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Overview

Welcome! 

ÅThis document contains the lectures that I gave for the Reacting Flows (ENGS 

199) class at the Thayer School of Engineering at Dartmouth College in 2006. 

ÅReacting flows is a wide field, including combustion, polymerization, cracking, 

fermentation, etc. In this class the focus was on modeling of liquid reaction in 

stirred tanks as used in the process industries.

ÅThis class had three instructors: Prof. Lee Lynd on biofuel fermentation, Richard 

D. LaRoche on mixing vessel design, and me on CFD modeling of mixing 

vessels. This document only includes my lectures on CFD.

ÅThese lectures are provided ïat no charge - for educational and training 

purposes only. 

ÅYou are welcome to include parts of these lectures in your own lectures, courses, 

or trainings, provided that you include this reference:

Bakker A. (2006) Lectures on Modeling Reacting Flows in Stirred 

Tanks. www.bakker.org.
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About the author

ÅI received my Doctorate in Applied Physics from Delft University of 

Technology in the Netherlands in 1992. In addition, I obtained an 

MBA in Technology Management from the University of Phoenix. 

From 1991 to 1998 I worked at Chemineer Inc., a leading 

manufacturer of fluid mixing equipment. In 1998 I joined Fluent 

Inc., the leading developer of computational fluid dynamics 

software. Since 2006 I have been with ANSYS, Inc.

ÅYou can find me on the Web:

ïLinkedIn: https://www.linkedin.com/in/andre-bakker-75384463

ïResearchGate: https://www.researchgate.net/profile/Andre_Bakker

ïPersonal web page: www.bakker.org

André Bakker
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Recommended reading

ÅComputational Fluid Mixing by Marshall and 

Bakker. 2002. ISBN 0-9719532-0-1

ÅAvailable as a PDF file on www.bakker.org and 

researchgate.net

ÅThis 154-page booklet covers many topics in the field 

of simulating mixing processes using CFD. A printed 

version of this booklet was published by Fluent Inc. 

The booklet starts with a great Foreword by Prof. J.M. 

Smith that discusses the progress of understanding of 

mixing throughout the ages. It continues with an easily 

understandable Introduction to CFD; an Introduction to 

Numerical Methods; a chapter on Stirred Tank 

Modeling Using Experimental Data; a section on 

Stirred Tank Modeling Using the Actual Impeller 

Geometry; an overview of Evaluating Mixing from Flow 

Field Results; a very nice suite of Application 

Examples; and Closing Remarks giving you useful 

modeling advice.
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Modeling Flow Fields in Stirred Tanks 

Reacting Flows - Lecture I

André Bakker
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Outline

ÅCoordinate systems.

ÅImpeller modeling methods.

ïTransient vs. steady state.

ïDifferent impeller types.

ÅModel setup.

ïNumerics recommendations.

ïTurbulence models.

ÅPost-processing.

ïPower number and torque.

ïFlow rates and pumping number.

ïShear rates.
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Coordinate systems

ÅCoordinate systems:

ïCartesian: x, y, z coordinates.

ïCylindrical: radial, tangential, axial (r, q, h)

ïConversion (if h is in the z-direction):

x = r cosɗ; y = r sinɗ; z = h.

ÅVelocities in the Cartesian system are usually 
denoted as vx=u, vy=v, vz=w which are the 
velocities in the x, y, and z-direction respectively.

ÅNotation in the cylindrical system:

ïAxial velocity (h-direction): vh=u.

ïRadial velocity (r-direction): vr=v.

ïTangential, or swirl velocity (q-direction): vq=w.

ïConversion (if h is in the z-direction):

vx=vrcosɗ-vqsinɗ; vy=vrsinɗ+vqcosɗ; vz=vh.
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What can you calculate?

ÅFlow field:

ïPumping rate.

ïAverage velocities in fluid bulk, and important locations, such as near 

feeds, at the bottom, around cooling coils.

ÅPressure field:

ïMost commonly used to calculate impeller torque and power draw.

ïOther forces: such as on baffles.

ÅAdditional physics:

ïParticle tracking.

ïMixing times.

ïResidence time distribution (RTD).

ïTemperature.

ïSpecies mixing.

ïReactions.

ïMultiphase flow, such as solids suspension, or gas dispersion.
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Modeling the impeller

ÅThe main difficulty lies in modeling the motion of the rotating 

impeller past the stationary tank walls and baffles.

ÅThere are many different methods to do this:

ïTime averaged methods (2-D or 3-D).

ÅTime averaged flow field without any details about the flow around the 

impeller blades.

ÅWith varying levels of empirical input.

ïSnapshot methods (3-D).

ÅCalculate the flow field for one impeller position only.

ïTransient methods (3-D).

ÅModel the actual motion of the impeller.

ÅDeforming meshes or non-deforming, sliding meshes.
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Time averaged methods

ÅObjective: calculate time averaged flow 

field in the vessel.

ÅIgnore details of flow around impeller 

blades.

ÅImpeller is replaced with a simple, disk 

style region ­ easy to mesh!

ÅIn the impeller region:

ïPrescribe (ñfixò) time averaged 

velocities, e.g., from experimental data 

(most accurate, and most common).

ïOr prescribe momentum sources, e.g., 

from airfoil theory (less accurate and 

less common).

ÅFast and easy to solve!
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Prescribing velocities
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Where to prescribe velocities
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Pumping downwards close to the bottom: prescribing 

velocities at the inflow works better in practice.

At low Reynolds numbers, prescribe at two 

of the three surfaces.



How to scale 

ÅVelocities are usually measured at lab scale.

ÅThey can be scaled to full scale as follows:

ÅFor turbulent flows, also prescribe measured turbulence intensity.

ÅIdeally, velocity data are measured in a geometrically similar system, at 
the same Reynolds number.

( / )
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( )

2 ( )
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( / )tip
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=
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= =
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,
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v
v r R v r R

v
= Ö
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When to use a time averaged method

ÅIt is the only impeller modeling method suitable for 2-D 

calculations.

ÅThe main advantages for 3-D calculations are:

ïEasy meshing with fewer cells than other methods.

ïFast flow field calculations.

ïFast species mixing and particle tracking calculations.

ÅThe main disadvantage is:

ïYou need velocity data for the particular impeller at the particular 

Reynolds number. Note: this data can come from experiment or 

other CFD simulations.

ïHard to use for multiphase flows (e.g., gas-liquid flows).

ÅWhen is it useful: if you want to do many parametric reaction 

studies for the same system. 
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Steady-state methods

ÅCalculate one flow field for one given 

impeller position.

ÅSteady state calculation: ignores flow field 

history effects.

ÅMesh the actual shape of the impeller.

ÅNo need to input experimental data.

ÅIn FLUENT this is done by having a 

separate fluid region that contains the 

impeller.

ÅFor this region, a Moving Reference Frame 

(MRF) with a rotational motion is specified. 
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Wall motion

ÅIn plane motion:

ï The direction of motion is parallel to the wall.

ï Flow is induced by shear forces.

ï This can be modeled by simply specifying a 

wall velocity.

ÅOut of plane motion.

ï The direction of motion is not parallel to the 

wall.

ï Flow is induced by shear forces and by 

normal forces (ñpushingò).

ï The effect of the shear forces is modeled by 

specifying a wall velocity.

ï The effect of the normal forces requires the 

use of a moving reference frame (steady-

state) or moving mesh condition (transient) for 

the fluid region in which the wall is contained.

