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DAY 3 
Complex Flame Structures  
    
a.    Interaction of  Multiple Mixing Layers 
b. Partially Premixed Combustion. The Structure of  Triple Flames     
b. Lifted flames and lift-off  height 
d.    Triple flame propagation 

Turbulence, Mixing and Aerodynamics   
  
a. Characteristics and Description of  Turbulent Flows   
b. Turbulent Premixed Combustion. Scales and Dimensionless Quantities.  
c. Borghi Diagram  
d.  Flame stabilization, Flashback and Blowoff  
f. Swirl and cyclonic flows 
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TURBULENCE - a complex problem 

Horace Lamb during a meeting at the London British Association on 1932 :

“I am an old man now, and when I die and go to Heaven there are two matters on

which I hope for enlightenment. One is quantum electrodynamics, and the other is

the turbulent motion of fluids. And about the former I am really rather optimistic.”

please give me your personal information, later 
you will have your answer on turbulence 
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TURBULENCE - a complex problem 

Ns + 6 equation in Ns + 6 variables: 𝞺,𝟂, vx, vy, vz, T, P
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TURBULENT FLOWS 

Hypothesis: The (reactive) Navier-Stokes equations govern turbulent combustion.

The Navier-Stokes equations supplemented with initial and boundary conditions are 

deterministic and are believed to possess a unique solution.

For small Reynolds numbers, exact solutions exist. However, when Re is large, the 

solution is highly sensitive to the initial conditions, which cannot be specified with 

sufficient accuracy to obtain a deterministic solution, either computationally or 

experimentally.

Introduce statistical methods and seek a probabilistic description of turbulent flows.
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TURBULENT FLOWS 
the numerical problem 

LAMINAR FLOW

TURBULENT FLOW
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TURBULENT FLOWS 
the numerical problem 

The Millennium Prize Problems  are seven problems in mathematics  that were stated by the  Clay Mathematics 
Institute on May 24, 2000. A correct solution to any of  the problems results in a US$1 million prize being awarded by 
the institute to the discoverer(s).
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TURBULENT FLOWS 

We know what a turbulent flow is, when we see it!

It is characterized by disorder, vorticity and mixing

In a fluid flow , turbulence is characterized by fluctuations of velocities and state 

variables in space and time. This occurs when the Reynolds number
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TURBULENT MIXING 

- Combustion requires mixing at the molecular level 

- Turbulence: convective transport ↑   molecular mixing ↑ 
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TURBULENT MIXING 
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Transition to Turbulence 
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basic features of  turbulence 

    – High Reynolds numbers  

• Instability of  laminar flows  
•  Non-linearity and randomness make the problem nearly intractable 

 – Three dimensional vorticity fluctuations  
• The large scale structure in tornado is not mainly turbulent!  
• Vortex stretching mechanism  

– Dissipation  
• Energy transfer from large scales to small scale and dissipated to heat  

– Turbulence is continuum flow!
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TURBULENT FLOW 
STATISTICAL DESCRIPTION 

The aim is to describe the fluctuating velocity and scalar fields in terms of their 
statistical distributions.

AVERAGING
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TURBULENT FLOW 
STATISTICAL DESCRIPTION 

If we decompose u(t,x)  into a mean and the deviation from the associated mean,
namely,                                  , then by definition,
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TURBULENT FLOW 
STATISTICAL DESCRIPTION 

Correlation coefficients indicate the extent of the interdependence of two variables.

We can also define it on a single variable if we refer to two different points in time or 

space
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TURBULENT FLOW 
STATISTICAL DESCRIPTION 

TURBULENCE
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TURBULENT FLOW 
Characteristic Scales 
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TURBULENT FLOW - Scales 
Characteristic Scales 
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TURBULENT FLOW - Scales 
Characteristic Scales 

Energy transfer at a ‘constant’ rate 𝜺
Heat
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TURBULENT FLOW - Scales 
Characteristic Scales 

Integral Scale 

Kolmogorov 
Scale 
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TURBULENT FLOW - Scales 
Characteristic Scales 
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TURBULENT FLOW - Scales 
Characteristic Scales 
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TURBULENT FLOW - Scales 
Characteristic Scales 
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TURBULENT FLOW - Scales 
Characteristic Scales 
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TURBULENT FLOW - Scales 
Characteristic Scales 
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TURBULENT PREMIXED COMBUSTION 
Scales
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TURBULENT PREMIXED COMBUSTION 
Dimensionless Quantities
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TURBULENT PREMIXED COMBUSTION 
Dimensionless Quantities

The various regimes of turbulent combustion will be presented on a log-log graph depicting 

The first characterization is the line  
separating laminar and turbulent combustion (turbulent combustion corresponds to large 
Reynolds numbers). 
Another distinction is between small and large Damköhler numbers. “Flames” are typically 
characterized by fast chemistry, or D>>1, while the region  D<<1  corresponds to “well stirred 
reactors” where all turbulent scales are smaller than the chemical time scale.
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TURBULENT PREMIXED COMBUSTION 
Dimensionless Quantities

