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Basic concept of reactive flowsBasic concept of reactive flows
CombustionCombustion
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What is reactive flows ?What is reactive flows ?

Basic concept of reactive flowsBasic concept of reactive flows

The flows with reactions The flows with reactions 
combustioncombustion
air pollutionair pollution
chemical reactorchemical reactor
bio reactorbio reactor
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Most important point of reactive fluidsMost important point of reactive fluids

multimulti--component fluidcomponent fluid
fluid consists of reactants and productsfluid consists of reactants and products
species concentration changes locally species concentration changes locally 
and temporallyand temporally
with heat release or absorptionwith heat release or absorption

Basic concept of reactive flowsBasic concept of reactive flows
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Basis of Reactive Fluid DynamicsBasis of Reactive Fluid Dynamics

Basic concept of reactive flowsBasic concept of reactive flows

Chemical reaction mechanismChemical reaction mechanism
Fluid dynamicsFluid dynamics
ThermodynamicsThermodynamics
Transport phenomenaTransport phenomena
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Concentration and fractionConcentration and fraction

Concentration: amount / unit volumeConcentration: amount / unit volume
mass concentrationmass concentration [kg/m[kg/m33]]
molar concentrationmolar concentration [mol/m[mol/m33] ] 

Fraction: ratio of concentrationFraction: ratio of concentration
mass fractionmass fraction
molar fraction molar fraction 

Basic concept of reactive flowsBasic concept of reactive flows
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Understanding reactive flowsUnderstanding reactive flows

Basic concept of reactive flowsBasic concept of reactive flows

flow motionflow motion
velocity and pressure  u, v, w, pvelocity and pressure  u, v, w, p

energy transportenergy transport
temperature Ttemperature T

species transportspecies transport
mass fraction of chemical species Ymass fraction of chemical species Yii
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Governing equationsGoverning equations

Conservation equations of physical motionConservation equations of physical motion
mass, momentum, energy, chemical speciesmass, momentum, energy, chemical species

Equations of chemical variationsEquations of chemical variations
Chemical reaction formulaChemical reaction formula
Rate equations for chemical reactionRate equations for chemical reaction

concentration dependenceconcentration dependence
temperature dependencetemperature dependence

Basic concept of reactive flowsBasic concept of reactive flows
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Conservation equations of physical motionConservation equations of physical motion
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energyenergy::
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(                 : for prefect gases)dTCdh p=
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Reaction modelReaction model
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Basic concept of reactive flowsBasic concept of reactive flows

Reaction modelReaction model

Reaction rate equationReaction rate equation
Concentration Concentration ::

Temperature Temperature 
::
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Passive scalar or active scalar ?Passive scalar or active scalar ?

Basic concept of reactive flowsBasic concept of reactive flows

variable propertiesvariable properties
constant propertiesconstant properties Passive scalarPassive scalar

Active scalarActive scalar

Passive scalar : scalar variables passive Passive scalar : scalar variables passive 
for flow motionfor flow motion
Active scalar : scalar variables active for Active scalar : scalar variables active for 
flow motionflow motion
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PassivePassive:: constant propertyconstant property

Basic concept of reactive flowsBasic concept of reactive flows
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Active: variable propertyActive: variable property

Basic concept of reactive flowsBasic concept of reactive flows
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NonNon--dimensional parameter for reactive flowsdimensional parameter for reactive flows

c

fDa
τ
τ

=DamkDamkööhhler number ler number ::

ττff :characteristic time of fluid motion :characteristic time of fluid motion ((mixingmixing))
ττcc :characteristic time of chemical reaction:characteristic time of chemical reaction

Basic concept of reactive flowsBasic concept of reactive flows
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DamkDamkööhhler numberler number
c

fDa
τ
τ

=

The chemical reaction is much faster than the fluid motion, The chemical reaction is much faster than the fluid motion, 
e.g. engines, high temperature chemical reactorse.g. engines, high temperature chemical reactors

Fluid motion (mixing) determines Fluid motion (mixing) determines 
the progress in chemical reactionthe progress in chemical reaction

the chemical reaction instantly occurs in reaction surface,the chemical reaction instantly occurs in reaction surface,
as soon as reactants meetas soon as reactants meet

cf ττ >> ∞→Da

Basic concept of reactive flowsBasic concept of reactive flows

Reaction surfaceReaction surface

Reactant AReactant A
ProductProduct

Reactant BReactant B
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DamkDamkööhhler numberler number
c

fDa
τ
τ

=
cf ττ <<

The fluid motion is much faster than the chemical reaction, The fluid motion is much faster than the chemical reaction, 
e.g. low temperature chemical reactors, bioreactorse.g. low temperature chemical reactors, bioreactors

Rate of chemical reaction determines Rate of chemical reaction determines 
the progress in chemical reactionthe progress in chemical reaction

Chemical reaction gradually occursChemical reaction gradually occurs
after Reactants mix wellafter Reactants mix well

Basic concept of reactive flowsBasic concept of reactive flows

Reactant AReactant A
ProductProduct

Reactant BReactant B

0→Da
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Basic concept of reactive flowsBasic concept of reactive flows

Mixing due to Molecular diffusionMixing due to Molecular diffusion
Molecular level mixingMolecular level mixing

necessary for chemical reactionnecessary for chemical reaction

MixingMixing

NewtonNewton’’s law for momentum transfers law for momentum transfer

Fourier's law for heat conductionFourier's law for heat conduction

FickFick’’ss law for species diffusionlaw for species diffusion

dy
duµτ = ( )
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Basic concept of reactive flowsBasic concept of reactive flows

