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Moment Methods for Reactive Scalars Itv

Balance Equation for Reactive Scalars

ACKS UGSNXY oNBIFOGAGS aol fl Nxu
- Mass fractiony, of all component$ I'  MNE X
- Temperaturel

i = (Y1, Yo, .. Y, T)'

A Balance equation forw;, i=1,..N+1

- D: mass diffusivity, thermal diffusivity
- S mass/temperature source term
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Balance Equation for Reactive Scalars Itv

A Neglecting the molecular transport (assumptidtes 0
A Gradient transport assumptiofor the turbulent transport

6&& . Vi
t D=2
o' YT S

"o
_'deﬁ = Dy

['HhAveraged transport equation

not closed

Simplest possible approach:
Express unclosed terms agunction of mean values




Moment Methods for Reactive Scalaksror Estimation Itv

A Assumption: heat release expressed by

E

wr = pSr(T) = pB(T, — T) exp(—ﬁ)

- B: includes frequency factor und heat of reaction
- T,: adiabatic flame temperature
- E activation energy

A Approach for modeling the chemical source term

A Proven methody Decompositioninto mean and fluctuation

T=T+T"




Moment Methods for Reactive Scalaksror Estimation Itv

A Taylor expansion eT ~ T N — T T T < T ) of terms
- E
ST(T) = B(Tb — T) €Xp (_ﬁ)

- Preexponential term

(Tb—T)‘ R T,-T-T"
T=T

- Exponential term

» "
_% z—% [i—%(T—T)] __ £ ET,Z
g T T = RT RT
A Leads to
- ~ E ET"
T‘ ~B(Ty—T-T" _ = a
(N7~ B(Ts )exP( ’RT) eXp(RTZ)
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Moment Methods for Reactive Scalaksror Estimation Itv

A As a function of Favimean at T

§T("T') - B(Tb _ ?) exp(—%)

(s -s0n(o- ) (e |

A Typical values in the reaction zone of a flame

yields

"

7

i,v =(0(10) und 0,1<

<0,3
RT

A Error around a factor of 10!

A Moment method for reactive scalars inappropriatae to strong nodinear
effect of the chemical source term



Example: NotPremixed Combustion in Isotropic Turbulence Itv

A Favre averaged transport equation

A Gradient transport model

—~

v 0Ye
(qua — qua) = —Dx Dx;

A One step global reaction

—_— p? E
nt = M, YEYo A (——)
e MiMo © 07 FPAT RT

A Decaying isotropic turbulence

Yo _ =

ot *




Example: NotPremixed Combustion in Isotropic Turbulence Itv

Product Mass Fraction

0.6 ! ! ! !
. T T
0.5/ Flamelet Closure Assumptioa—=-"""1""""

04F - e R LIREEEE DNS data|
_ IS0
02k L ~__... Evaluation of chemical source

; } term with mean quantities
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A Closureby mean values does not work!




Course Overview ItV
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Simple Models for Turbulent Combustion

A Example: standard models in
Fluent

A Very simple models,
e.g. based on
- very fast chemistry
no consideration of turbulence
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1. EddyBreakUp-Model |t|/

First approach for closing the chemical source term was made by Spalding (1
In premixed combustion

unburnt hot burnt gas
mixture

@% Q@QQ&O @%@%

A Assumptionvery fast chemistryafter pre-heating)

A Combustion process
- Breakup of eddies from the unburnt mixtufg smaller eddies
[bLarge surface area (with hot burnt gas)
[HDuration of this breakup determines the pace

['Hh EddyBreakUp-Model (EBU)
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1. EddyBreakUp-Model Ity

A Averaged turbulent reaction rate for the products

)1/2

Y{2: variance of mass fraction of the product
- Gy EddyBreakUp constant
A EBUmodell
- turbulent mixing sufficiently describes the combustion process
- chemical reaction rate is negligible
A Problems with EGR, lean/rich combustion

['H Further development biagnusser& Hjertager(1977): EddyDissipation
a2zRSf 095a0X

_ £
wp = PCEBUE (Yp'»'z
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2. EddyDissipationModel Itv

A EDM: typical model for eddy breakup
- Assumptionyvery fast chemistry
- Turbulentmixing time is the dominartime scale

A Chemical source term

- 3 Y, Yi
§— AuM, Emin[ £ 2P

- Yg Yp: mass fraction of reactant/product
- A, B: Model parameter (determined by experiment)
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2. EddyDissipationModel

