerical stability and convergence once air sparging was introduced.
Additionally, the top wall boundary condition was modified from a non-shear
configuration to a degassing configuration to represent gas escape dynamics
better. Further details on the simulation procedure are provided below:

18



5.3.1 Single-phase simulations

To ensure convergence of the multiphase simulations, a first batch of simulations
under unaerated conditions was generated. This set considers the dispersion
height expected given prior studies corresponding to this reactor geometry [6].
Under this configuration, the top wall was modeled as a non-shear surface to
account for the presence of the headspace and, practically, the lack of friction
exerted by the air on the liquid [7].

Turbulence The settings for this model follow the ones described in Table 1,
no further alterations were made.

Species transport Parameterization of this model followed the details shown
in Table 2.

Discretization schemes and under-relaxation factors Table 12 provides
the discretization schemes and under-relaxation factors used for the solution of
steady simulations of the 22m? reactor.

Table 12: Discretization schemes used for the solution of steady simulations for
the evaluated single-phase setups in this work.

Solution methods Solution controls

Pressure-velocity coupling
Scheme SIMPLE

Spatial discretization

Gradient Least squares Cell Based -

Pressure Second Order 0.30
Density First order upwind 0.50
Momentum Second order upwind 0.35
Body forces - 0.50
Volume Fraction First order upwind 0.20
Turbulent kinetic energy First order upwind 0.40
Specific dissipation rate First order upwind 0.40
Tracer @ First order upwind 0.95
Transient formulation® Second order implicit -

@ Used only when solving for the mixing-time analyses.

Convergence criteria Convergence of the simulations was considered once
the residuals of the simulations reached the values presented in table 13. Along
with these, stopping criteria were considered (Check section 5.3.3).
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Table 13: Equations being solved along with their convergence criteria

Equation Variable(s) Convergence criteria
continuity 1x1073or5x 1073 @

u-liquid 1x1073

u-gas 1x1073

Flow v-liquid 1x1073

v-gas 1x1073

w-liquid 1x1073

W-gas 1x1073

Turbulence k-liquid 1x1073

eps-liquid
Volume fraction vi-gas 1x1073

@ Used only when solving for multiphase simulations.

5.3.2 Multi-phase simulations

Once the single-phase simulations were stopped (See section 5.3.3) and the re-
sults used as initial conditions for the multi-phase simulations, the injection of
air (NTP) via the sparging face was activated. Additionally, new report def-
initions were established: gas_bal to track the mass balance of air over 100
iterations, and vol_avg_eg to track the volume average of the gas fraction in
the system. To simulate the expansion of bubbles as they rise, the diameter of
the bubbles (dp 32) was varied according to the model from [8].

db)32 = O.OO?G([)LEL)_O'M (1)

In Equation (1), the reference pressure is 101.325kPa. Additionally, a
threshold for the maximum bubble diameter was set to 3mm. Changes in
bubble size are accounted for by incorporating the ideal gas law and hydrostatic
pressure based on the location of the bubble.

Convergence criteria Several attempts were made to find a suitable com-
bination of models for simulating phase interaction and ensuring convergence
of the continuity equation. The lowest residual that was achieved was about
2.5 x 1073 for just a handful of cases, hence 5 x 1072 was deemed as a reasonable
value for all the cases.

5.3.3 Stopping criteria

For the single-phase simulations, along with the convergence criteria shown in
Table 13, a stopping condition was set based on a quasi-stable torque report
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definition. This involves checking the torque variability being within a 4-2.5%
range over a rolling window of 200 iterations. This condition becomes active
after 3000 iterations from the start.

The multi-phase simulations included the evaluation of the torque and the
volume average of the gas fraction (vol_avg_eg) whose variability should also
remain within a +2.5% range over a rolling window of 200 iterations. The
combination of these criteria was enabled after 10000 iterations counted from
the last iteration of the single-phase simulation.

5.4 Simulations

Table 14 provides the combinations of stirring speeds and liquid heights used
per design point simulated for all cases employing the 22 m? reactor geometry.

