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Industrial fermenters

• Industrial fermenters usually consist of stirred vessels with one or 
more impellers.

• Gas is usually sparged from the bottom (aerobic reactors), and 
therefore the design of the bottom impeller differs from the upper 
impellers.

• Cooling coils may be used for temperature control.
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Mixing related design issues

• Agitator selection.
• Power draw and torque calculations.
• Scale-up.
• Mechanical design.
• Blending performance (scale of agitation, turnovers-per-minute, blend 

time, homogeneity).
• Heat removal, temperature field, possible heat damage.
• Solid-liquid mixing (just-suspended speed, settled solids fraction, cloud 

height).
• Gas-liquid mixing (mass transfer, gas holdup, power factors).
• Reaction performance (productivity, selectivity).
• Surface motion, solids and gas drawdown.
• Shear rates and impact velocities, possible shear damage.
• Optimum feed locations.
• Substrate concentration field, nutrient starvation.
• Oxygen starvation or poisoning (local or global).
• CO2 or other product poisoning (local or global).
• pH control.
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Empirical mixer design - liquid only

• Typical parameters used are:
– Power input per unit volume. 

– Power draw is calculated as P(W) = Po r (kg/m³) N(1/s)³ D(m)5. Literature 
correlations for the power number Po are available for a variety of impeller 
styles.

– Mixing time. For turbulent flow mixing time is inversely proportional to the 
impeller speed. Correlations for the proportionality constant are available.

– Reynolds number r ND²/mto determine the flow regime: laminar vs. 
turbulent.

• Geometrically similar scale-up:
– Froude number N²D/g to scale up at equal surface motion.

– Constant impeller tip speed pND to scale up at equal liquid velocities. 
– Constant impeller speed N to scale up at equal average shear rate.

• Scale-up with non-geometric similarity: keep most important 
hydrodynamic and process conditions similar. Need to be able to 
determine what those are. Shear rates? Turbulence?
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Empirical mixing design - multiphase

• Liquid-solid systems:
– Correlations for just-suspended speed. Large variability. Often 

necessary to determine model constants for given system 
empirically.

– Minimal data for solids distribution.

• Gas-liquid systems:
– Correlations for gassed power draw, mass transfer rates, flow regime 

(dispersing or flooded), for the most commonly used impeller styles.

• Liquid-liquid:
– Some power draw and impeller speed based correlations for droplet 

size available.
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Fermenter models

• Single node models. 
– Typically, the reactor performance is predicted by solving a set of 

ODE’s for one node.
– Model may assume perfect mixing or take some hydrodynamics into 

account.

• Networks of zones models.
– The reactor is divided into a relatively small number of zones with 

user-defined exchange flows, the effect of which is added to the 
ODE’s. 

• CFD models.
– Hydrodynamics only.
– Full modeling.
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Fermenter modeling issues

• Anaerobic fermenters:
– Flow field: laminar vs. turbulent, and Newtonian vs. non-Newtonian.
– Rotating impellers.
– Batch vs. continuous.
– Liquid phase blending.
– Reaction modeling.
– Multiphase flow: solid suspension and CO2.

• Aerobic fermenters have the following additional modeling issues:
– Multiphase flow: gas-liquid, or three-phase.
– Mass transfer between the phases.
– Degassing.
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CFD models of fermenters

• In principle, full fermenter models can be created:
– Flow and turbulence.
– Multiphase flow and mass transfer.
– Fermentation kinetics and species concentrations.
– ... and more ... anything for which equations are known can be 

included in the CFD model!

• In practice, the following hurdles are encountered:
– Full models require excessively long calculation times.
– Not all equations and interactions are fully described.
– No commercial CFD software exists that has all required model 

components as standard features. Some degree of programming is 
usually required.
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Anaerobic fermenters

• Anaerobic fermenters have single-phase flow, or possibly 
suspended solids.