Direction of motion

Induced flow

Direction of motion

In plane component: 

modeled as shear force

Normal component: 

modeled using MRF or 

moving mesh model
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MRF method

ÅSolving:

ïIn the MRF zone, the flow field is calculated by solving the Navier-

Stokes equations in a rotating reference frame.

ïIn the remainder of the vessel, the flow is calculated by solving the 

equations in a stationary reference frame.

ïThe flow fields are connected at the interior surfaces separating the 

two regions.

ÅRequirements: 

ïThe impeller zone needs to be a volume of revolution around the 

impeller shaft (e.g., a cylinder or sphere). 

ïIt is acceptable if stationary surfaces are part of the MRF zone, if 

they are a surface of revolution around the axis (e.g., the tank bottom 

or cylindrical vessel walls; but not the baffles). Need to specify zero 

velocity in the absolute reference frame for such surfaces.
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MRF method - validation

ÅMarshall et al. (1999).

ÅA310 impeller in a 1.2m vessel.

ÅPredicted power number of 0.29 

compared to 0.30 in experiment.

ÅPredicted pumping number of 0.52 

compared to 0.56 in experiment.
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Marshall, E. M., Y. Tayalia, L. Oshinowo, and R. Weetman, Comparison of 

Turbulence Models in CFD Predictions of Flow Number and Power Draw in Stirred 

Tanks, Presented at Mixing XVII, Banff, Alberta, Canada, August 15-20, 1999



When to use MRF

ÅWhen experimental impeller data is not available.

ÅWhen the impeller geometry is known.

ÅWhen relatively short calculation times are desired.

ÅWhen transient flow field effects are not important:

ïImpellers on a central shaft in an unbaffled cylindrical vessel.

ïIn baffled vessels when impeller-baffle interaction effects are of 

minor importance.

ÅInitialize with a zero-velocity field in the absolute reference frame 

or a solution of a prior calculation (e.g., from a lower Reynolds 

number simulation).

ÅFor turbulent flows, it is best to initialize with low values of the 

turbulence properties (e.g., 0.01 and 0.001 for k and Ů).
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Unsteady methods

ÅA full time-dependent calculation is performed.

ÅMesh the actual shape of the impeller.

ÅDuring the calculations, the impeller actually moves with respect to 

the stationary geometry components, such as the baffles.

ÅBecause the geometry changes during the calculations, the mesh 

has to change as well.

ÅHow to do this:

ïMoving/deforming mesh (MDM) method: Have one mesh and deform 

or remesh this every time step for the new impeller position.

ïOverset mesh method: Have a mesh for the solid geometry of the 

impeller, move this through the stationary mesh for the fluid, and 

calculate intersections every time step.

ïSliding mesh method (called Moving Mesh in FLUENT).
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Sliding mesh method

ÅMethod used in FLUENT.

ÅDefine a separate fluid region for the impeller.

ÅSimilar to the MRF model, with one exception: the impeller region 

mesh should be disconnected from the mesh for the tank region.

ÅThis allows the impeller mesh to slide past the tank mesh.

ÅData is interchanged by defining grid interfaces.
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When to use the sliding mesh method

ÅAdvantages:

ïFewest assumptions: suitable for widest range of cases.

ïTime-dependent solution is good for:

ÅImpeller-baffle interaction.

ÅStart-up or periodic transient flow details.

ÅDisadvantages:

ïCPU intensive.

ïRequires many cycles to reach ñsteady-stateò.

ïTime scales for sliding mesh may not be compatible with time scales 

of other processes (blending, solid suspension, etc.).

ÅUse when:

ïWhen there is strong interaction between impeller and walls or 

baffles (e.g., systems with off-center or angled shafts).

ïCertain species or particle tracking calculations.
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Sliding mesh validation

ÅPitched blade turbine for a range of Reynolds numbers.

ÅBakker A., LaRoche R.D., Wang M.H., Calabrese R.V. 

(1997) Sliding Mesh Simulation of Laminar Flow in 

Stirred Reactors, Trans IChemE, Vol. 75, Part A., 

January 1997, page 42-44.

Pumping Number Nq = Ql(m
3/s)/(ND3)
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Impeller flow pattern

Re = 40
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Velocity magnitude

Re = 40 Re = 180
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Velocity magnitude

Re = 400 Re = 1200
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Average velocity magnitude
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The volume averaged velocity magnitude for the whole 

tank as predicted by the CFD simulation as a function of 

the number of impeller revolutions. The flow field takes 

tens of revolutions to fully develop.



Average tangential velocity
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The volume averaged tangential velocity (swirl) for the whole 

tank as predicted by the CFD simulation as a function of the 

number of impeller revolutions. The flow field takes tens of 

revolutions to fully develop. From the three velocity 

components (axial, radial, tangential) the tangential velocity 

takes the longest to fully develop. Monitoring this velocity 

component is therefore a good way to determine when the 

calculation is fully converged.



Sliding mesh calculation

ÅThere need to be separate, disconnected mesh zones for the 

rotating and stationary regions.

ÅDefine ñGrid Interfacesò between these two zones so that data can 

be exchanged.

ÅSet-up as unsteady model.

ÅDefine impeller region as ñmoving meshò.

ÅDefine rotational axis and rotational velocity.

ÅDefine other boundary conditions and model settings.

ÅInitialize either with a zero-velocity field in the absolute reference 

frame or a solution of a prior calculation (e.g., a steady MRF 

calculation).

ÅFor turbulent flows, it is best to initialize with low values of the 

turbulence properties (e.g., 0.01 and 0.001 for k and Ů).

ÅPerform transient simulation.
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Mesh options

ÅMeshes for the fluid region and 

impeller region are connected.

ÅSuitable for steady-state 

calculations using the MRF 

model.

ÅCannot be used with the sliding 

mesh model.

ÅMeshes for the fluid region and 

impeller region are disconnected.

ÅInformation is exchanged by 

defining grid interfaces.

ÅNecessary for the sliding mesh 

model. Will also work for MRF.

Fluid region

Impeller region

Disconnected 

regions. Need 

to define grid 

interfaces.
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Impeller region size

ÅThe fluid region containing the impeller should be a surface of 

revolution around the axis, e.g., a cylinder.

ÅIn principle, it can be any size.

ïWith sliding mesh models, convergence is most robust if the region 

is relatively small, so that all the fluid in the rotating region moves 

with a velocity that it is not too much different from the impeller itself.

ïWith MRF models, species transport calculations are most accurate 

if the impeller region size is as small as possible.

ïA region with an interface about one impeller blade height removed 

from the impeller usually works well.
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Periodicity

ÅIn many cases, it is not necessary to model the full tank and only a 

periodic section needs to be modeled.

ÅThe periodicity, or number of sections to be modeled, is equal to 

the greatest common denominator of the number of impeller 

blades and baffles:

ÅNote: if feed pipes are present, one usually has to model the full 

vessel.

Impeller blades Baffles Periodicity Section 

(degrees)

any 1 1 360

2 4 2 180

3 3 3 120

3 4 1 360

4 4 4 90

6 4 2 180
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Liquid surface

ÅThe liquid surface usually deforms as a result of the liquid motion.

ÅIf the deformation is large, and strong surface vortices form, air 

may be entrained from the headspace. 

ïThis may or may not be desirable.

ïUsually, the system is designed to prevent this.

ÅIn most baffled vessels, this deformation is usually small compared 

to the scale of the vessel.

ÅThe liquid surface can in most cases be modeled as flat and 

frictionless (e.g., with a zero-shear or symmetry boundary 

condition).