Table 14: Operating parameters for simulations employed in this case study

Design Stirring speed Liquid height Aeration rate Dispersion height

point Ns /(571 Hp /(m) Qg / (Nm’s™) Haisp / (m)
0 1.5 6.4 0.11 7.3
1 2.2 5.2 0.12 6.0
2 1.2 6.4 0.063 6.9
3 1.9 6.6 0.16 7.7
4 1.4 6.4 0.048 6.8
5 0.77 6.8 0.18 7.8
6 1.6 5.9 0.0049 6.1
7 1.2 5.1 0.033 5.3
8 1.6 4.8 0.13 5.4
9 1.3 5.1 0.12 5.8
10 1.9 5.8 0.068 6.4
11 0.81 6.5 0.045 6.9
12 1.7 6.7 0.018 7.0
13 1.0 5.0 0.028 5.2
14 1.8 4.9 0.061 5.3
15 2.1 6.3 0.011 6.6
16 1.3 6.7 0.074 7.4
17 0.65 5.3 0.10 5.9
18 1.1 4.8 0.055 5.2
19 0.50 6.2 0.088 6.8
20 0.48 5.0 0.14 5.6
21 2.2 6.0 0.17 7.1
22 1.6 6.8 0.089 7.6
23 1.4 5.2 0.15 6.0

21



Table 14: (continued)

Design Stirring speed Liquid height Aeration rate Dispersion height

point Ne /(57 Hy /(m) Q[ (Nm®s™h) Haisp / (m)
24 2.0 5.9 0.098 6.7
25 0.58 6.3 0.079 6.8
26 0.96 6.1 0.14 6.9
27 1.1 6.0 0.17 6.9

5.5 Data visualization

After performing the simulation, the results for gas holdup and magnitude of
liquid velocity within the reactor are visualized in the form of contour plots.
Figure 4 shows the gas holdup, and Figure 5 shows the liquid velocity magnitude
for design point 0 of the Stavanger case.

For details and instructions regarding the generation of such plots, please refer
to Appendix A.

Stavanger Case

Gas Holdup ()
0.30
0.25
0.20
0.15
&
—0.10
—0.05

—0.00

Figure 4: Gas Holdup for Stavanger case
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Stavanger Case

Ligiud Velocity
Magnitude (m/s)

1.00
0.80
0.60
& L 040

—0.20

—0.00

Figure 5: Liquid velocity (magnitude) for Stavanger case

6 Case 3: Industrial Bioreactor with Cooling
Coil

6.1 Description

This dataset was initially generated to train supervised AI/ML models to predict
spatial concentration gradients in an industrial reactor under varying operating
conditions [9]. It comprises 760 steady-state CFD simulations for both fluid
flow and transport of diluted species. 560 simulations are designated for model
development (training and hyperparameter tuning), and 200 served as a priori
held-out test set.

Each simulation is parametrized by a 10-D vector of operating conditions,
biokinetic constants, and fluid properties: impeller speed, liquid height, feed-
point position (sampled in cylindrical coordinates), volumetric substrate feed
rate Fy, biomass concentration Cx, maximum substrate uptake rate gs max,
half-saturation constant Kg, density p, and viscosity pu. These variables define
both the momentum and the reactive-transport problems solved by the CFD
model and are the “global” descriptors associated with every cell of the corre-
sponding mesh.

23



To cover the design space efficiently, we used Latin Hypercube Sampling
(LHS), which stratifies each factor and selects one value per stratum to achieve
near-uniform coverage with far fewer samples than simple random sampling
[10, 11]. For the feed-point, we sampled the azimuthal angle fgeeq, the vertical
coordinate Yreeq, and the radial one rgeq in cylindrical coordinates to respect
vessel symmetry, and converted to Cartesian coordinates before meshing.

The sampling ranges for all global variables are reported in Table 15.

Table 15: Operational parameter intervals for the global parameters in the CFD
simulations.

