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Motivation

Novel Tools

• New strategies to solve (or to mimic the behavior of) the Navier-
Stokes equation (e.g., LBM)

• Reliable Open-source software (e.g., OpenFOAM)
• (relatively) cheap computers
• This makes, e.g., Lagrangian Particle Tracking (LPT) for large 

bubbles swarms possible

Application Areas

• fine chemicals industry � catalytic hydrogenation and oxidation 
• pharmaceutical industry � Quality by Design (QbD) initiative
• bioreactors � shear damage to cells, oxygen supply in yeast and 

antibiotics production, CO2 supply in microalgae cultivation
• synfuels � modeling of Fischer-Tropsch synthesis

J.J. Derksen, H.E.A. van den Akker. AIChE J 45, 1999, 209-221 
S. Radl, J. Khinast. AIChE J, 2009, in press.

Introduction
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Part IPart I

Multiphase Flow

Normalized energy 
dissipation rate and 
flow field in a 250 m² 
industrial fermenter
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Meso-scale Simulation of Bubble Swarms:
Lagrangian Particle Tracking (LPT) combined with Lar ge 
Eddy Simulation (LES)

Governing Equations (Euler Grid)
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FG……… gravity force

Fp …….. force due to pressure gradient

FD …….. drag force

FL …….. lift force

FA …….. added mass force
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total liquid-phase stress:

Sketch of forces acting on a bubble

Newton’s Equation of Motion (Lagrangian Grid)
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Bubble Swarms: Validation of Flow
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Snapshot of bubble positions for two different 
times (exp. Data by Sokolichin and Eigenberger, 
1999)

Bubble velocity (bubble
diameter magnified by a 

factor of 3)

Setup
• “Becker” case
• domain size 0.5 x 0.08 x 1.5 [m]
• 1.6 [l/min] gas flow rate
• 1.6 [mm] bubble size
• excentric sparger

Results
• strongly unsteady motion of 

the gas plume reproduced 
(tosc = 40 [s] )

• gas hold-up between 0.24 %
and 0.34 % (70k – 95k 
bubbles in domain)

• “Guiness” effect: small 
bubbles move downwards 
near wall

LES-LPT
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Bubble Swarms: Validation of Flow
Quantitative Results
• excellent agreement with 

mean velocity field published 
by S&E for LPT-LES and 
Euler-Euler simulation with k-z-
f turbulence model

• some space for improvement 
near the walls for both 
approaches

Influence of the Grid

Time-averaged velocity profiles (left) at z/H=0.22 and vector plot of
the time-averaged velocities (right) for (top) Euler-Euler Simulation 
and (bottom) LES-LPT

Mesh 0

Mesh 2Time-averaged velocity profiles z/H=0.35 for different grids using 
LBT-LES (mesh 0: 122,880 cells, mesh 2: 820,800 cells)  

coarse

fine

Euler-Euler

LES-LPT

LES-LPT
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Bubble Swarms: Results with a new LBGK code

Challenges when using LBGK
• Stability (when imposing 

forces, the density field may 
start to oscillate)

• To take into account the local 
gas hold-up in the NS Eqn. 

• Efficient handling of particle 
information

Instantaneous filtered velocity field, LBGK code 

LBGK
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(b)Speed-up of the LBGK flow solver (simulations performed at the 
“ccluster” of the Graz University of Technology)

LBGK ... Lattice Boltzmann Bhatnagar-Gross-Krook
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Part IIPart II

Mixing
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Bubble Swarms: Mixing without Mass Transfer

Setup
• air bubbles moving in water, Becker case
• Sc = 500, ScSGS = 0.7 (influence of ScSGS is small)

D. Bothe, C. Stemich, H.-J. Warnecke. Fluid 
Mixing in a T-shaped micro-mixer. Chem Eng 

Sci 61 (2006) 2950-2958.
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Analysis of mixing metrics for different initial distributions of an inert scalar without mass transfer (a: initial distributions used for 
the analysis; b: normalized scale of segregation vs. time, c: log-normal fit of the distribution of after a time of 15s for case a1)

(a1) (a2) (a3) (a4)

Quantification of mixing
• “Potential for diffusive mixing” FFFF [1/m]

(Bothe et al., 2006), the inverse is a measure for 
the scale of segregation .

• The intensity of segregation is quantified by 
the variance ssss².