Mixing due to advectionMixing due to advection
Turbulent advection Turbulent advection ((Turbulent mixingTurbulent mixing))
mixing by multimixing by multi--scale vortex motionscale vortex motion

Chaotic advection Chaotic advection ((Chaotic mixingChaotic mixing))
mixing by stretching and foldingmixing by stretching and folding

MixingMixing
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Basic concept of reactive flowsBasic concept of reactive flows

When the viscosity is lowWhen the viscosity is low
Mixing due to turbulence is effectiveMixing due to turbulence is effective

When the viscosity is highWhen the viscosity is high
It is not easy to make the flow turbulentIt is not easy to make the flow turbulent

Chaotic mixingChaotic mixing

MixingMixing

It is necessary to enhance the mixing It is necessary to enhance the mixing 
even in laminar flow condition  even in laminar flow condition  
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NonNon--steady motion opens new worldsteady motion opens new world
Basic concept of reactive flowsBasic concept of reactive flows

Periodic motionPeriodic motion
precise control is possible precise control is possible 

Turbulent motionTurbulent motion
transport, such as mixing, is enhancedtransport, such as mixing, is enhanced
most reactive systems use turbulent motionmost reactive systems use turbulent motion

enginesengines
furnacesfurnaces
reactorsreactors
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NonNon--steady motion opens new worldsteady motion opens new world
Chaotic advectionChaotic advection

enhance laminar mixingenhance laminar mixing
in low Reynolds number areain low Reynolds number area

low velocity low velocity heat island issueheat island issue
low shearlow shear bio reactorbio reactor
small area small area micro reactormicro reactor

high viscous fluids high viscous fluids polymer polymer 
technologytechnology

nonnon--Newtonian fluids Newtonian fluids artificial organsartificial organs

Basic concept of reactive flowsBasic concept of reactive flows
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CombustionCombustion
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CombustionCombustion
Combustion plays a key role in many energy devicesCombustion plays a key role in many energy devices

EnginesEngines
FurnacesFurnaces

““Dynamics of CombustionDynamics of Combustion”” is is 
a future technology for a future technology for 
improving combustionimproving combustion

Bunsen flame with burner rotationBunsen flame with burner rotation
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CombustionCombustion
Combustion over a Combustion over a ClathrateClathrate HydrateHydrate

AirAir

HydrateHydrate

The flame front The flame front propagetespropagetes upstream directionupstream direction
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CombustionCombustion
Combustion over a hydrate can be predicted numericallyCombustion over a hydrate can be predicted numerically
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Mixing and reaction in high viscous fluidMixing and reaction in high viscous fluid
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Side viewReactants

φ50
φ190

Inner cylinder

Outer cylinder

Working fluid (glycerine)

θi

θo

Test sectionTest section
Mixing and reaction in high viscous fluidsMixing and reaction in high viscous fluids
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Glycerin 1300ml (98wt%)

Ratio of 
radii；

Eccentricity；

Working fluid；

( )[ ] ( )[ ] ++ +→+ K3CNFeKFeCNFeKFe 664
3Chemical reaction；

Mixing and reaction in high viscous fluidsMixing and reaction in high viscous fluids
ParametersParameters

YellowYellow RedRed Dark blueDark blue
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Chaotic regionChaotic region

Regular regionRegular region

The mixing occurs wellThe mixing occurs well

Flow FieldFlow Field
stretchingstretching

foldingfolding

chaotic regionchaotic region

regular regionregular region

The mixing occurs scarcelyThe mixing occurs scarcely

Mixing and reaction in high viscous fluidsMixing and reaction in high viscous fluids
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Effect of initial locationsEffect of initial locations
Mixing and reaction in high viscous fluidsMixing and reaction in high viscous fluids

Both reactants are initially located in the Both reactants are initially located in the 
regular regionregular region

Both reactants are initially located in the Both reactants are initially located in the 
chaotic regionchaotic region

One reactant is in regular, the other in One reactant is in regular, the other in 
chaotic regionchaotic region
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Effect of initial locationsEffect of initial locations
Mixing and reaction in high viscous fluidsMixing and reaction in high viscous fluids

Product

regular-regular regular-chaos chaos-chaos
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Application of ChaosApplication of Chaos
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Application of ChaosApplication of Chaos
NonNon--element mixer and reactorelement mixer and reactor
NonNon--element mixer and reactor is realized by using element mixer and reactor is realized by using 
chaotic advection (chaotic mixing)chaotic advection (chaotic mixing)

High viscosityHigh viscosity
mixing and reaction in laminar flow conditionmixing and reaction in laminar flow condition

Micro scale and low speedMicro scale and low speed
MMicro, millimeter scale machinesicro, millimeter scale machines

Low shearLow shear
polymer fluid, bio fluidpolymer fluid, bio fluid
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50 5050505050

Application of ChaosApplication of Chaos

(d) t=300s

(b) t=100s

Stretching folding

(f) t=500s

Diffusion normal to the flow direction

(a) t=0s（Steady state）ø10
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SummarySummary

Reactive Fluid DynamicsReactive Fluid Dynamics
CombustionCombustion
Mixing and reaction in laminar flow conditionMixing and reaction in laminar flow condition
Micro, millimeter scale machinesMicro, millimeter scale machines
Application of chaosApplication of chaos

Reactive Fluid Dynamics is an important, Reactive Fluid Dynamics is an important, 
interesting and challenging fieldinteresting and challenging field


