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Favre-averaged Conservation Equations
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Terms need modelling, reaction source term very nonlinear:

R, #£(c,T)

Transport equations for turbulent combustion
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Timescales of Chemical and Physical Processes
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Trajectories of a Methane-Air Reaction - use tables
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Structure of a premixed laminar methan-air flame
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Increase of burning rate through folding of flame

Schlieren picture Instantaneous flame front

Visualisations of a turbulent premixed Bunsen flame
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Regime-Diagram turbulent premixed combustion




UNIVERSITAT DER BUNDESWEHR MUNCHEN

Fakultat fur Luft- und Raumfahrt

Institut fir Thermodynamik

Prof. Dr. rer. nat. M. Pfitzner, Prof. Dr.-Ing. Ch. Mundt

progress variable

-1
normalized distance

OH visualisation flame front Reaction progress turbulent premixed flame

Transport equation for Favre- o  _. o _. 7 e
N — (pC)+—(py, )=——(puic )+
ot OX; 0

X.

1

averaged progress variable:

T-T,
T,-T

u

Constant pressure: C =

Reaction progress variable transport equation
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Turbulent burning rate:

S_c:p“'sl,o'2

fractal flame front

* p, density of unburnt gases
* S, laminar flame speed
» > flame surface density X (fractal theory, Gouldin):

~3/4

S, €& N -
—.C-(1—-c¢
7 (I-¢)

1/4

S_C:CR.pu.
V

u

Lindstedt-Vaos model
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Fig. 1. Schematic of the high-pressure combustion test facility.

Validation configuration (Kobayashi)
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0.25 MPa

®=0.9, u=2.0m/s, d=20mm

Re T : fractal flame structure more pronounced

Schlieren pictures of methane Bunsen flame (variation of pressure)
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Experimental conditions in Borghi-Peters-regime-diagram
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Validation of combustion model using flame cone angle
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¢ Experiment
» CR=4
A CR=5
+ CR=6

 Experiment
s CR=4
A CR=5
+ CR=6

¢ Experiment
= CR=4
A CR=5
* CR=6

Results with Lindstedt-Vaos-Model (Methane/Air ©=0.9)
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PDF‘s of mixture fraction in non-premixed flame
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Balance equation for the mixture fraction and its variance

o(pZ) + o(piz)
= -

and its variance

6(52"5) 5(51’52"5) = 2
+ : = 0 ﬁ+ Hy 0Z +2&(a_ZJ _55(

ot OX OX | o= OX G, | OX,

Transport equation for mixture fraction
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i '~..-.::‘;§'r;u.§s;is;‘ii??
8 UV VA
- = i &

Mass fraction transport é(ﬁ?j) + i(ﬁﬁi )= _i —J\f +

equation for partial premixing: ot 6Axi/ OX, /

C= ﬁizs_c-(Yb—Yu)

Y, -Y,
Yb i Yu

1-step global reaction:

4n +m 79 4n+m m 1 An +m 79 4n+m
2

40 21 49 () 4 21 40

Changes through partial premixing
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Lindstedt-Vaos model:

~3/4
&

S. =Cp - pu-— 2 G- (1-3
C R /? DJ/4 L( ( )

local flame speed: s =S (Z(X,t))

turbulence effect: S, (X, t) = JAS]~ .

Z,Z!rz

Turbulent burning rate in partially premixed flame
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Laminar Flame Speed Table (Hydrogen, p =1 Bar)
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Correlation of lijjima & Takeno Correlation of IFP

s s : ; : : : ; B Flammability LimEt
m Flammability Limit : : : : : : A Validity Range
A Validity Range — Approximation
— Approximation : : : : : :
— lijima & Takeno

|
| |
| |
| |
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-+ i
|
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| |
|
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0.14 0.16 : ! 002 004 006 008 010 0.12 014 0.16
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Extension of laminar flame speed correlations
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ICE application: p, T, T, changes during simulation, partial premixing

u,fr

'E LY l--—.. s=a -T- IR
.;] U AT O Rt LUt

BT AT AT ATAT AT

o f1 ¢ T

| R R U=
ez mm | = mw T
1 ool A 8 Bl BN

UFL

LFL
Experiment
|

Flammability Limits — Temperature Dependence
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Experiment

Bureau of Mines
Bulletin 503

Flammability Limits — Pressure Dependence
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ENCHES

lijima & Takeno Correlation lijima & Takeno Table

=68 m/s

Sl,max

Results
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H, Jet Flame - Influence from turbulence model
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Solid + liguid

Real gas effects: pvT-surface of pure normal substances
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1500

H2 specific heat at low temperatures
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Temperature

Temperature
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Hydrogen Joule-Thomson effect
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02/H2 System
* Critical Mixing Point
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Injection of para and ortho hydrogen in air
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Conditions

Pressure [MPa]

Massflow [g/s]

Temperature [K]

Density [kg/m3]

Cp [J/kg/K]

Velocity [m/s]

Viscosity [kg/m/s]

Mascotte single injector validation case
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Mascotte real gas cold mixing results
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* Modelling of partially premixed turbulent flames
by combination of premixed and non-premixed concepts

* Reduced chemistry if only temperature / main species required

* Models validated at atmospheric / medium pressure

» Application to gas turbine / ICE / rocket motor combustion

* Real gas effects: important in rocket motors

 additional equations - new effects - extended models

Conclusions