Global Variable Interval Unit
liquid height 3—125 m

stirring speed 5— 700 RPM

Fy 1-107*—5-1073 kgm 357!
1 0.001 — 0.02 kgm's™!
p 950 — 1250 kgm™3
Cx 2—175 kgm™3
Kg (mass) 1-1075—-2-107* kgy kgg !
45, max 6.95-107° —4.86-10~* kgy kgg's™!
Otced 0—27 rad

Yfeed 0—12.5 m

DOT: 10.4121/836ce408-7b40-43f2-8db0-8e207d356{73

6.1.1 Geometry

The simulations employed a Rushton-tank geometry, designed in SolidWorks®
Figure 6 with the following cylindrical coordinates:

0<r<3.1 [m]
0 < 0 < 27[rad] (2)
0<y <125 [m]

The Rushton tank was designed with four Rushton impellers and baffles.
Additionally, a helical cooling coil was placed around the impellers and baffles,
and an O-ring sparger at the bottom of the tank. The sizes of the parametrized
Rushton Impellers (disk, blades, clearance...) and the baffles were based on
a “standard” bioreactor design as described by Gogate et al. [12]. The total
volume of the tank is 170 m3.

The different tank design dimensions, relative to the vessel height, can be
found in Table 16.
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Figure 6: Rushton-tank bioreactor with helical cooling coil and O-ring sparger
attached to the side walls. From left to right: General vessel geometry, top view
Rushton impeller, front view Rushton impeller, front view helical cooling coil,

top view sparger.

Table 16: Model parameters used for the Rushton tank geometry in the CFD

simulation.

Dimensions Description Value
Hy, Vessel height 12.5m
Ay Aspect ratio vessel 0.35

Dy Vessel diameter Hvy - Ay
Rpyv Radius bottom vessel 0.6 - Hy
Fsv Fillet sketch skeleton vessel 0.08 - Hy
Cg1 Bottom impeller clearance 0.12- Hy
Cr1 Top impeller clearance 0.2 - Hy
N1 Number of impellers 4

Distp 1 Distance between impellers W
Dgpatt Shaft diameter 0.016 - Hy
Hc Height cooling coil 0.86 - Hy
We Width cooling coil 0.02- Hy
Cc Bottom clearance cooling coil 0.09 - Hy
Ccs Side wall tank—cooling coil clearance 0.006 - Hy
Pc Pitch helix cooling coil 0.04 - Hy
Hp Height baffle 0.96 - Hy
Ly Length baffle 0.032 - Hy
Wy Width baffle 0.125- Ly
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Dimensions Description Value

Cg,s Side tank wall-baffle clearance 0.0332 - Hy

Np Number of baffles 4

Rg Diameter sparger 0.06 - Hy

Wsg Width sparger 0.02 - Hy

Ws,c Width sparger connector 0.012 - Hy

Bs,c Sparger connector plane angle 45°

Sc Sparger clearance 0.06 - Hy

Rr1 Radius Rushton impeller 93 m

Lr Length Rushton blade 0.75- Rr 1

Hy Height Rushton blade 0.43 - Rr 1

Wr Width Rushton blade 0.027 - Rr 1

— Number of Rushton blades 6

Djyr Diameter joint disk 1.24 - Rp 1

Hyr Height joint disk 0.054 - Rr 1
Distance union Rushton blade

Disty cr —shaft connector disk 0.2-Djyr
Diameter Rushton impeller-

Dcr -shaft connector disk 0.3-Djr
Height Rushton impeller-

Hcr -shaft connector disk 0.27 - Rr 1

6.2 Mesh

The meshing strategy and parameters were kept consistent across all simulation
cases. Variations in element count were solely due to changes in liquid height,
which affected the overall domain volume. To ensure comparability between
runs, a target element density of approximately ~ 9 x 103 cells/m?® was main-
tained. At lower fill levels, surface-to-volume effects led to a slightly higher
effective mesh density. Across all generated meshes, the minimum orthogonal
quality was 75%, and the minimum cell quality was 0.2. A detailed summary
of the selected mesh parameters is provided in Table 17.
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Table 17: Parameters used for generating a watertight mesh of the 54 m? reactor
geometry

Task Parameter Value/option
Local sizing ‘Growth rate 1.2 ‘
Size control type Body size
Target mesh size [m] 0.005
Minimum size [m] 0.01
Surface mesh Maximum size [m] 0.2
Growth rate 1.2
Type Only fluid with no voids
Change from wall to internal No (Fluid-fluid boundary)
Describe geometry Share Topology Yes
Non-conformal Mesh No
Multizone Meshing No
Walls:
Offset method type smooth-transition
Number of layers 3
Boundary Layers Transition ratio 0.272
Growth rate 1.2
Add in fluid-regions
Grow on Tank_walls
Fill with poly-hexcore
Buffer layers 2
Volume mesh Peel layers 1
Min cell length [m] 0.01
Max cell length [m] 0.2 (stator), 0.1 (rotors)
Improve volume mesh Improve cell quality limit 0.2

The feeding domain, different for each simulation, was then defined as a cell
register and separated from the stator domain after the meshing (Figure 7).