ÅFor systems where surface deformation is important, a free-

surface multiphase model (e.g., VOF) has to be used.

ïThis is very CPU time intensive and should be avoided if possible.
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Model setup and convergence

ÅTurbulence models:

ïUnbaffled vessels: always use the Reynolds stress model (RSM).

ïFully baffled vessels: the k-erealizable model works well for most 
flows.

ÅNumerics:

ïAlways use second order or higher numerics for the final solution.

ïFor tetrahedral meshes, use the node-based gradient scheme.

ÅInitialization:

ïInitialize velocities to zero (in absolute reference frame).

ïInitialize k and eto lower values than FLUENT default, e.g., 0.01 and 
0.001 respectively (instead of 1).

ÅConvergence:

ïDefault residual convergence criteria are usually not tight enough.

ïMonitor torque (moment) on the impeller, average tangential velocity, 
and average velocity magnitude.
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Flow field results

ÅFlow field can be visualized by means of vector plots, contour 

plots, iso-surfaces and pathlines.

ïQuickly shows if the number of impellers is sufficient.

ïShows if material from feed pipes will go to the impeller or not.

ÅQuantitative data that can be extracted from the flow field and 

used in standard design procedures is:

ïImpeller torque and power draw.

ïImpeller pumping rate.

ïShear rates, and effective viscosities.

ïAverage velocities, and local velocities in regions of interest.
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ÅCalculate power number of the impeller:

ïAs data needed for your other analysis.

ïOr, if already known, as validation of the simulation result.

ÅCalculate power draw from the torque M(Nm) on the impeller (in 

FLUENT called the moment:

ÅAnd calculate the power number Po:

ÅNote: in principle the power draw can also be calculated as the 

volume integral of the energy dissipation rate e, but this is usually 

less reliable.

3 1 3 5

( )
Po

( ) ( ) ( )

P W

kg m N s D mr - -
=

The power number

1( ) 2 ( ) ( )P W N s M Nmp -=
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Calculate the impeller torque in FLUENT

Moment around the    x            y            z    axis

In this example, the impeller 

rotates around the y-axis, and the 

y-axis moment is then the torque 

on the impeller. For periodic 

domains, reported torque is for 

the one modeled section only!

Make sure the 

moment center 

lies on the axis 

of rotation of 

the impeller.
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Impeller pumping number

ÅCalculate the pumping number of the impeller:

ïAs data needed for your other analysis.

ïOr, if already known, as validation of the simulation 

result.

ÅCalculate the flow rate through the impeller Q(m3s-1).

ÅThe pumping number is defined as: 

3 1

1 3

( )

( ) ( )
q

Q m s
N

N s D m

-

-
=
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Surfaces to create to calculate flow rate

ÅRadial flow impeller.

ÅCreate a cylindrical surface 

around the impeller.

ï Iso-surface of constant radial 

coordinate.

ïClip to axial extents of impeller.

ÅCalculate the mass flow.

ÅAxial flow impeller.

ÅCreate a disk surface in the 

impeller outflow.

ï Iso-surface of constant axial 

coordinate.

ïClip to radial extents of impeller.

ÅCalculate the mass flow.
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Surfaces for mixed flow impeller

ÅA PBT in laminar flow gives a 

combined radial/axial flow pattern.

ÅNeed to calculate mass flow out 

of the impeller both at the side 

and the bottom.

ÅCreate radial surface on side and 

clip to positive radial velocities.

ÅCreate surface below and clip to 

downwards velocities.

ÅCalculate mass flow through both 

surfaces.
o

3

3

Example: PBT45 - W/D =0.27 -Re=40 - T=0.49m

4*(0.425 ( ) 0.496 ( )) 3.684 /

Multiplied by 4 because only 90 section modeled!

0.2 ; 60 ; 1000 /

3.684 /1000
0.46

1*0.2
q

Mass flow side bottom kg s total

D m RPM kg m

N

Power number calculatio

r

= + =

= =

= =

3 5

:

4*0.03263 0.1305

2
2.56

n

M Nm

N M
Po

N D

p

r

= =

= =
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Example radial flow calculation (PBT at Re=40)
Å Fluent example from previous slide (pbt-Re040).

Å 1. Use Surface | Iso-Surface to create an iso-surface of 

radial coordinate at D/2. Here D=0.2, so create at radial 

coordinate=0.1. 

Å 3. Clip the surface resulting from step 2, to positive radial 

velocities.

Å 2. Use Surface | Iso-Clip. Clip the resulting surface to the 

axial extents of the impeller. Here that is from 0.1434 < x 

< 0.1825. You can get that by first selecting in the From 

Surface list, the ñbladeò. Click ñComputeò. Then select 

the surface from Step 1 in the ñFrom Surfaceò list and 

then use ñClip.ò

Å 4. Calculate the Mass Flow Rate. Use Results | Surface 

Integrals. Note that this is for the one periodic section of 

the domain only. 
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Å 2. Use Surface | Iso-Clip. Clip the resulting surface from 

step 1 to the radial extents of the impeller. Here that is 

for radial coordinate < 0.1.

Å 4. Calculate the Mass Flow Rate. Use Results | Surface 

Integrals. Note that this is for the one periodic section of 

the domain only. 

Å 1. Use Surface | Iso-Surface to create an iso-surface of 

axial coordinate at bottom of impeller. Here that is at 

x=0.1434. 

Å 3. Clip the surface resulting from step 2, to downward 

axial velocities. Here that is for x-velocities < 0.

Example axial flow calculation (PBT at Re=40)
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Computing shear rate

ÅTo calculate shear rate (units 1/s), 

ïReport ­ Volume Integrals, Check Volume-Average

ïSelect Field variable Derivatives/Strain Rate

ÅSelect the impeller or tank volumes depending on where you want 

the shear rates calculated

ÅComparable to Metzner and Otto* shear rates calculated from

S (s-1) = k.N

ÅFor PBT example (60RPM, Re=40):

ïImpeller swept volume: S = 18.8 s-1.

ïWhole tank: S = 2.1 s-1.
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Conclusion

ÅMain problem is the modeling of the impeller.

ÅDifferent impeller models are available.

ïTime averaged (e.g., ñfix velocityò)

ïSteady state MRF.

ïUnsteady sliding mesh.

ÅIn addition to flow fields, parameters needed as inputs to empirical 

correlations can be obtained:

ïPower number.

ïPumping number.

ïShear rates.
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Modeling Material/Species Transport 

Reacting Flows - Lecture II

André Bakker

46



Outline

ÅIn addition to flow fields, we often need to model additional 

physics.

ÅThe fluid velocities transport a number of properties:

ïMass of one or more materials.

ïMomentum.

ïEnergy.

ÅProper modeling of material transport is necessary if we want to 

model mixing or reaction. 

ÅMethods to model material transport:

ïDiscrete phase modeling (DPM), aka particle tracking.

ïSpecies transport, aka scalar transport.

ïMultiphase flow modeling, e.g., Eulerian flow models.
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Multiphase flow ­ multiple momentum eqns.

ÅMultiphase flow is simultaneous flow of: 

ïMaterials with different states or phases 

(i.e., gas, liquid or solid). 

ïMaterials in the same state or phase, 

but that are immiscible (i.e., liquid-liquid 

systems such as oil droplets in water).

ÅEach phase has its own velocity field 

and its own momentum.

ÅIt is therefore often necessary to solve 

multiple sets of momentum equations, 

one set for each phase.

ÅInteraction between the phases requires 

the introduction of momentum exchange 

terms.

