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Introduction

• Safety / Programme

• Some basics about Bioprocesses

– Microorganism

– Mass transfer

– Gradients

– Mixing

• CFD – Does it work?

• Microscale

– µ bubble reactor

• Pilot Scale

– Endoscopic Measurements

– U-Loop Reactor (Unibio A/S)

– Mixing Time

– FBA
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• Full Scale

– What if scenarios

– Compartemenalization

• Automatic/Simple

• Membranes

– Dynamic Filtration

– SPTFF

• The Future is

– Scale Down

– Dynamic

– Networks
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Bioprocesses
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ሶ𝑚 = 𝑘𝐿𝑎 ∙ (𝐶𝑂2,𝑠𝑎𝑡 − 𝐶𝑂2)

𝑥𝑙 = 2 ∙ 𝐷 ∙ 𝑡Einstein Smoluchowski Equation

1 mm = 4.16 min

3.16 mm = 41.66 min
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My life in the bioreactor (seen from the bug life)
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Motivation
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Stocks, S.M., 2013. Industrial enzyme production for the food and beverage industries?: process scale up and scale down, in: Microbial Production of Food Ingredients, 
Enzymes and Nutraceuticals. 
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Does it work?
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Or the hard way of learning….
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Liquid in

Liquid out
Gas in

Gas out

Motion of the 
bubbles

Circular 
convective flow

Rapid and 
efficient mixing

Large specific interface 
of the bubbles                  

Improved OTR

Efficient oxygen 
supply

Nozzle 

Bubble column reactors + Microbioreactor =

Microbubble column-bioreactor (μBC)

Application
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Properties

Material Borosilicate glass

Technology
Powder blasting / wet 

etching

Reactor volume 60 µL

Dimensions 

(width, height,

depth)

3 mm x 19 mm x 1 mm 

Nozzle 26 μm

Optical density
Miniature spectrometer,

Ocean Optics

Dissolved oxygen
Microneedle sensor, 

Pyroscience Lladó Maldonado, Rasch D, Kasjanow A, Bouwes, D., Krühne, U.,

Krull, R. (2018) Biochem Eng J 139:57–67

Glass microbubble column-bioreactor (gμBC)
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Airflow rate QG

Superficial gas velocity uG,

Mixing time down to 5.5 s

Effect of the superficial gas velocity (uG) on the mixing 

time

Determination of the mixing time θ95

Mixing performance of the gμBC
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Two-phase simulations to model the fluid velocity field of 

gas and liquid phases at different airflow rates.
ρ=1000 kg/m3

dh = 1.5*10-3 m 

μ = 0.001 kg/ (m·s)

Computational Fluid Dynamic (CFD) model

ReL≡
ρ∙uL ∙dh

μ

Liquid velocity ʋL and Reynolds number ReL
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Mixing performance of the gμBC

Transient CFD simulation

Mixing of a pulse of tracer at a uG of 1.3 10-3 m/s



Fluid Mechanics in Bioreactors and Fermentation
Ulrich Krühne DTU

25-05-2022 From Micro to Macro - Scale Matters 13

Experimental

Mixing of a pulse of 2 µL tracer at a uG of 1.3 10-3 m/s

Mixing performance of the gμBC
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Time-lapse image series after injection of 2 µL tracer at a uG of 1.3 

10-3 m/s

Comparison of the experimental and simulated 

variation of the green- channel data G* after the 

tracer pulse

Two Phase Flow in a µ-rector
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Scaling up (and Down)
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Christian Bach, Jifeng Yang, Hilde Larsson, Stuart M. Stocks, Krist V. Gernaey, Mads O. Albaek and Ulrich Krühne, (2017) ‘Evaluation of mixing and mass transfer in a stirred pilot scale bioreactor utilizing CFD’, Chemical 
Engineering Science, 171, pp. 19–26.

PhD Christian Bach
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The Development of a Digital Twin for Mixing 

Observation and Optimization
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Johan le Nepvou de Carfort

PhD Student

Development of a digital twin for 

mixing observation and optimization
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Particle Image Velocimetry (The next step) : 

• Direct measurements of velocity field, 

turbulent dissipation rate and bubble velocity 

and size distribution.

