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Non-Premixed Flames

Laminar Diffusion Flames

Basic Characteristics

• Propellants are supplied separately into the combustor

• In case moderate mixing in the shear layer between propellants, reaction takes place in the thin reaction layer

• Propellants are mainly transported by diffusion processes (concentration, temperature gradients) 

• Few real applications (Bunsen burner, candle) studied in labs to measure specific flame features, i.e. laminar 
flame velocity

laminar
turbulent
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Non-Premixed Flames

Laminar Diffusion Flames

Basic Assumptions

• Fast chemistry  →       no details of chemical kinetics required
  

• If characteristic time scales of flow and chemistry are similar
         →       problems with ignition and extinction and in formation of by-products (pollutants)

→ Formulation required which includes main kinetic features ( reduced mechanisms )

→ assume equal diffusivities of chemical species:
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Non-Premixed Flames

Laminar Diffusion Flames

1-D Planar Flame
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Non-Premixed Flames

Laminar Diffusion Flames

1-D Planar Flame: Flame Position
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Non-Premixed Flames

Laminar Diffusion Flames

1-D Planar Flame: Flame Position

Solutions for Special Cases: LeO = LeF = 1, diffusive transport of energy and mass identical for 
both fluids 
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Non-Premixed Flames

Laminar Diffusion Flames

1-D Planar Flame: Temperature Profiles
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At flame front fuel and oxidizer side temperatures have to be identical

→Conductive heat flux away flame front has to equal on both sides and 
equal as well to the local heat release
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Non-Premixed Flames

Laminar Diffusion Flames

1-D Planar Flame: Temperature Profiles

Special Case Pe→0:

1. Temperature independent on Pe number as expected
2. Decreasing Le number similar effect as increasing reactant concentration
      
→ This is entirely different than for premixed flames where adiabatic flame 
temperature is independent on Le number

Special Case LeF = LeO = 1:

1. Temperature independent on Pe number
→ Convection doesn’t influence 
temperature at flame front position

Special Case Pe→∞:

1. with increasing convective transport, 
both influence of oxidizer and fuel Le 
numbers decrease
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Non-Premixed Flames

Laminar Diffusion Flames

Spherical Jet Flame

Assumptions:
Steady, axisymmetric, zero mean axial pressure gradient, convective 
transport only in x-direction, diffusive transport only in r-direction
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Laminar Diffusion Flames

Non-Premixed Flames

Spherical Jet Flame

Flame contour form the condition   Z(x,r) = Zaω(η) = Zst

Flame length at  Z(x,r=0) if Za = Zst
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Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames 

Flame front position 
in case of Le(fuel) ǂ 
Le(ox), i.e. H2 and O2

Experimental Setup to study the sensitivity of a 
flame to the application of shear forces.

χ-1  [s]

T 
[K

]

Quenching

Ignition

Of special interest are phenomena like quenching or 
ignition. 
Solutions are only stable for the lower part of the 
curve prior to ignition and the upper part prior to 
extinction.



Lehrstuhl für Raumfahrtantriebe 
Fakultät für Luftfahrt, Raumfahrt und Geodäsie
Technische Universität München

Combustion Theory: Non-Premixed Flames    13
Aerospace Combustion 2025

Prof. Dr.-Ing. O. J. Haidn

Laminar Diffusion Flames

Counter-Flow Flames 

Assumptions: flow velocities large enough that the stagnation plane  
far away from the nozzles, the flame establishes between two 
potential flows and quite often on the ox-rich side.

Velocity gradient in the oxidizer

yields velocities and mixture fraction

Equal stagnation pressures of both streams yields
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Introduction of similarity transformations

yields
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Laminar Diffusion Flames

Counter-Flow Flames 
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in terms of  non-dimensional stream function        normalized tangential velocity

with boundary conditions
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For C = 1 , ρ = const., F=η satisfies

and 

the instantaneous scalar dissipation 
rate is

With and

Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames 
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Evaluation of scalar dissipation rate which led to 

yields

For small   Z

hence, in terms of velocity gradient , the scale dissipation rate  becomes

which means that for small Z, the dissipation rate increases with Z2

Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames 
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Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames
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Steady State Combustion/Quenching with One Step Chemistry, large activation energy, constant 
pressure and negligible radiative losses
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Analyzing the upper branch of the strain rate curve for 
large Damköhler numbers and activation energies 
which corresponds to a complete combustion in an 
infinitely thin flame sheet around  Z = Zst.
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Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames:         
Burke-Schumann Solution        
(1-step chemistry) 

Large activation 
energy, constant 
pressure and 
negligible radiation 
losses

For cp = const., 
temperature, and 
fuel, oxidizer, and 
product mass 
fractions rare 
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Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames
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we obtain

is able to describe quenching of a diffusion flame.we can show that
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Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames
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Expand temperature, fuel and oxygen mass fraction around Zst  to with ε as small parameter   

The exponential term of the reaction rate can be expanded to 
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Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames
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Expansion of all quantities in                                                                                         around  their value at Tst

yields                                                                                                                       with

the Damköhler number
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This equation can be transformed into one similar to Linan’s diffusion flame regime using  

)1(2 stst ZZ

Ze

−
=

to finally yield 
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Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames

Setting either                                       large Damköhler number expansion
        
or      large activation energy expansion

with 

1=

13 =Da

)1(/ 3 ODa = 

( ) ( ))(22

2

2
3/1 



+− −

−= zez
d

zd
to finally get Linan’s equation for the diffusion flame regime

Boundary conditions:

−→−=

→=
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          1

d

dz
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Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames

With  δ being finite, a  critical value   δq can be 
determined for which quenching occurs.