ÅModels are often complex, and time 

consuming to solve.

ÅWill not discuss here.
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Systems with single set of momentum eqns.

ÅWe will discuss material transport in systems that are adequately 

described by a single set of momentum equations:

ïSpecies or scalar transport.

ïParticle tracking / discrete phase modeling (DPM).

ÅOne fluid flow field is solved.

ÅThe rate of transport of the species or particles is derived from that 

single fluid flow field.

ÅThe local concentration of species or particles may affect the flow 

field itself.
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Species transport

ÅThe species transport equation (constant density, incompressible 

flow) is given by: 

ÅThe concentration of the chemical species is c.

ÅThe velocity is ui.

ÅD is the diffusion coefficient. 

ÅS is a source term.

ÅThis equation is solved in discretized 

form to calculate the transport and 

local species concentrations.

cP
cE

cN

cS

cW

( )i

i i i

c c
u c S

t x x x

å õµ µ µ µ
+ = +æ ö

µ µ µ µç ÷
D

50

II. Materials/Species Transport



ÅConvection is transport of material due to the velocity of the fluid.

ÅFlux from one grid cell to the next is area times normal-velocity 

times concentration.

ÅFrom cell ñpò to ñEò: Ae.ue.ce.

ÅValues at cell faces required!

ÅImplication: for best accuracy, use higher order discretization.

Species transport ïthe convective term

( )i

i i i

c c
u c S

t x x x

å õµ µ µ µ
+ = +æ ö

µ µ µ µç ÷
D

cP
cEcW

Ae,ce,ue
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ÅDiffusion is transport resulting from concentration gradients.

ÅDiffusion flux from one grid cell to the next is area times the 

concentration gradient times the diffusion coefficient.

ÅFrom cell ñpò to ñEò:

ÅGradient at interface between cells is easily calculated.

ÅThe main difficulty is the calculation of the diffusion coefficient.

Species transport ïthe diffusive term

( )i

i i i

c c
u c S

t x x x

å õµ µ µ µ
+ = +æ ö

µ µ µ µç ÷
D

cP
cEcW

Ae,ce,ue
e

e

dc
A

dx
D
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The diffusion term - molecular

ÅMolecular diffusion:

ïAs a result of concentration gradients: mass diffusion.

ïAs a result of temperature gradients: thermodiffusion.

ÅMass diffusion coefficient:

ïConstant dilute approximation: same constant for all species.

ïDilute approximation: different constant for each species.

ïMulti-component: a separate binary diffusion coefficient Dij for each 

combination of species ñiò into species ñjò.

ÅThermodiffusion: flux is proportional to thermal diffusion coefficient 

DT and temperature gradients:

ïNot usually important in industrial chemical reactors.

T

T

T

Ð
D
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The diffusion term - turbulence

ÅTurbulent diffusion: transport due to the mixing action of the 

chaotic turbulent velocity fluctuations.

ÅThe turbulent diffusion coefficient is calculated from the turbulent 

viscosity mt:

ÅThe turbulent Schmidt number Sct is a model constant. 

Recommended values are:

ï0.7 if an eddy viscosity turbulence model is used, e.g., k-e.

ï1.0 if the Reynolds stress model (RSM) is used.

t
t

tSc

m

r
=D
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Species transport ïsource terms

ÅThe source term:

ÅThis describes all other effects:

ïCreation or destruction of species due to chemical reaction.

ïAny other physical phenomena the user wants to implement.

( )i

i i i

c c
u c S

t x x x

å õµ µ µ µ
+ = +æ ö

µ µ µ µç ÷
D
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Model setup

ÅModel setup:

ïSpecify which species are present in the mixture.

ïSpecify properties of all species.

ïIf N species are present, N-1 equations are solved. The 

concentration of the Nth species follows from the fact that all mass 

fractions Yi should sum to unity.

3

3

1

( / )
mass fraction:

( / )

mixture density:

i

i

i
i

mixture

mixture i

i

Y

c kg m
Y

kg m

c

r

r

=

=

=

ä

ä

56

II. Materials/Species Transport



Boundary conditions

ÅWall boundary conditions:

ïEither specified mass fraction, or zero flux.

ÅInlet boundary conditions:

ïAt inlets, the inlet flux is calculated as:

ÅNeed to specify inlet concentration/mass fraction.

ÅThe inlet diffusion flux depends on the concentration gradient. Value 

cannot be predicted beforehand. If a fixed mass flow rate is desired, this 

term should be disabled.

ÅOutlet boundary conditions: specify species mass fraction in case 

backflow occurs at outlet. 

n

n

c
u c

x

µ
-
µ

D
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Species equation is one-way!

ÅAll species have the same convective velocity.

ÅDiffusion usually reduces concentration gradients ­ mixing.

ÅAs a result, the diffusion equation cannot usually be used to model 

separation!

ÅTo model separation, multiphase models where the phases have 

different velocities are necessary.

ÅExceptions:

ïSome laminar flow, thermal diffusion dominated cases.

ïCases with complex transport models implemented through source 

terms.
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Mixing mechanism
ÅKenics helical-element 

static mixer.

ÅLaminar mixing.

ÅCFD simulation.

ÅSix elements.

ÅEach element splits, 

stretches and folds the fluid 

parcels.

ÅEvery two elements the 

fluid is moved inside-out.
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Mixing quantification

ÅSpecies concentration in sample points at different axial locations.

ÅCoefficient of variance:
( )

( )

stdev c
CoV

average c
=

Kenics mixer

Six elements

Re=10

88 evenly spaced 

sample points in 

each axial plane.
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Locations of sample plane points
Surfaces | Plane

File | Write | Profile
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Particle trajectories in a cyclone

Particle tracking

ÅSolve one set of momentum equations for the fluid flow.

ïIn an Eulerian reference frame, i.e., on the grid locations.

ÅSimulate a second, discrete phase consisting of individual 

particles.

ïKnown as discrete phase modeling (DPM).

ïIn a Lagrangian frame of reference, i.e., following the particles.

ïTrajectories are calculated, as well as particle heat and mass 

transfer.

ïParticles may affect fluid flow field. This is done by introducing 

source terms in the fluid flow equations.
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DPM theory

Trajectory is calculated by integrating the particle force balance equation:

typical continuous phase 

control volume mass, momentum 

and heat exchange

( )
pippi

p

iiD

p

i FguuF
dt

du
rrrr //)( +-+-=

Drag force is

a function of the

relative velocity

Additional forces:

Pressure gradient

Thermophoretic

Rotating reference frame

Brownian motion

Saffman lift

Other (user defined)

Gravity force
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Coupling between phases

ÅOne-way coupling:

ïFluid phase influences particulate phase via drag and turbulence.

ïParticulate phase has no influence on the gas phase.

ÅTwo-way coupling:

ïFluid phase influences particulate phase via drag and turbulence.

ïParticulate phase influences fluid phase via source terms of mass, 

momentum, and energy.

ïExamples include:

ÅInert particle heating and cooling.

ÅDroplet evaporation.

ÅDroplet boiling.

ÅDevolatilization.

ÅSurface combustion.
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Discrete phase model

ÅTrajectories of particles/droplets are 

computed in a Lagrangian frame. 

ï Exchange (couple) heat, mass, and 

momentum with Eulerian frame gas phase.

ÅDiscrete phase volume fraction should 

preferably be less than 10%.

ï Mass loading can be large (+100%).

ï No particle-particle interaction or break up.