LES-LPT

(b) (c)
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Bubble Swarms: Dissolution and Mixing of Gas

Setup
• air is dissolving in water (no reactions)
• Sc = 500, ScSGS = 0.7

Quantification of mixing

Contour plots of (a) concentration field Y, (b) local distribution of the variance s², and (c) potential for diffusive mixing F
(left: t=5[s], right: t=15[s])

ssss²

LES-LPT
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Bubble Swarms: Dissolution and Mixing of Gas

Scale of segregation
• Very fast dynamic behavior, for long 

times perfectly log-normal distributed
Intensity of segregation
• intermediate time scale , 

strong fluctuations in time
ssss² and FFFF decrease in time
according to (Yeq-Ymean), i.e., exponentially

Distribution of the scale of segregation, top: 
comparison of distributions for different times, bottom: 
log-normal fit of the distribution after a time of 15 [s]Time profiles for the mixing metrics s² and F

LES-LPT
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32s 34s 36s30s Concentration contour plots and bubble positions 
for different times (dp=1.6mm)

t=30s

t=36s

t=30s     t=36s

Time profiles for (top) s² and (bottom) specific 
interfacial area a for different bubble sizes

The mechanism leading to fluctuations of ssss²
• A cloud of high concentration forms

at the top due to high gas hold-up eG
• Interfacial area a and mass transfer decrease
• Liquid-phase mixing is not much influenced.
• Cloud is mixed with the bulk liquid

Bubble Swarms: Dissolution and Mixing of Gas

LES-LPT
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Dimensionless concentration (a1, a2) and scalar variance (b1, b2) contour plots 
after 2 [s] (left) and 10 [s] (right) for an inert scalar (a = 0).

Definition, its Transport Equation and Results

Bubble Swarms: Scalar Variance in Multiphase System s

LES-LPT
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Part IIIPart III

Bridging the Scale Gap

Göz et al., 2001
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Comparing DNS with mass transfer correlations

Streamlines and distribution of dissolved 
gas around a spherical bubble

H2 and product distribution
in the wake of a spherical
bubble

• 3D DNS is able to perfectly 
reproduce correlations for Sc = 1

• For higher Sc numbers , extreme 
grid refinement near the interface is
needed

LES Extension – Film Model
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Overview
• The multiphase reactor is 

separated into a dispersed and a 
continuous phase

• The dispersed phase consists of 
particles (or parcles of particles) 
that are individually tracked
(Lagrangian grid)

• The continuous phase consists of 
a stagnant film (similar to Kenig 
et al.) and a bulk phase
(Eulerian grid)

LES Extension – Film Model

Features
• Very detailed hydrodynamics in the bulk 

phase considered 

• Fully predictive and flexible

• Micromixing effects near the interphase
and in the bulk phase considered

Rigorous interface model for dispersed-flow 
multiphase reactors 

Governing Equations
Particle (non-reactive species transport)

Film (quasi-steady-state assumption)
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Kenig et al., CEP, 2009
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Structure
• The reaction kinetics and stoichiometry 

are fixed.
• For the calculation of the concentration 

profile in the film we need the film 
thickness (from bubble motion), the 
interface concentration (particle 
coupling) and the bulk concentration
(bulk coupling)

Calculation Strategy
• Solve film equations in Matlab® before 

simulation and save data

• Calculate film thickness and interpolate 
bulk concentration in LES-LPT

• Solve particle model and interpolate film 
model output from look-up table in LES-
LBT

• Time savings: 0.04 [s] vs. 0.82 [s] per 
time step (factor ~20)

Variables (orange) and constants (green) involved in the 
film model

LES Extension – Film Model

Calculation strategy (a data base is provided by Matlab, 
which is then used as a look-up table by OpenFOAM)
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Dimensionless mean concentration profiles (a: t R=100[s], b: t R=200[s]), (c) mixing metrics for the case with  t R=100[s], 
and (d) snapshot of the concentration profile and bubbles for the case with t R=100[s].

Effect of the reaction rate
• In bioreactors, typical reaction time scales range from 1 to 10 3 s.
• We would like to identify regions starving nutrients , e.g., 

oxygen.
• The question thus is: “Is the reactor well mixed and can we 

supply enough  nutrients ?”
• FFFF and ssss² are much smaller , however, this does not mean the 

reactor is well mixed ! Thus, we cannot employ F and s² for this 
analysis!

Bubble Swarms: Reactions in the Liquid Phase

(b)(a) (c)

(d)

tttt R=100s tttt R=200s tttt R=100s

tttt R=100s

LES-LPT
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LES Extension – Film Model

Bulk Phase Flow
• Mean and fluctuating velocity field

• Scalar mixing: pH and conductivity 
measurements

• Reactive mixing: 4th Bourne reaction
(neutralization vs. acid hydrolysis)

Film Model
• Verification via semi-analytical 

solutions from literature 

• Validation of the film model with
experimental data is extremly 
difficult . Instead, we use direct
numerical simulations to detail on 
the accuracy of the film model.

Total Performance
• 2D DNS of bubble swarms

• Reactive multiphase mixing: 4th

Bourne reaction in bubble column

[%
]

Experimental setup for the investigation of reactive mixing

Comparison of film model prediction with DNS data