• Allows for an accurate validation of the CFD 

models to predict large scale behavior, 

based on small scale measurements. 
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You see what you get:
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Scaling up (and Down)
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Wright, M. R. et al. (2018) ‘Investigation of the effect of uncertain growth kinetics on a CFD based model for the growth of S. cerevisiae in an industrial bioreactor’, Chemical Engineering Research and Design. 
Institution of Chemical Engineers, 140, pp. 12–22. doi: 10.1016/j.cherd.2018.09.040
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Scaling up (and Down)
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Wright, M. R. et al. (2018) ‘Investigation of the effect of uncertain growth kinetics on a CFD based model for the growth of S. cerevisiae in an industrial bioreactor’, Chemical Engineering Research and Design. 
Institution of Chemical Engineers, 140, pp. 12–22. doi: 10.1016/j.cherd.2018.09.040
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CFD-Scaling of Pseudomonas putida Fermentation

• Developing a Euler-Lagrange model coupled with kinetic model for fed-batch fermentation of P. 

putida in a 200L pilot bioreactor

– The simulations were performed at four different stages of the fermentation to account for the increase in the broth’s height

with continuous feeding and its effect on the mixing and gradient formation. 

• Developing a Scale-Down simulator for bioprocesses through CFD life-line analysis

life lines/trajectories

Analysis

Scale Down 
Simulator
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Mariyam Jamshidzadeh

Post Doctorial Fellow

CFD kinetic Modelling for the Scale up

of P. Putida Fed Batch Fermentations



Fluid Mechanics in Bioreactors and Fermentation
Ulrich Krühne DTU

25-05-2022 From Micro to Macro - Scale Matters

Air Volume Fraction (Gas Holdup-%)
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~100 150 200 250

Fermenter Volume(L)
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Feeding Scheme
• Feed was added as a scalar source in a small region close to the liquid surface.

• Steady-state analysis: exponential feed based on 0.2 [1/h] specific growth rate.
Substrate concentration in feed =200g/l

23

~100L 150L 200L 250L
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Specific Growth rate: 𝝁 [1/h]
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𝝁_max
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Dissolved Oxygen (DO/Saturation DO-%)
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Substrate Concentration [g/l]
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Considering the past
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Flux balance analysis (FBA) is a mathematical method 

for simulating metabolism in genome-scale reconstructions 

of metabolic networks. In comparison to traditional 

methods of modeling, FBA is less intensive in terms of the 

input data required for constructing the model. Simulations 

performed using FBA are computationally inexpensive and 

can calculate steady-state metabolic fluxes for large 

models (over 2000 reactions) in a few seconds on modern 

personal computers. The related method of metabolic 

pathway analysis seeks to find and list all possible 

pathways between metabolites.

Condition

&

Performance

Victor Puig I Labora

PhD Student

Department of Bioengineering

Making Cell-Factories first-class 

citizens in Digital Twins of bioprocesses:

Integration of systems biology models

and CFD to support bioprocess scale

up

time

https://en.wikipedia.org/wiki/Metabolic_network
https://en.wikipedia.org/wiki/Metabolic_pathway_analysis
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Compartment models 
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Tajsoleiman, T., Spann, R., Bach, C., Gernaey, K. V., Huusom, J. K., & Krühne, U. (2019). A CFD based automatic method for 
compartment model development. Computers and Chemical Engineering, 123, 236–245. 
https://doi.org/10.1016/j.compchemeng.2018.12.015
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Fermentation needs purification
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Other areas in bioprocesses: filtration
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Industrial PhD student

Johann Kaiser

Industrial PhD student

Henrik Sander Marke
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Conclusion and opportunities for Scale down?

• Compartment Models instead CFD

• Compartment Reactors in order to represent the reality. How far can we go?

– Do we build tailor suited single reactors?

– Use available commercial systems in networks? (AMBR, M2lab, etc? )

– What do we get out here?

– How is the organism dealing with the changes?

31

Tajsoleiman, T., Mears, L., Krühne, U., Gernaey, K. V., & Cornelissen, S. (2019). An Industrial Perspective on Scale-Down Challenges Using 
Miniaturized Bioreactors. Trends in Biotechnology, xx, 1–10. https://doi.org/10.1016/j.tibtech.2019.01.002
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