ÅTurbulent dispersion modeled by:

ï Stochastic tracking.

ï Particle cloud model.

ÅModel particle separation, spray drying, 

liquid fuel or coal combustion, etc.

continuous phase flow 

field calculation

particle trajectory 

calculation

update continuous 

phase source 

terms
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ÅParticle types are inert, droplet and combusting particle.

Particle types

Particle Type Description

Inert. Inert/heating or cooling

Droplet (e.g., oil). Heating/evaporation/boiling.

Requires modeling of heat 

transfer and species.

Combusting (e.g., coal). Heating.

Evolution of volatiles/swelling.

Heterogeneous surface reaction.

Requires modeling of heat 

transfer and species.
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ÅParticle boundary conditions at walls, inlets, and outlets:

ÅFor particle reflection, a restitution coefficient e is specified:

volatile fraction 

flashes to vapor

Escape Reflect Trap

Particle-wall interaction

t

t

t

n

n

n

v

v
ecomponent:Tangential

v

v
ecomponent:Normal

,1

,2

,1

,2

=

=
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Particle fates

ÅñEscapedò trajectories are those that terminate at a flow boundary 

for which the ñescapeò condition is set.

ÅñIncompleteò trajectories are those that were terminated when the 

maximum allowed number of time steps was exceeded.

ÅñTrappedò trajectories are those that terminate at a flow boundary 

where the ñtrapò condition has been set.

ÅñEvaporatedò trajectories include those trajectories along which the 

particles were evaporated within the domain.

ÅñAbortedò trajectories are those that fail to complete due to 

numerical/round-off reasons. If there are many aborted particles, 

try to redo the calculation with a modified length scale and/or 

different initial conditions.
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ÅEach injection is tracked repeatedly in order to generate a 

statistically meaningful sampling.

ÅMass flow rates and exchange source terms for each injection are 

divided equally among the multiple stochastic tracks.

ÅTurbulent fluctuations in the flow field are represented by defining 

an instantaneous fluid velocity:

Åwhere        is derived from the local turbulence parameters:

Åand       is a normally distributed random number.

iii uuu '+=

iu'

3
2' k

iu V=

V

Turbulence: discrete random walk tracking
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ÅStochastic tracking turned on.

ÅTen tracks per injection point.

ÅAdds random turbulent dispersion 

to each track.

ÅTracks that start in the same point 

are all different.

ÅStochastic tracking turned off.

ÅOne track per injection point.

ÅUses steady state velocities only 

and ignores effect of turbulence.

Stochastic tracking ïstatic mixer

Particle 

residence 

time (s)
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Injection set-up

ÅInjections may be defined as:

ïSingle: a particle stream is injected 

from a single point.

ïGroup: particle streams are injected 

along a line.

ïCone: (3-D) particle streams are 

injected in a conical pattern.

ïSurface: particle streams are 

injected from a surface (one from 

each face).

ïFile: particle streams injection 

locations and initial conditions are 

read in from an external file.
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Injection definition

ÅEvery injection definition includes:

ïParticle type (inert, droplet, or combusting particle).

ïMaterial (from data base).

ïInitial conditions (except when read from a file).

ÅCombusting particles and droplets require definition of destination 

species.

ÅCombusting particles may include an evaporating material.

ÅTurbulent dispersion may be modeled by stochastic tracking.
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Solution strategy: particle tracking

ÅCell should be crossed in a minimum of two or three particle steps. 

More is better.

ÅAdjust step length to either a small size, or 20 or more steps per 

cell.

ÅAdjust ñMaximum Number of Steps.ò

ÅTake care for recirculation zones.

ÅHeat and mass transfer: reduce the step length if particle 

temperature wildly fluctuates at high vaporization heats.
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Particle tracking in unsteady flows

ÅEach particle advanced in time along with the flow.

ÅFor coupled flows using implicit time stepping, sub-iterations for 

the particle tracking are performed within each time step.

ÅFor non-coupled flows or coupled flows with explicit time stepping, 

particles are advanced at the end of each time step.
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Sample planes and particle histograms

ÅTrack mean particle trajectory as 

particles pass through sample 

planes (lines in 2D), properties 

(position, velocity, etc.) are written 

to files.

ÅThese files can then be read into 

the histogram plotting tool to plot 

histograms of residence time and 

distributions of particle properties.

ÅThe particle property mean and 

standard deviation are also 

reported.

ÅFiles can be imported into Excel 

for additional plotting.

sample plane

data
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Particle locations at outlet (HEV)

ÅFlow following particles.

Y(m)

X(m) X(m)

Y(m)

Particles from small center inlet Particles from large outer inlet
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These graphs show where the particle trajectories intersect with a plane (in 

this case the outlet). Such intersection graphs are also called Poincaré maps.



Residence time distribution

ÅResidence time histograms can be made from particle times at 

outlet for flow following particles.

ÅFor this mixer, volume is 0.275 l, total volumetric flow rate is 0.152 

l/s, and an average residence time of 1.8 s is expected.

1870 particles

Average 

1.37s

Stdv. 0.086s

2936 particles

Average 

1.90s

Stdv. 0.51s

Particles from small center inlet Particles from large outer inlet
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Effect of particle properties

ÅSand particles (0.2mm, 2000 kg/m3).

ÅFlow following particles.

g
ra

v
ity
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Effect of particle properties

ÅFlow following particles. ÅSand particles (in water).

Y(m)

X(m) X(m)

Y(m)

Particles from small center inlet Particles from small center inlet.

g
ra

v
ity
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Particle tracking accuracy

ÅThere are three types of errors: discretization, time integration, 
and round-off.

ÅResearch has shown that in regular laminar flows the error in the 
particle location increases as t², and in chaotic flows almost 
exponentially.

ÅErrors tend to align with the direction of the streamlines in most 
flows. 

ÅAs a result, even though errors multiply rapidly (e.g., 0.1% error for 
20,000 steps is 1.00120,000 = 4.8E8), qualitative features of the flow 
as shown by the deformation of material lines can be properly 
reproduced. But the length of the material lines may be of by as 
much as 100%.

ÅOverall, particle tracking, when properly done, is less diffusive than 
solving for species transport, but numerical diffusion does exist.
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Summary

ÅThere are different main ways to model material transport:

ïMultiphase flow: multiple momentum equations.

ïSpecies flow: one set of momentum equations.

ïDiscrete phase modeling (DPM; particle tracking): one set of 

momentum equations for the fluid flow. Additional force balance for 

the individual particles.

ÅSpecies mixing:

ïMaterial distribution, mixing parameters.

ïBasis for chemical reaction calculations.

ÅDPM:

ïHeat and mass transfer from particles.

ïMixing analysis.

ïUnlike species, do not necessarily follow fluid flow exactly.
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Blend Times in Stirred Tanks 

Reacting Flows - Lecture III

André Bakker
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Evaluation of mixing performance

ÅMethods to evaluate mixing performance:

ïCharacterization of homogeneity.

ïBlending time.

ÅGeneral methods to characterize homogeneity:

ïVisual uniformity.

ïQuantitative change in local concentration as a function of time.

ïReview instantaneous statistics about the spatial distribution of the 

species.

ÅAverage concentration

ÅMinimum and maximum

ÅStandard deviation in the concentration.

ÅCoefficient of variation CoV = standard deviation/average. 
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Visual uniformity

ÅExperimentally measure the time it takes to obtain visual 

uniformity.

ÅCan be done with acid-base additions and a pH indicator.

ÅOffers good comparisons between performance of different mixing 

systems.