• Single-phase fermentation:
– Modeling is relatively straightforward.
– Flow field, impeller motion, species transport all modeled as other 

reacting flow problems.
– Main difference: formulation of reaction kinetics.
– Molecular reaction rates usually formulated as:

– Fermentation kinetics are usually formulated differently.
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• Anaerobic yeast fermentations to produce ethanol.
– Widely studied and reasonably well defined.

• Equations for substrate, product, cell density:

• Implemented in FLUENT with UDFs.
• SCHEME functions for GUI inputs

of model constants.
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Full scale batch test case

• This example shows high aspect 
ratio 10 m³ fermenter equipped 
with four axial flow impellers 
(Lightnin A310).

• The system is modeled using a 
mesh with 433,000 
computational cells.

• The flow induced by the 
impellers is modeled using the 
multiple-reference frame (MRF) 
model.
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Flow field

Velocity Magnitude (m/s)                             Velocity Vectors
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Batch simulation - mass fraction cells

• At time 0, 5% by volume of 
inoculant (one g-cells/l) is added 
on top of a liquid batch with 100 
g-glucose/l.

• The transport and mixing of the 
species and the reaction kinetics 
are modeled.

• Notice the concentration 
differences between the top and 
the bottom of the vessel.
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Mass fractions of product and glucose
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Large scale fermenter

• 500,000 gallon (1900 m³) fermenter.
• Diameter of 36 ft (10.8 m).
• Aspect ratio 1:2.
• Residence time 18 hours.
• Stirred by two pitched blade turbines.
• Impeller diameter 12 ft.
• 20 RPM.
• Impeller power input predicted by CFD model is 54kW. Would 

require minimum of 100HP motor.
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inlet

outlet

down pumping 
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turbines (20 RPM)
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Large scale fermenter
16
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Mass fraction of cells

inlet outlet
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Mass fraction of glucose

inlet outlet



19

Final glucose and cell concentration
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Ethanol concentration and production rate
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What about solids?

• Solids can be handled in one of the following ways:
1. Settling velocity of the solids is negligible: model as a dissolved 

species. Use an effective viscosity for the slurry, e.g.:

2. Settling velocity of the solids is low: use the Mixture model. This is a 
multiphase flow model with one set of shared momentum equations 
for all phases.

3. Fast settling solids with significant segregation: Eulerian granular 
model with separate momentum equations for each phase.

5

slurry liquid 5 6

Kawase and Ulbrecht. Chem.Eng.Comm. Vol. 20, pp. 127-136 (1983)
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Effective diameter of solid particles

• Solid particles do not usually all have  the same size.
• The mass weighted average diameter d43 is best used as the 

effective diameter of the solids:

Here di denotes the diameter of particle i. The sums are over all 
particles i.

• If a particle weight distribution is known, the same can be 
approximated as:

With Mj being the mass of particles in size group dj.
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Solids suspension - single impeller

• Solid-liquid simulation.
• 2-D axisymmetric simulation.
• Eulerian multiphase model.
• Solids are settled at time 0.
• The solids are fully suspended 

after 36.5 s.
• The A310 impeller (0.17 m 

diameter; 325 RPM) was 
modeled using a fixed velocity 
profile. 

• Red is packing density (0.6). 
Blue is zero solids.

Animation
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Solids suspension - dual impellers

• Solid-liquid simulation.

• 3-D simulation of a 90° degree 
section.

• Eulerian multiphase model.
• Solids are uniformly suspended 

at time 0.
• Perform calculation until steady 

state is reached. 
• The two A310 impellers were 

modeled using a fixed velocity 
profile. 

• Red is packing density (0.6). 
Dark blue is zero solids.

Animation
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Solids suspension - validation

0.0               0.5               1.0              1.5       2.0

Experimental data for multiple Rushton turbine system are courtesy of University of Bologna: D. Pinelli, M. Nocentini
and F. Magelli. Solids Distribution In Stirred Slurry Reactors: Influence Of Some Mixer Configurations And Limits To 
The Applicability Of A Simple Model For Predictions. Chem. Eng. Comm., 2001, Vol. 00, Pp. 1-18. 