Further refinement of this diagram involves the Karlovitz number Ka, which relates the 
flame scales to the Kolmogorov scales. Two such numbers can be defined, one based 
on the flame thickness and the other on the thickness of the reaction zone lR. They 
represents the ratio of the residence time in the flame zone, or reaction zone, relative to 
the smallest turbulent turnover time, and thus whether turbulence penetrate and distort 
the flame or reaction zone structures.
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TURBULENT PREMIXED COMBUSTION 
Borghi Diagram

-When Ka < 1 the flame residence time is much shorter than any turbulent
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TURBULENT PREMIXED COMBUSTION 
Borghi Diagram

Although when Ka > 1 the small eddies penetrate the flame zone, they may or
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TURBULENT PREMIXED COMBUSTION 
Borghi Diagram
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TURBULENT PREMIXED COMBUSTION 
Borghi Diagram
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TURBULENT PREMIXED COMBUSTION 
Borghi Diagram

Thin reaction zones. The temperature field becomes more mixed, and the 
deformation of the flame surface increases. The burning appears to occur in small 
high-intensity pockets, punctuated by regions of local extinction.
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TURBULENT PREMIXED COMBUSTION 
Borghi Diagram

Distributed reaction zones. The burning appears to be much less intense and is 
restricted to the high-temperature end of the mixing zone. There is no well defined 
flame surface, but a broad flame brush.
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Stability (often related to Limits) 
• Ability to exist in a given environment 
- Flammability limits 
-Quenching distance  

• Ability to stabilize in a given flow configuration 
- Flashback, blowoff  
-Burner stabilization  

• Ability to maintain temporal & spatial uniformity 
-Intrinsic flame instability 
- Flame stretch: response to flow perturbation
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FLAME STABILITY 
THE BIG PICTURE
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FLAME STABILITY 
FLAMMABILITY LIMITS
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FLAME STABILITY 
FLAMMABILITY LIMITS
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FLAME STABILITY 
FLAMMABILITY LIMITS



Giancarlo Sorrentino
University “Federico II” of Naples 

 41

FLAME STABILITY 
QUENCHING DISTANCE
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FLAME STABILITY 
BURNER STABILIZATION
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FLAME STABILITY 
BURNER STABILIZATION
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FLAME STABILITY 
FLASHBACK
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FLAME STABILITY 
BLOWOFF
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FLAME STABILITY 
BLOWOFF
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FLAME STABILITY 
BLOWOFF
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SWIRLING FLOWS

M A N Y E N G I N E E R I N G 
APPLICATIONS INVOLVE
SWIRLING OR ROTATING 
FLOW:

●  I N C O M B U S T I O N 
CHAMBERS OF JET ENGINES 
● TURBOMACHINERY 
● MIXING TANKS
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SWIRLING FLOWS

IN SWIRLING FLOW, THE MOTION HAS A TANGENTIAL 
COMPONENT. THE CONSERVATION OF ANGULAR MOMENTUM 
RESULTS IN THE CREATION OF A FREE VORTEX FLOW IN WHICH 
CIRCUMFERENTIAL VELOCITY INCREASES AS THE RADIUS 
DECREASES AND THEN DECAYS TO ZERO AT THE CENTER OF 
THE FLOW DUE TO THE ACTION OF VISCOSITY. 

FOR NON-IDEAL VORTICES THE RADIAL PRESSURE GRADIENT 
ALSO CHANGES AFFECTING THE RADIAL AND AXIAL FLOWS.
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SWIRLING FLOWS

Turbulent flows with significant amount of 
swirl: swirling jets or cyclone flows.
The strength of the swirl is gauged by the 
swirl number S, defined as the ratio of the 
axial flux of angular momentum to the axial 
flux of the axial momentum.

Where is R is the hydraulic radius*
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SWIRLING FLOWS
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SWIRLING FLOWS
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SWIRLING FLOWS
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SWIRLING FLOWS
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SWIRL INJECTORS

gas-liquid coaxial swirl injectors

pressure swirl injectors



Giancarlo Sorrentino
University “Federico II” of Naples 

 57

CYCLONIC FLOWS

• Cyclones have high stability
•  They have a three-dimensional evolution 
• They have recirculation zones with different times compared to residence times
• Strong interaction with walls that can be used to achieve catalytic regimes
• Intrinsically realize a serial change of aerodynamic configuration that can be used 

to realize two-stage combustors cyclone-swirl
• Can be used usefully for multiphase flows
• Used to confine the combustion zone in the central region of the chamber, to 

protect surfaces from high temperatures (strategy used in rockets).
• Classified according to the tangential velocity profile as:
•  Forced vortex 
•  Free vortex with hyperbolic attenuation profile
•  Combined vortex with Rankine profile
•  Multiple vortex
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CYCLONIC FLOWS
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CYCLONIC FLOWS 
FORCED VORTEX

vϑ = Ωr
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CYCLONIC FLOWS 
FREE VORTEX

vϑ =
C
r
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CYCLONIC FLOWS 
RANKINE VORTEX

vϑr
n = K
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CYCLONIC FLOWS 
LUCY BURNER

• Long residence times in compact systems (H/d <1)
• Multiple and large recirculation zones with high levels of turbulence and helical 

flow inside the chamber
• Ease of scale-up, scale-down
• Wide operating ranges in terms of flow rates, temperatures, speeds, compositions, 

external dilutions

Laboratory 

Unit 

CYclonic 

Burner

Reactants

Reactants

exit
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