ÅNot a suitable approach for CFD.
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Images: Courtesy of Chemineer Inc. (1998)



Quantitative variation in a point 

ÅMeasuring the tracer 

concentration as a function of 

time c(t) in one or more points 

in the vessel, is a common 

experimental method.

ÅThe mixing time is then the 

time it takes for the measured 

concentration c(t) to stay 

within a certain range of the 

final concentration c¤.

ÅAdvantage: easy to use in 

experiments.

ÅDisadvantage: uses only one 

or a few points in the vessel.

ÅDoes not use all information 

present in a CFD simulation. 

Time

Concentration

90% mixing time

99% mixing time
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Blend time calculations with CFD

ÅTransport and mixing of a tracer: 

ïAdd tracer to the domain.

ïMass fraction of tracer calculated and monitored as a function of 

time.

ïDetermine blend time based on the mass-fraction field satisfying a 

pre-specified criterion.

ÅFlow field required can be steady, frozen unsteady or unsteady.

ÅBenefit of CFD:

ïThe full concentration field is known.

ïCan use more data to determine blend time than what can be 

measured experimentally using probes.

ÅMain question: what should be the mixing criterion?
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CFD analysis for blend time

ÅWe will now:

ï Illustrate the blend time analysis using a 2-D Rushton turbine flow field example.

ï Tracer added and its transport and mixing calculated. Mass fractions are monitored 

as a function of time.

ï Blend time is calculated using different criteria.

Physical
Lab

CFD
Lab

Addition of
Tracer

Volume of Tracer Controlled Exact

Delivery Time finite zero

Location variable fixed

Concentration
Measurement
of Tracer

Conductivity Yes No

Color Yes No

Mass Fraction inferred Yes
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Example: flow field in a vessel with a Rushton turbine
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T=0s T=1s

T=10s T=20s
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Species mixing as a function of time
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Mass fraction as a function 

of time in different locations



Measures of variation

ÅVariations in Y, the mass fraction of tracer, can be measured in 

several ways. For all measures, greater numbers indicate a 

greater variation with no upper bound.

ÅCoefficient of variation. Ratio between standard deviation sY and 

the average <Y>:

ÅRatio between maximum and minimum mass fractions Ymax/Ymin.

ÅLargest deviation between extremes in the mass fraction and the 

average:

Can also be normalized over <Y>.

YCoV
Y

s
=
< >

( )max max minmax ,Y Y Y YD = -< > < >-
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Variation calculation example

ÅMass fraction data:

ïMin-max anywhere: 0.0223-0.539

ïMin-max from probes: 0.0574-0.272

ïAverage: 0.0943

ïStandard deviation: 0.0493

ÅMeasures of variation:

ïMax/min = 0.539/0.0223 = 24.2 (anywhere)

ïMax/min = 0.272/0.0574 = 4.7 (from probes)

ïCoV = 0.0493/0.0943 = 0.52

ïDmax = max(0.539-0.0943, 0.0943-0.0223) = 0.44 

ïDmax/<Y> = 0.44/0.0943 = 4.7

t=10s
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98Time (s)

Variation

CoV

Dmax

Dmax/<Y>

Ymax/ Ymin
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ÅThere is a need to have an absolute measure of uniformity U that 

is ¢1 with 1 (or 100%) indicating perfect uniformity.

ÅRatio between the minimum and maximum mass fractions.

ïBounded between 0 and 1.

ÅBased on coefficient of variance CoV:

ïNot bounded: can be less than 0.

ÅBased on largest deviation from the average:

ïConceptually closer to common experimental techniques.

ïNot bounded: can be less than 0.

min
min/ max

max

Y
U

Y
=

Measures of uniformity - absolute

1CoVU CoV= -

max1U
Y

D

D
= -

< >
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Time (s)

Uniformity

UCoV= 1-CoV

UD=1-Dmax/<Y>

Umin/max

100

III. Blend Times



Uniformity

ÅThese measures of uniformity:

ï All indicate perfect uniformity at values of 1.

ï Are not all bounded between 0 and 1.

ï Do not take initial conditions into account.

ÅGenerally, it is most useful to be able to predict the time it takes to reduce 
concentration variations by a certain amount.

ÅThis is then done by scaling the largest deviation in mass fraction at time 
t by the largest deviation at time t=0.

Åe.g., for the example case:

ï At t=0s, Ymax=1 and <Y>=0.0943  ­Dmax(t=0) = 0.906.

ï At t=10s, Dmax(10s) = 0.44 ­ U(10s) = 0.51.

ÅData are often correlated in terms of number of impeller revolutions, at 
t=10s and 50RPM, there were 10*RPM/60=8.33 impeller revolutions.

max

max

( )
( ) 1

( 0)

t
U t

t

D
= -

D =
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90% mixing time
99% mixing time

Impeller revolutions

U

Blend time is then the 

time it takes to reduce 

the initial variation by a 

given percentage.
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Comparison between systems

ÅLetôs compare two systems with:

ïThe same flow field.

ïThe same spatial distribution of species.

ïBut different initial mass fractions of species.

Layer with Ytracer=1 on top of fluid 

with Ytracer =0. <Y>=0.094.

Layer with Ytracer=0.4 on top of fluid 

with Ytracer =0.1. <Y>=0.13.
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T=0s

T=1s



105
105

T=2s

T=4s



106
106

T=10s

T=20s
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UD

max1U
Y

D

D
= -

< >

Initial 0.1 ¢Y¢0.4

Initial 0 ¢Y¢1
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max

max

( )
( ) 1

( 0)

t
U t

t

D
= -

D =

Initial 0.1 ¢Y¢0.4

Initial 0 ¢Y¢1

U

The rate at which the initial 

variation is reduced is the 

same for both systems.
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Compare two more systems

ÅTwo systems with approximately the same average mass fraction 

of tracer <Y> @0.5.

ÅThe initial distributions are very different: layered vs. blocky 

pattern.

Layer with Ytracer=1 on top of fluid 

with Ytracer =0. <Y>=0.497.

Blocky pattern of fluid with Ytracer=0. 

and  fluid with Ytracer =1. <Y>=0.491.
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T=0s

T=0.4s



113

T=1s

T=2s



114
114

T=3s

T=4s



115
115

T=5s

T=20s
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max

max

( )
( ) 1

( 0)

t
U t

t

D
= -

D =

Initial blocky 

pattern
Initial half-half

U

The system with the more 

homogeneous initial 

distribution mixes faster.
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ÅTable shows number of impeller revolutions it takes to achieve 
99% uniformity for all four systems using the two main criteria:

ïU based on reduction in initial variation.

ïUDbased on variation from the average.

ÅConclusion: systems with good initial distributions mix faster.

ÅGeneral recommendation: use U (reduction in initial variation) to 
correlate results or to compare with literature blend time 
correlations.

Compare all four systems

DInitial Y U U

Layer (0 to 1) 20.3 29.3

Layer (0.1 to 0.4) 20.3 23.4

Blocky Pattern 10.7 10.8

Half-Half 26.1 26.1
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Continuous systems

ÅMethods so far are for batch systems.

ÅDo these methods work for continuous systems?

ïRequires some modification.

ïLooking at mass fraction extremes does not work, because these 

may be fixed by the inlet mass fractions.

ÅVarious approaches used:

ïCompare batch blend time with average residence time of the 

material (RT = liquid volume divided by volumetric flow rate). If batch 

blend time is much smaller than RT, assume there is no mixing 

problem.