6.3 Model Development

Due to known experimental observations for the flow behavior in stirred tank
reactors, along with proven comparisons of simulations, the realizable k — ¢
model was implemented in ANSYS FLUENT™ by setting the viscous model
with the following parameters:
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(a) (b)

Figure 7: Case with liquid height = 10.65m, with the poly-hexcore mesh and
the internal walls. The green dot indicates the feeding point location for this
specific case. (a) Front view. (b) Top view.

Table 18: Parameters used for the viscous model to account for turbulence.

Parameter Value
Turbulence model k-epsilon
k-epsilon model Realizable
Near-wall treatment Enhanced Wall Treatment
Turbulence multiphase model Dispersed

Model constants

C2-Epsilon 1.9
TKE Prandtl Number 1
TDR Prandtl Number 1.2

Once the flow field reached a pseudo-steady state, we solved the unsteady
advection—diffusion-reaction equation for the substrate concentration Cg:

oC

5L v (U,Cs) =V [+ L) ves]| + s, (3)
ot SCt

where U is the velocity field, D the molecular diffusivity, p; the eddy viscosity,

and Sc; the turbulent Schmidt number (so the effective diffusivity is Deg =

D+ ,LLt/SCt).
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The total source term Sg comprises a Monod uptake sink and localized feed

source:
S = “ o Sg =9 S 4
uptake = _qs,maxm X S = Puptake + Steed ( )

Here gs max is the maximum specific uptake rate, Kg the affinity constant, and
Cx the biomass concentration. The parameters (¢s max, Ks, Cx) were sampled
via the LHS-DOE. Substrate addition at the feed point was implemented as the
volumetric term Steeq, applied within the prescribed feed control volume; its
magnitude (volumetric feed rate) was also a sampled variable in the DOE.

A summary of the parameters can be found at Table 19.

Table 19: Parameters for the species transport model for determining the
substrate gradients for the different cases.

Parameter Value Units

Phase properties
Phase Liquid -
Phase material Broth-mix -

Broth-mix mixture properties

. . 1. Glucose -
Compounds in mixture
2. Broth -
Density Volume weighted-mixing-law ~ kgm™3
Viscosity Variable (DoE-LHS) kgm~ls~!
Mass diffusivity Multicomponent -
Diffusion coefficient for tracer 6.7 x 10710 m?s!

6.4 Simulations

The dataset comprises 760 CFD simulations generated from the Latin hypercube
sampling (LHS) design-of-experiments described above. We split the data into
a development set (560 simulations) for model selection and hyperparameter
tuning, and an unseen test set (200 simulations) for final evaluation.

For transparency and reproducibility, the complete case lists—including all
sampled input parameters for each simulation—are provided in the companion
files development_set_cases.csv and test_set_cases.csv. Each row corre-
sponds to a unique simulation (case ID) and can be used to reproduce or subset
the experiments reported in this work.
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6.5 Data visualization
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Figure 8: Liquid velocity (magnitude) for DTU case - liquid height: 9.55 m.
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Appendix

For new users of Paraview, please refer Appendix B for the Getting Started
Guide.

A Instructions for Data visualization

Instructions for visualizing the simulation plots in ParaView software (version
5.12.1):
Files needed: Data files (.encas), Reactor internals-geometry files (.stl)

1. Open ParaView software on your system.

2. Click on File on the top ribbon and open the required .encas and .stl
files by navigating to the correct directory on your system. (In the ’data’
and ’geom’ folder)

M ParavView 5.12.1
B £ view Sowces s exvocirs Tools Gaabst s ey
4 o

p ) ae FRGE KA4PPMHE mi -6 ) &8
U XAOWAARKLAB ALY FOGC ¥
g : Q0
! 2 tate.
.