Fluent predictionExp. data
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Aerobic fermenters

• The sparged gas requires multiphase flow modeling.
– Usually done with either an Eulerian mutiphase flow model or the 

Mixture model.
– CPU time intensive transient models required.
– Degassing requires inclusion of the headspace above the liquid.
– Mass transfer between phases usually requires UDFs.

• Bubble size can be treated as follows:
– Calculate using scalar equations using method of moments.
– Calculate a size distribution.
– Use a single effective diameter.
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Estimating local kla

• Both kl and a can be calculated from the local flow conditions.

• Local kl is calculated from the turbulence intensity, e.g.:

– Here e is the turbulent dissipation rate, n is the liquid kinematic
viscosity, and Scis the Schmidt number (n over the diffusion 
coefficient).

– Presence of chemicals, such as oils, will affect kl. Verify that your 
system matches the system described in the literature source.

• The interfacial area a is calculated from the volume fraction of 
gas and the bubble size:

– The local volume fraction of gas f is calculated by the multiphase 
flow model.
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Estimating the average bubble diameter 

• One method to estimate the average bubble diameter is from 
literature correlations for the bubble diameter.

• A commonly cited correlation is:

• Later work (e.g. Sridhar and Potter, Chem.Eng.Sci. 35, 683, 
1980) resulted in enhanced versions of this correlation taking into 
account gas-liquid density ratio and sparged gas power input.

• As always review source to make sure that your system falls 
within the range studied for which the correlation was developed.
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Estimating the effective bubble diameter

• Another method is to estimate bubble diameter from the volume 
fraction of gas f and the mass transfer coefficient kla.

• These can also be estimated from correlations, e.g.:

• The superficial gas velocity is defined as vsg=4Qg(m
3/s)/(pT(m)2).

• With previous relationship for kl and db=6f /a this gives sufficient 
information to estimate db. 

• See literature, e.g. the mixing handbook or Tatterson (Fluid 
Mixing and Gas Dispersion in Agitated Tanks, McGraw-Hill, 1991) 
for model constants or more references.
– Note that many correlations are for air-water!
– Presence of chemicals, e.g. salts or anti-foam will affect gas holdup 

and mass transfer coefficient. Use correct model constants!
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• Radial pumping gas dispersion impellers: 
D-6 (Rushton), CD-6 (Concave blade), BT-6.

• Axial pumping impellers (lower shear, high flow): 
– HE-3 (narrow blade hydrofoil).

– Maxflo-T (wide blade hydrofoil).

• Pfaudler Retreat Blade: glass lined < 40 m³.

Impellers
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Example - gas-liquid mixing vessel

• Combinations of multiple 
impeller types used.

• Bottom radial flow turbine 
disperses the gas.

• Top hydrofoil impeller provides 
good blending performance in 
tall vessels.

Eulerian Gas-Liquid Simulation

Animation
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Gas-liquid flow regimes

Flooded Dispersed
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Impeller performance

• Example: gas dispersion retrofit comparison.
• Gas flow rate 13 vvm (vsg=0.1m/s).

Rushton                                  CD-6                                   BT-6
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Flow regime comparison D-6 and CD-6
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Ratio gassed to ungassed power draw
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Aerobic fermenter modeling

• Gas-liquid multiphase flow.
• Full Eulerian multiphase flow modeling:

– Used to model droplets or bubbles of secondary phase(s) dispersed 
in continuous fluid phase (primary phase). 

– Allows for mixing and separation of phases.
– Solves momentum, enthalpy, and continuity equations for each 

phase and tracks volume fractions.

• Impellers can be modeled transient using the sliding mesh 
method.

• Key design parameters are gas holdup and mass transfer 
coefficient kla.



37

Volume fraction

• Eulerian multiphase model.
• Volume fraction:

• Momentum balance:

• Drag forces:

aaaa (-)

Sac
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Bubble size

• A single scalar equation is 
solved for the local bubble 
number density:

• This includes coalescence and 
breakup source terms Sbc.

• These include effects of 
turbulence on the bubble 
breakup and coalescence 
behavior.