Ity

Example: diffusion flame, one step reaction

[V,':F—I—V(—)O—>V|’;' ]

A Ye>Yeq, thereforeYo< YA Ye =Yo

Yo g

- z 5~
=A ,M = =A:Y5
oF = Ave "% VoMo i

A Ye<YegA Y= Ye
~ 5 ?F £
= AvEME = =A=Y
F =AM T e — AT
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Summary EDM Itv

A Controlled by mixing
A Very fast chemistry
A Application: turbulent premixed andonpremixedcombustion
A Connects turbulent mixing with chemical reaction
- rich or lean?
[bfull or partial conversion
A Advantage: simple and robust model
A Disadvantage

- No effects of chemical neequilibrium (formation of NO, local extinction)

- Areas of finiterate chemistry:
A Fuel consumption is overestimated
A Locally too high temperatures
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3. FiniteRateChemistryModel (FRCM) Itv

A Chemical conversion witlmite-rate
A Capable ofeverse reactions
A Chemical source term for specids a reactior

- kb,a H P

— 7 Vi’,a
pYi
M;

oY,
M;

i

gi.a = fMi(V;fa — U:,a) (kf'a H

17
Vi,cx)

- ki, kyn: reaction rates(determined by Arrhenius kinetic expressignf(T) )
- I’ models the influence of third bodies

A Linearization of the source term centered on the operating point
ALYUISINIGAZ2Y Ayl2 Slddalizdblrzy da F2NJ aLJ
A Typical approach fadetailed computation of homogeneous systems
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Summary FRCM Itv

A Chemistrycontrolled
A Appropriate fort chemistry™ tmixng (I2MINar/laminarturbulent)
A Application

- Laminarturbulent

- Non-premixed

A Source term: Arrhenius ansatz
- Mean values for temperature in Arrhenius expression
['HEffects of turbulent fluctuations are ignored
b Temperature locally too low

A Consideration of norquilibrium effects

18



4. Combination EDM/FRCM Itv

A Turbulent flow
- Areas withhigh turbulenceand intense mixing
- Laminar structures

A ConceptCombination of EDM and FRCM
- For each cell: computation of both reaction ratrf®™ A
- The smaller one is picked (determines the reaction rate)

fEDM  FRCM)

r,-=min(, ;

HhChoosedocally between chemistryand mixingcontrolled

A Advantage: Meant for large range of applicability
A Disadvantage: no turbulence/chemistry interaction
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5. EddyDissipatiorConcept (EDC) Itv

A Extension of EDM, Considers detailed reaction kinetics
Al 3adzYLJOA2YY wSFEOOGA2Z2ya 2y ayvylftt ao

%A
e = (%)

Fluent C,=2,1377

A Volume of small scaleg*?
A Reaction rates are determined by Arrhenius expression (cf. FRCM)
A Time scale of the reactions

Fluent C = 0,4082

20



5. EddyDissipatiorConcept (EDC) Itv

A Boundary/initial conditions for reactions (on small scales)
- Assumption: pressurp = const.
- Initial condition: temperature and species concentration in a cell
- Reactions on time scar™
- Numerical integration (e.g. ISAIgorithm)A 37,*
A Model for source term
- £*2

= e (7 Y

A Problem:
- Requires a lot of processing power
- Stiff differential equation

Massfraction on smallscale<of
specieq after reactiontime _*
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Summary: Simple Combustion Models Itv

Solelycalculationby Arrheniusequation
A turbulenceis not considered

Calculatiorof Arrheniusreactionrate and
mixingrate; selectionof the smallerone
A localchoice laminar/turbulent

o
t Turbulence-Chemiskrsy Inte/ré:tinn
3. (%) Laminar Finite-Rate

4. () Finite-R.ate/Eddy-Dissipation
2. (") Eddy-Dissipation

| o il oo G il Solelycalculationof mixingrate
Cptiors A Chemicakineticisnot considered

Flow Ikerations per Chemiskry Up

Quelle:Fluent12 dz& SgNibéa

Modelingof turbulencd chemistry
interaction; detailedchemistry

22




Course Overview ItV

A Moment Methods for reactive scalars

A Simple Models in Fluent: EBU,EDM, FR(
EDM/FRCM
A Introduction in Statistical Methods: PDF,
A Turbulence /] 5C3s X

A Turbulent Premixed Combustion /A Transported PDF Model
A Modeling Turbulent Premixed Combustic