98 Puytn® |+ Colo MapE

a8

clsQ

3. Once the file is loaded in ParaView, you will be able to see various variables
present in the .encas file on the left side of your screen.
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4. Select the variables that you need to work on, and click Apply.
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5. After clicking on Apply, ParaView will load the geometry.

6. To view the variables in a slice (plane) of the system, select the Slice
option in the top ribbon.
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7. Set up the coordinates for the slice place changing the Origin and Normal
(for normal vector of the plane) parameters in the left menu. A plane can
also be seen in geometry.

8. Click on Apply, after which only the desired plane will be visible on the
screen.
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9. In the Color section, select the variable that needs to be displayed. A
colored contour plot of the variable, with a color map, will be displayed.
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10. The colors, labels, and scaling can be adjusted in the Color Map Editor
(right side of the window).
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B ParaView Getting Started Guide

lll ParaView Getting Started Guide

Reset Session
1 At any time, click @ to reset ParaView to its initial state when the program is first started.

The Undo and Redo buttons are also available to undo/redo individual changes.
e o M Open File: |
Open File
i . i Lookin:  IAppications/ParaView-5.40-RC2.app/Con|
2 Click the folder icon Eor choose File -> Open. From —— —
the Examples directory, open the file can.ex2. Doing Home e
" ) s Deskt sk out etex
so creates a file reader in the Pipeline Browser. Doaments headsat
Downioads README txt

Macintosh HD

Select Data Variables B B
Before the data are loaded, you can choose which i T
3 variables to load in the Properties panel (lower left, memms
ParaView window). Click the checkbox next to 4 £aps
Variables to load all variables. Note: many controls in Global Node Ids
ParaView are located in this panel. ot
Apply Data 00 Proportios
4 Click the Apply button to load the data. If you change
any file reader properties, click Apply to update the ﬁ @ Reset Delete
visualization.

Interact with 3D View

a. Click the left mouse button and drag to rotate, the

middle mouse button to translate, and the scroll wheel
5 or right mouse button to zoom. For one- or two-button

mice, hold down Shift and Control keys while clicking

and dragging to tilt, translate, and zoom.

b. To re-center the data in the view, click .

Animate the Data -
6  Press the play button and watch the can get crushed. KK [DE » pl B
Other buttons enable moving to different timesteps. -
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Apply a Color Map to a Variable
Click on the drop-down menu in the variables
toolbar and select the EQPS variable.

Add Vector Glyphs

a. Ensure can.ex2 is selected in the

Pipeline Browser. Click the Glyph filter icon
in the toolbar to add a filter to the pipeline

that will add arrow glyphs to the visualization.

b. In the Properties panel, choose VEL from
the Orientation Array menu. Change the
Scale Array to VEL. Set the Scale Factor to
0.004 to scale the arrow glyphs to a
reasonable size. Click Apply to update the
visualization. Use the variables toolbar to
color the glyphs by VEL (see previous step).

N )
Orientation Array | o ~H
[ o B

Scale

!
Scale Arra) !
! e J
Vector Scale Mode  scale by Magnitude

Scale Factor

Save Screenshot

Save an image for presentation or
publication by choosing File -> Save
Screenshot...

m Edit View Sources

© Open... #0
Recent Files >
Load State...

Save State...

% Save Data... %S
© Save Screenshot...

Export Scene...

% Save Animation...
Save Geometry...

Get Additional Help
Additional resources for learning about
ParaView are available in the Help menu.
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* ParaView Guide — comprehensive user guide for
ParaView

* Help — online help for file readers and filters

* Online Tutorials — in-depth tutorials for ParaView

* Online Blogs — informative blog posts on new
features in ParaView



	Background
	Introduction
	Turbulence
	Species transport
	List of cases

	Folder structure
	Case 1: 700 L reactor
	Description
	Mesh
	Model development
	Stopping criteria

	Simulations
	Data visualization

	Case 2: Stavanger 22m3
	Description
	Mesh
	Model development
	Single-phase simulations
	Multi-phase simulations
	Stopping criteria

	Simulations
	Data visualization

	Case 3: Industrial Bioreactor with Cooling Coil
	Description
	Geometry

	Mesh
	Model Development
	Simulations
	Data visualization

	Acknowledgments
	References
	Instructions for Data visualization
	ParaView Getting Started Guide