• Local average bubble size can 
be calculated from the bubble 
number density and the volume 
fraction:
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Bubble size modeling
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Mass transfer coefficient kla

• Interfacial area can be calculated 
from local gas holdup and bubble 
size.

• The liquid side mass transfer 
coefficient kl is calculated from 
Kawase and Moo-Young (1990):

• Most of the mass transfer will 
occur in the impeller region, 
where the turbulence intensity is 
the highest.

k la (1/s)

1/ 4 1/ 20.301( )lk Sce n -=
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Fermenters - design example

• Design example:
– Aerobic fermenter.
– Vessel diameter 5.8 m.
– Total height 21 m.
– Batch volume up to 450 m³.
– Fed batch: batch time 5 days.
– Viscosity in 50 - 100 mPa-s

range.
– Superficial gas velocity 0.1 m/s

or 1 vvm.

• Process requirements:
– kla around 0.1 1/s.
– O2 Uniformity: blend time order 

of 1/kla combined with good gas 
dispersion.

– No dead zones, rapid mixing of 
feed.

– Sufficient flow around cooling 
coils.
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Compare flow patterns

• Impeller system options:
– Multiple impellers required.
– All radial flow.
– All axial flow.
– Bottom up-pumping, top down pumping.
– Bottom radial flow, rest axial flow.

• Use computational models to calculate the flow patterns for the 
various impellers.

• Tank is divided in grid cells (up to 1,000,000 depending on type of 
model).

• Solve equations of momentum, continuity, etc. for each cell.
• Impellers are modeled using boundary conditions obtained using 

laser-Doppler velocimetry.
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Flow pattern comparison

• Blend time of a system with only radial flow impellers is typically 
about 2.5 times longer than for a system that has upper axial flow 
impellers.
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Gas dispersion modeling

• Use computational models for full scale predictions.
• Computational model for gas dispersion calculates local gas 

holdup, local bubble size, and local kla.

• Bubble size model based on population balance and takes effect 
of break-up and coalescence into account.

• kla follows from local holdup, bubble size, and turbulence 
intensity.
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CFD simulation results
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Heat transfer coils

• Twelve sets of eight vertical cooling coils that also act as baffles.
• Water cooled.
• Total heat transfer resistance includes wall resistance, resistance 

cooling liquid side, fouling, etc.
• Process side heat transfer coefficient:

• Process side heat transfer coeff. ~ P0.29.
• Cooling capacity approx. 8000 kW from correlations.
• Verify there is sufficient liquid movement around the coils.
• Computer model for 30º section of tank; 250,000 nodes.

2 /3 1/3
,Nu Re Primp geo visck f=
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Flow field around coils

• This image shows the 
velocity magnitude in four 
cross sections. From top 
left to bottom right, at 0.8, 
0.6, 0.4, and 0.2 fraction of 
the liquid level off the 
bottom.

• The simulations show that 
there is sufficient liquid 
movement around the 
cooling coils. 
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Final design

• 1000 HP motor at 105 RPM loaded 80% under gassed conditions
– (second speed 52.5 RPM)
– (hollow shaft 0.42 m diameter)

• One CD-6 and three HE-3 impellers.
• Estimated gas hold-up 23%; Pg/Pu = 0.65.
• kla = 0.10 1/s; blend time = 40 s.
• System performed as designed and operates as hoped.
• More than sixty of these 1,000 HP units have been built for 

various fermentations.
• Total installed CD-6\HE-3 systems approximately 94,000 HP.
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Conclusions

• Full CFD models of fermenters can be developed.
– Usually calculations will be CPU time intensive.
– Usually some level of programming will be needed, as no 

commercial CFD software has all the required models as standard.

• Aerobic fermenters are prone to mixing related performance 
problems:
– Gas dispersions can never be homogenous.
– Most mass transfer will occur in impeller regions.
– Good top to bottom blending performance is essential.
– Systems with a lower gas dispersing impeller and upper axial flow 

impellers are ideally suited for large scale fermentations.