ïPerform particle tracking simulation, similar to what was shown for 

static mixers in previous lectures. Analyze residence time 

distributions.

ïPerform tracer mixing calculation.
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Tracer mixing calculation

ÅCalculate continuous, steady state flow field.

ÅInitial mass fraction of tracer is zero everywhere.

ÅPerform transient calculation for tracer mixing, with non-zero mass 

fraction tracer at inlet.

ÅMonitor:

ïAverage mass fraction in domain <Y>.

ïMass fraction at outlet Yout.

ïOptional: monitor CoV.

ÅDefinition of perfectly mixed system:  Yout = <Y>.

ÅMixing time is then the time it takes for the ratio Yout/<Y> to be 

within a specified tolerance of 1.

ÅMixing time can be expressed in number of residence times: t/RT.
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Compare two systems

ÅRushton turbine flow field.

ÅContinuous system with two different injections:

ïLow velocity feed (0.01 m/s) distributed across liquid surface.

ÅAffects flow in upper part of the vessel only.

ïHigh speed jet feed (9.6 m/s) entering through bottom shaft.

ÅBecause of the large momentum contained in the jet, it alters the flow 

field significantly. 

ÅOutflow at center of bottom.

ÅAverage residence time RT=30s, equivalent to 25 impeller 

revolutions. The RT is similar to the batch blend time.

122

III. Blend Times



123

Surface inlet, 

bottom outflow.

Shaft inlet, 

bottom outflow.

Average residence time RT=30s.
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124

T=0s

T=1s



125
125

T=3s

T=10s



126
126

T=30s

T=60s



Yout

Time/RT

Inlet from shaft

Surface Inlet

Theoretical ideal 

if Yout=<Y> at all 

instances in time
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Yout/<Y>

Time/RT

Inlet from shaft

Surface Inlet

90% mixing time

(1.9 RT)

99% mixing time

(4.8 RT)

90% mixing time

(1.4 RT)

99% mixing time

(2.9 RT)
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Comments

ÅThe main assumption behind this approach is that the system will 

eventually reach a steady state where Yout=<Y>.

ïNot all industrial systems may have a steady state operating 

condition which, in general, is an undesirable situation that would 

need to be addressed.

ÅCoV can still be used to compare uniformity of different systems 

under steady state operating conditions with multiple species.
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Modeling Chemical Reactions with CFD 

Reacting Flows - Lecture IV

André Bakker
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Outline

ÅSource terms in the species transport equation.

ÅChemical kinetics and reaction rates.

ÅSubgrid scale effects.

ÅReaction models and the effects of turbulence.

ÅExamples:

ïStirred tank.

ïCatalytic converter.

ïPolymerization reactor.
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Species transport and reaction

ÅThe i th species mass fraction transport equation is:

ÅThe mass fraction of chemical species i is Yi.

ÅThe velocity is uj.

ÅDi is the diffusion coefficient. 

ÅRi is the reaction source term. Chemical reactions are modeled 

as source terms in the species transport equation.

ÅSi includes all other sources.

Rate of 

change

Net rate of flow

(convection)

Rate of 

change due to 

diffusion

Rate of change 

due to other 

sources
=+ +

( ) ( ) i
i j i i i i

j j j

Y
Y u Y D R S

t x x x

µµ µ µ
r r r

µ µ µ µ

å õ
+ = + +æ öæ ö

ç ÷

+

Rate of change 

due to reaction 

sources
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Source of species

ÅThe net source of chemical species i due to reaction Ri is 
computed as the sum of the reaction sources over the NR
reactions that the species participate in:

ÅReaction may occur as a volumetric reaction or be a surface 
reaction.

ÅNote: source terms are also added to the energy equation to 
take heat of reaction effects into account.

,

,
Ĕ /

w i

i r

M is the molecular weight of species i

R is the molar rate of creation destruction of species i in reaction r
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Chemical kinetics

ÅThe rth reaction can be written as:

ÅExample: 
OH2COO2CH 2224 +­+

1 4 2 2 3 2 4 2

1, 2, 3, 4,

1, 2, 3 4,

' 1 ' 2 ' 0 ' 0

" 0 " 0 " , 1 " 2

r r r r

r r r

M CH M O M CO M H O

r

n n n n

n n n n

= = = =

= = = =

= = = =
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Chemical kinetics

ÅThe rth reaction can be written as:

ÅExample: 
OH2COO2CH 2224 +­+

1 4 2 2 3 2 4 2

1, 2, 3, 4,

1, 2, 3 4,

' 1 ' 2 ' 0 ' 0

" 0 " 0 " , 1 " 2

r r r r

r r r

M CH M O M CO M H O

r

n n n n

n n n n

= = = =

= = = =

= = = =
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ÅThe equation shown is valid for both reversible and non-reversible reactions. 

Reactions in FLUENT are non-reversible by default. For non-reversible reactions, 

the backward rate constant kb,r is simply omitted. 

ÅThe summations are for all chemical species in the system, but only species that 

appear as reactants or products will have non-zero stoichiometric coefficients. 

Hence, species that are not involved will drop out of the equation.

ÅStoichiometry: Quantity relationships between reactants and products in a 

chemical reaction.

ÅDerived from the Greek word stoikheion ("element") and metria ("measure," 

from metron).

ÅPronounce stoichiometry as ñstoy-kee-ah-met-treeò or just ñstoykò if youôre in 

a hurry. 



Reaction rate
ÅThe molar reaction rate of creation/destruction of species i in 

reaction r is given by:

ÅGrepresents the effect of third bodies (e.g., catalysts) on the 

reaction rate:

Here, gj,r is the third-body efficiency of the j th species in the rth

reaction.

136

IV. Chemical Reactions



Reaction rate constant

ÅThe forward rate constant for reaction r, kf,r is computed using an 

expanded version of the Arrhenius expression:

Ar = pre-exponential factor

Er = activation energy

R = universal gas constant = 8313 J/kgmol K

T = temperature

br = temperature exponent

ÅIf applicable, the backward rate constant for reaction r, kb,r is computed 

from the forward rate constant using the relationship: kb,r = kf,r /Kr.

ÅKr is the equilibrium constant for reaction r, which follows from the 

thermodynamic properties of the materials.
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Reaction rate: the Arrhenius equation
ÅThe Arrhenius equation is a formula for the temperature dependence of a 

chemical reaction rate. Originally it did not include the term Tb, which was 
added later by other researchers.

ÅRk is the Arrhenius reaction rate, E is the activation energy, R is the 
universal gas constant, and T is the temperature.

E

RT
kR e

-

´

Å First proposed by the Dutch chemist J. H. van 't Hoff in 1884.

ï Won the 1901 Nobel prize in chemistry for his discovery of the laws of 

chemical dynamics and osmotic pressure in solutions.

Å Five years later (1889), the Swedish chemist Svante 

Arrhenius provided a physical justification and interpretation 

for it.

ï Also won the 1903 Nobel prize in chemistry for his electrolytic theory of 

dissociation and conductivity.

ï He had proposed that theory in his 1884 doctoral dissertation. It had not 

impressed his advisors who gave him the very lowest passing grade.
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ÅFor each grid cell the molecular reaction rate can be calculated 
using the equations presented.
ÅWhat if there are concentration variations smaller than the size of 

the grid cell?

ÅReaction rates calculated at the average concentrations may be 
overpredicted.
ÅFor turbulent flows, models exist that take turbulent mixing effects 

at subgrid scales into account.

Subgrid effects

Subgrid scale variations
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ÅTemperature may vary in time, and also in space at scales smaller 
than a grid cell.

