
Turbulence – Combustion 
interaction

• What is fluid turbulence – well known?
• Combustion modes – premixed, diffusion and partially 

premixed
• Combustion times vs. fluid times  or DamkÖhler number
• Extinction – ignition – steady reaction
• Learning from fundamental combustion configurations –

mixing layer, stagnation point flow – lifted flames for modeling
• Basic modeling features of combustion in turbulent flows –

single step reaction, full chemistry
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Answers needed from you to help focus on what 
we should discuss usefully

• How many of you have performed simulations involving 
chemistry?

• Are these only aerospace related problems – gas turbine related 
or have you dealt with other engineering issues?

• What kind of physical sizes had you to deal with? 100 mm? 500 
mm? 1000 mm?

• Only steady state solutions? Unsteady solutions as well? 
Acoustics involved as well?

• Have you encountered issues related to numerics only? If at all?
• How have had to figure out if the results are meaningful at all? Or 

was this not needed any time?



What is fluid turbulence – well known?

1. Just unsteady flow? Unsteady flow with random fluctuations 
developing from random inputs? Or something else?

2. Given a measurement platform how will you declare a flow is 
turbulent or unsteady random flow?

3. It is said to be difficult to understand it (and so model it). Why 
is it so? Is it controlled by local flow only? Or is it affected 
differently?

4. What will combustion add to it? More difficulties? More 
features with lessoned difficulties?



f = 0.185 U/D.
Strohaul number = fD/U = 0.195 ( 1 – 20.1ν/UD)
see Govardhan and Ramesh, Resonance, August 2005

Any organized simply understood system cannot be turbulent flow!
Will oscillations of the cylinder or the free stream, even random lead to turbulent flow?

From Nonlinear dynamics of the wake of an oscillating cylinder – Olinger and Sreenivasan
Let us see………
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Turbulent flow – random fluctuations with 
energy at all frequencies!  These 
frequencies are not directly related to 
each other simply. The flow features 
control the relationships.



Turbulent length scales and time scales

RMS velocity fluctuation in terms of fluctuating kinetic energy

L = Large eddy scale – normally size of the flow field

Kolmogorov length scale

Energy dissipation 

Kolmogorov time scale

Taylor length scale

Fluid time/chemical time:   First DamkÖhler number



Various combustion devices and Damkohler numbers

D1 = Da



D1 = Da



What does combustion do to the flow?
• Combustion introduces zones that are at high temperature in a fluid which is 

otherwise at low (or lower) temperature.
• These occur at low speeds (compared to acoustic speeds) ‐ deflagration.
• If heat release occurs over  a distance of maximum of hundreds of mean free path, 

one has detonation. We are not discussing them here.
• If heat release occurs over distances 1000 times the mean free path or more, then 

one has deflagration.
• The distance over which deflagration occurs is about 50 to 1000 μm, the distance 

going down with pressure (δf ~ 1/p). This distance δf << meaningful combustion 
device size – 10 to 500 mm

• Thus one can look upon the flames as “thin” except under certain conditions –
extinction, ignition.

• Since fluid viscosity ~ T0.7, it will be much higher in the high temperature zone 
(products) compared to low temperature zone (reactants)

• Re in the hot zone much smaller (by a factor 3 to 5) compared to cold zone
• Acoustic speeds are much higher in the hot zone (1000 m/s) compared to cold zone 

(340 m/s)



Combustion modes – premixed and diffusion

• Combustion can occur only when the collisions between molecules  are energetic –
molecules with velocity much higher than the mean only contribute to reactions. 

• These collisions between molecules of different species creates new species. 
• Only the most stable molecules under the prevailing conditions of temp and pressure 

remain. 
• Combustion at the core is always “molecular” with sizes very small ~ 1 – 10 μm.
• Turbulence affects the availability of “fuel” and “oxidizer” packets in appropriate 

zones





At large scale, turbulence 
increases the flame surface 
area; models estimate this.

Very slow burning

Fast burning



Diffusion flames – fuel and oxidizer fluxes in stoichiometric
proportions arrive at the flame – flame is formed there only



Extinction/Ignition  in flames

Z replaces x

Scalar dissipation 
rate





Why does extinction occur?

Experimental observation: When the stream 
speeds are increased, beyond a speed, the 
flame extinguishes.

a = stag vel. gradient ~ U/d

Increase in a leads to increase in stretch.
Too much positive stretch causes extinction 
Because there is inadequate residence time.

In dimensionless terms, Da = Damkohler 
number = fluid time/chemical kinetic time; 

In a turbulent flow, the eddies cause 
stretching of the flame and this leads to 
enhancement of the flame or extinguishment.



Nature of large diffusion flames at ambient pressure
Notice broken segments due to extinction-reignition – why are they there?. 





Turbulent diffusion model ‐ EDC

For fast chemistry limit, 

Eddy dissipation

Scalar dissipation rate

For full chemistry, 



The term D determines the nature of combustion

If  D << 0 - Diffusion Combustion

If  D >> 0 - Premixed Combustion

The parameter E is the measure of unreactedness

For No reaction , YH2 = ZH and YO2 = ZO so  E = 1

For Fast Chemistry YH2 = 0 or YO2 = 0     so    E = 0

How to identify in the flow premixedness 
or diffusion state



Multi-phase flows



Brief summary
• Combustion process occurs at fine scales. Flow variations are 

at varying scales – mostly large.
• Treating combustion as fast is a good approximation for 

mean thermal properties.
• Most combustion process is diffusion dominated. Modeling 

such systems at various levels of sophistication exist (not 
discussed here).

• For pollution estimation (CO, NOx), this information is used 
in several ways ‐ not discussed here.

• Knowledge of basic combustion principles is valuable (may 
even be essential) to interpret  results meaningfully since 
the interactions are complex.
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