Linan defines for pre-mixed flame regime to:

With the definition of Damköhler, a maximum 
dissipation rate   χq can be determined:

)1(  −= eq

( )
RT

E

Fq

ststFOst

q

a

e
ZeW

ZZYB −−
=

3

23

1, 18
2






Let’s think of χst as an inverse diffusion time. For large χst heat conduction from the flame isn’t outbalanced by 
local heat production and as a result local temperature decreases until finally at χst = χq.
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Non-Premixed Flames

Laminar Diffusion Flames

Time and Length Scales
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Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames

This is a clear hint of a fundamental relation between a premixed flame and a diffusion 
flame at extinction. 

1. For a diffusion flame, the heat conducted from the reaction zone towards the lean and the rich side just 
balances the heat generated by the reactions. 

2. In a premixed flame, heat conducted towards the unburnt mixture is such that it balances the heat 
generation by the reaction for a particular burning velocity. 

Diffusion flames can exist at lower scalar dissipation rates and therefore at lower characteristic flow times. The 
flow time in a premixed flow is fixed by the burning velocity, which is an eigenvalue of the problem.  Hence, 
diffusion flames are easier to control and more stable since they allow to choose the Damköhler number.
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Non-Premixed Flames

Laminar Diffusion Flames

Counter-Flow Flames
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



=−

13.1

34.1
)2(1

stZerfc
for hydrogen-air flames with Zst=0.0284

    for methane-air flames with Zst = 0.055

for hydrogen-air 

   for methane-air 
Extinction occurs at strain rates aq  of 





s

s

/420

/14260

for hydrogen-air 

   for methane-air 
→   tc  = 








−

−

3

5

1029.0

1064.0



Lehrstuhl für Raumfahrtantriebe 
Fakultät für Luftfahrt, Raumfahrt und Geodäsie
Technische Universität München

Combustion Theory: Non-Premixed Flames    28
Aerospace Combustion 2025

Prof. Dr.-Ing. O. J. Haidn

Non-Premixed Flames

Turbulent Diffusion Flames

Circular Jet Flame

Depending on the injection velocity, the flame stays laminar 
and flame length increases with injection velocity.
Due to increase mixing when jet becomes transitional, the 
flame length decreases drastically while for fully developed 
turbulent jets the flame length stays constant until flame lift-
off conditions are reached.

Empirical Correlation for flame length:

Envelope of flame lengths

laminar transitional fully turbulent flame

Flow rate

stf

o

f

i

f
Y

d

L
,

2/1

23 








=



Lf: flame length
di: fuel injection diameter
ρf/ρo:density ratio of fuel to oxidizer
Yf,st: stoichiometric fuel mass fraction
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Non-Premixed Flames

Turbulent Diffusion Flames

Circular Jet Flame

Assumptions:
Stationary, axisymmetric boundary layer flow without buoyancy, 
negligible molecular transport, Sct = νt/Dt, Favre-averaging
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Non-Premixed Flames

Laminar Turbulent

Jet in quiescent air with a treatment of turbulent equation similar to the laminar case
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Turbulent Diffusion Flames

.for constCt 

( )
2

,

0,

2

02

22

,

2

64

3

;
4/)(1

2














=

+
=

 reft

x

t

reftt

x

du

C

C
u









.for constC 

( )

;
1

64

3

;
4/)(1

2

2

0,02

22

2

C

du

C
u

x

x



=

+
=












Lehrstuhl für Raumfahrtantriebe 
Fakultät für Luftfahrt, Raumfahrt und Geodäsie
Technische Universität München

Combustion Theory: Non-Premixed Flames    32
Aerospace Combustion 2025

Prof. Dr.-Ing. O. J. Haidn

Things you shouldn’t forget

• Counter-flow Diffusion Flames

• Turbulent Diffusion Flames
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Non-Premixed Flames

Laminar Diffusion Flames

Spherical Jet Flame

Boundary conditions

similarity coordinate

;0/;0: ===→ dxdpuur rx

xr /=

For situation where density isn’t constant, a transformation is 
helpful  (a: distance of virtual origin of jet from nozzle exit)
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Non-Premixed Flames

Laminar Diffusion Flames

Spherical Jet Flame

Stream function Ψ
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Non-Premixed Flames

Laminar Diffusion Flames

Spherical Jet Flame

If C = const.
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Non-Premixed Flames

Laminar Diffusion Flames

Spherical Jet Flame
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Non-Premixed Flames

Laminar Diffusion Flames

Spherical Jet Flame
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