A BML:-Model
A Level Set Approach/quation

Modeling Turbulent No#Premixed
A Applications Combustion

A Conserved Scalar Based Models for
Non-Premixed Turbulent Combustior

A FlameletModel
A Application: RIF, steadlameletmodel

Part IlI: Turbulent Combustion

A Turbulent NorPremixed
Combustion

A TurbulentCombustiorModeling A

23




Introduction to Statistical Methods Itv

A Introduction to statistical methods
- Sample space
- Probability
- Cumulative distribution function(CDF)
- Probability density function(PDF) -t 2 LSS o Eldaib dzf Sy
- Examples for CDFs/PDFs
- Moments of a PDF
- Joint statistics
- Conditional statistics
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Sample Space

Ity

A Probability of events in sample space

A Sample space: set of all possible events

- Random variabléJ

- Sample space variablé(independent variable)
A Event A

A={U< V,}
! >V
Va

A Event B
B={V,< U< W}
| i >V
V., Vi
25



Probability |t|[

A Probabilityof the event A= {U < V,}

p=P(A) = P{U < Vi)

RN

Impossiblesvent sureevent

A Probabilityp
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Cumulative Distribution Function (CDF) Itv

A Probability of any event can be determined frammulative distribution

function (CDF)
F(V) = P{U< V}
A Event A
A={U< V,}
\;/ >V P(A) = P{U < V,} = F(Va)
A Event B

B={V,<U< W} P(B) = P{Va < U< W}
Y =P{U< W}—P{U< V,}

v W = F(Vo) — F(V4)
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Cumulative Distribution Function (CDF) Itv

A Three basic properties of a CDF
1. Occuring of ever{U < —oo} IS ImpossiblF(—oc0) =0
2. Occuring of ever{U < +0} IS BUIF(+00) =1
3. Fis a nondecreasing function

F(W) > F(VL) fiir V>V,
as

F(Vb) —F(Va) =P{Va < U< W} 20

F(V)

1
f CDFof Gaussiarlistributed
/ randomvariable
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Probability Density Function (PDF) Itv

A Derivative of the CDRK probability density function

dF(V)
dVv

A Three basic properties of a PDF 1/
1. CDF nondecreasing
A PDFf(V) >0 /

2. Satisfies the normalization condition = 2 =1 0 1 7 3 Vv

F(V) =

o0 FV)
/ f(V)dV =1 S

3. For infinite sample space variable

-3 -2 -1 0 1 2 3

_ PDFof Gaussiamlistributed

randomvariable
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Probability Density Function (PDF) Itv

A Examining the particular intervaf, J <V,

PV < U< W} = | F(%) — F(V) | = UWWJ
Vi

F(V) f(V)
1.

A IntervalV, -V, A 0:
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Example for CDF/PDF |t|/

Uniform distribution

@ Rile

]_ a b V
, for a<V < b,
f[V)= b—'ﬂ a4 ®) L A7

0, for V <agand V = b. -

a b ¥V

Figure 3.5 | he CDF (a) and the PDF (b) of a uniform random variable

(Eq. (3.39)).

Source:
t 2LIST o EldeNib dzf &
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Example for CDF/PDF |t|/

Exponential distribution

Fm

(a)
1 0 ' '
— —V/2), V =0,

fvy=1 7 exp(—V/4) for L

0, for V <. "

(b)

s
0 i v

Figre 36 1 he CDF (a) and PDF (b) of an exponentially-distributed
random variable (Eq. (3.40)).

Source:
t 2LIST o EldeNib dzf &
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Example for CDF/PDF |t|/

Normal distribution

F()
10t
: fa)
GN4480100S8 & =) =
i L =
-
5 0.150
% 0.023
BIE||1E = 3 2 1 [i 1 2 3 .
: z
T N fm
ent? |
Deutsche Bundesbank 3
(oetpee v{aw{ [ ] )
it w—
3 2 1 0 1 2 3
S NEIE ’
43
s et Figare 3. The CDF (a) and PDF (b) of a standardized Gaussian
M" i e random variable.
oo = —
‘ TR Source:
Sl : —% t 2SS o Fldeb dzf ¢
e 3 i
i nfulol
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Example for CDF/PDF |t|/

Deltafunction distribution ., .
]; V
or
(b) )
F(V)y=pH(V —a)+ (1 —p)H(V — b). ) \
b Vv

rigre 210: The CDF (a) and the PDF (b) of the discrete random
variable U, Eq. (3.69).

Source:
t 2LIST o EldeNib dzf &