ÅWhat happens if we model a system as steady state and use 
average temperatures to predict the reaction rates?

ÅReaction rate terms are highly nonlinear:

ÅCannot neglect the effects of temperature fluctuations on chemical 
reaction rates.
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Effect of temperature fluctuations
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Effect of temperature fluctuations - example
ÅSingle step methane reaction (A=2E11, E=2E8):

ÅAssume turbulent fluid at a point has constant 
species concentration at all times but spends 
one third its time at T=300K, T=1000K and 
T=1700K.

ÅCalculate the reaction rates:

ÅConclusion: just using the average temperature 
to calculate reaction rates will give wrong results  
­ special reaction models needed.
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Laminar finite-rate model
ÅReaction rates are calculated using the molecular reaction kinetics.

ïUsing average species concentration in cell.

ï Using average temperature in cell.

ï No corrections are made for subgrid scale temperature or species 

concentration variations.

ÅThe mesh and, for transient flows, the timestep should be small enough 

to properly resolve all spatial and temporal variations.

ÅThis may lead to very fine mesh and timestep requirements.

ÅIf the numerical model is too coarse, species mixing and reaction rates 

will be overpredicted.

Viscous flow with fine striations
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Images: Courtesy of Chemineer Inc. (1998)



Effects of turbulence

ÅIn turbulent flows, subgrid and temporal variations in temperature 

and species concentration are related to the structure of 

turbulence.

ÅWe already solve for the effect of turbulence on the mean flow 

using turbulence models.

ÅThis information can then also be used to predict the effects of 

turbulence on the reaction rate.

ïUsually, subgrid scale non-uniformities in the species concentration 

(i.e., poor mixing) result in an effective reaction rate that is lower than 

the molecular rate kinetics based on average concentrations.

ÅDifferent reaction models exist for different systems.
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Reaction models in FLUENT

ÅSurface reactions:

ïParticle surface reactions (e.g., coal combustion).

ïSurface reactions at solid (wall) boundaries (e.g., chemical vapor 
deposition).

ÅCombustion or infinitely fast chemistry:

ïPre-mixed combustion models.

ïNon pre-mixed combustion models.

ïPartially pre-mixed combustion models.

ïFinite-rate kinetics in turbulent flames (composition PDF transport 
model).

ÅFinite-rate chemistry based on extended Arrhenius equation:

ïLaminar finite-rate model.

ïFinite-rate/eddy-dissipation.

ïEddy-dissipation.

ïEddy-dissipation concept (EDC).

144

IV. Chemical Reactions



The eddy-dissipation model

ÅA model for the mean reaction rate of species i, Ri based on the turbulent 
mixing rate.

ÅAssumes that chemical reactions occur much faster than turbulence can 
mix reactants and heat into the reaction region (Da >> 1).
ï Da is the Damkohler number: characteristic mixing time / reaction time.

ÅA good assumption for many combustors: most useful fuels are fast 
burning.

ÅFor fast reactions the reaction rate is limited by the turbulent mixing rate.

ÅThe turbulent mixing rate is assumed to be related to the timescale of 
turbulent eddies that are present in the flow.

ÅConcept originally introduced by Spalding (1971) and later generalized by 
Magnussen and Hjertager (1976).

ÅThe timescale used for this purpose is the so-called eddy lifetime,  

t= k/e, with k being the turbulent kinetic energy and ethe turbulent 
dissipation rate. 

ÅChemistry typically described by relatively simple single or two step 
mechanism.
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The eddy-dissipation model

ÅThe net rate of production of species i due to reaction r, Ri,r is given by 
the smaller (i.e., limiting value) of the two expressions below.

ÅBased on mass fraction of reactants:

ÅBased on mass fraction of products:

ÅHere:

ÅNote that kinetic rates are not calculated!

k - turbulence kinetic energy

e - turbulence dissipation rate

YP, YR - mass fraction of species

A - Magnussen constant for reactants (default 4.0)

B - Magnussen constant for products (default 0.5)

Mw,i - molecular weight

(R), (P) - reactants, products
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Finite-rate/eddy-dissipation model

ÅThe eddy-dissipation model assumes that reactions are fast and that the 

system is purely mixing limited.

ÅWhen that is not the case, it can be combined with finite-rate chemistry.

ÅIn FLUENT this is called the finite-rate/eddy-dissipation model.

ÅIn that case, the kinetic rate is calculated in addition to the reaction rate 

predicted by the eddy-dissipation model.  

ÅThe slowest reaction rate is then used:

ï If turbulence is low, mixing is slow and this will limit the reaction rate.

ï If turbulence is high, but the kinetic rate is low, this will limit the reaction rate.

ÅThis model can be used for a variety of systems, but with the following 

caveats:

ï The model constants A and B need to be empirically adjusted for each 

reaction in each system. The default values of 4 and 0.5 respectively were 

determined for one and two-step combustion processes.

ï The model always requires some product to be present for reactions to 

proceed. If this is not desirable, initial mass fractions of product of 1E-10 can 

be patched and a model constant B=1E10 used.
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Example: parallel competitive reactions

ÅStirred tank system with parallel-competitive reactions:

ÅReaction 1 is fast (k1=7300 m3/Mole.s) and reaction 2 is slow (k2=3.5 
m3/Mole.s).

ÅThe side-product S is only formed in regions with excess B and depleted 
from A, i.e., poorly mixed regions.

ÅThe final product is characterized by the product distribution X:

ÅThis indicates which fraction of reactant B was used to create side-
product. A lower X indicates less B was used to create side-product.
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Using the finite-rate/eddy-dissipation model

ÅThis system was previously investigated.

ÅThe following Magnussen model constants were determined to 

give good results for this system:

ïReaction 1: model constant A1=0.08.

ïReaction 2: model constant A2=1E10.

ïFor both reactions, use model constant B=1E10 and initial product 

mass fractions of 1E-10 to disable the product mass-fraction based 

reaction rate limiter.

ïThe net effect of this set of model constants is that only the first 

reaction is limited by mixing rate, but not the second reaction.

ÅThe reaction rates were set independent of temperature by 

specifying zero values for the activation energy and the 

temperature exponent. 
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T=0s ïmass fractions

Mass fraction reactant A Mass fraction reactant B

Mass fraction product R Mass fraction product S 151
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T=0.4s

Mass fraction reactant A Mass fraction reactant B

Mass fraction product R Mass fraction product S 152
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T=0s ïreaction rates

T=0.4s

Reaction rate 1: A + B ­ R Reaction rate 2: B + R ­ S

Reaction rate 1: A + B ­ R Reaction rate 2: B + R ­ S 153
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T=2.0s

Mass fraction reactant A Mass fraction reactant B

Mass fraction product R Mass fraction product S 154
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T=5s

Mass fraction reactant A Mass fraction reactant B

Mass fraction product R Mass fraction product S 155
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T=2s

T=5s

Reaction rate 1: A + B ­ R Reaction rate 2: B + R ­ S

Reaction rate 1: A + B ­ R Reaction rate 2: B + R ­ S 156
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T=10s

Mass fraction reactant A Mass fraction reactant B

Mass fraction product R Mass fraction product S 157
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T=20s

Mass fraction reactant A Mass fraction reactant B

Mass fraction product R Mass fraction product S 158
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T=10s

T=20s

Reaction rate 1: A + B ­ R Reaction rate 2: B + R ­ S

Reaction rate 1: A + B ­ R Reaction rate 2: B + R ­ S 159


































