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Fully premixed turbulent flames - experiment

0.1 MPa 0.25 MPa 0.5 MPa 1 MPa

Thinner flame / more flame wrinkling with increasing pressure
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Fully premixed turbulent flames - DNS

LES cell
DNS flame shape (coarse)

p=1Dbar p =5 bar p =10 bar
. - & EI

- Subgrid flame folding — increases with filter width / pressure

Result of LES filtering LES cell (fine)
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Premixed LES modelling
12+ (D(a)

1.0+

- LES model needed for mean reaction .
LES filter——

c(€)

source term

- PDF methodology — multidimensionally r
valid

- Fokus on wrinkled / thickened flame
regime (low Ka)

Experiment LES
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Laminar premixed flame (1-D) ot o(E)

Progress variable

1D c transport equation

Transformation

Steady-state, u = s

c(x,t) = (T = T,)/(Ty = To,)

c(€) }

oc 9 _ 9 (Adc)
pat ’Ouax_ax Ccp 0x w(c)

&= [ pusrCyp/Adzx

2
oc @ + w(c)

% = i &: canonical coordinate
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Flame profiles / source terms

Arrhenius source term: Analytic source term:

_ -1 B(1—¢) wm(€) = (m+1)(1 = ™)t
LU(C) —A(l—&(l—c))ﬁ (I—C)8$p <_1—OJ(1—C)) . (6) _ [1 +8$p(_m*£)]—1/m
a = B=Tu  B: activation energy !

§ tle) = tn (5

m 1 —cm

v 10
35F L/

30

250
20F
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10F

05[

" | & L " L
0.2 04 06 0.8 1.0

Arrhenius / analytic o(c) c(&) profiles

c4(&) solved numerically
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. , 1
Popular presumed premixed pdf's f= j F(e)p(c)dc
0
p(c) |
e
C
Bray-Moss-Libby pdf Beta pdf
(thin flame limit) (diffusion process)
N N C(a_l) 1 —C (B_l)
pens () = (1 ©)8(c) + 88(1 — ©) pp(c) = L=

N
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Features BML / Beta pdf's
A
JON
%0 0.2 04 0.6 0.8 ‘k
Cc C
BML pdf: Beta pdf:
- accurate means for quantities f(c) - good results for variables
in thin flame limit in diffusion processes
- only applicable to f(c) with - successful in non-premixed combustion
f(c)=0 for c=(0,1) - needs second variable for o,

e.g. scalar dissipation rate
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Flamelet pdf (laminar 1-D flame)
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Flamelet pdf implementations

12 10:' (03
1: 8;- c*
p(c) JT N p(c) °f
0.2 0.4 C 0.6 0.8 1.0 0.0 0.2 0.4 C 0.6 0.8 1.0
e e
B 1-€ - ct
F=ar@+Bf+ [ fpsedde f=[ repu
e c-

- No need for delta functions
at c=(0,1)

- accurate ¢, c*required

- Negative A,B possible (constant ¢)
- Domingo: replace by B pdf there
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Comparison flamelet / beta pdf

Beta pdf: Analytic flamelet pdf:

Ca—l(l L C)b—lr(a T b) 1

_ - - — +
p@(C) o F(&)F(b) pm(c) ~ Ac(l-c™m)’ c <Cc<c

a,b determined from ¢, c'? ¢, ¢t determined from ¢, A

350
30f
25F

20F

. M I S P 1 o S R S S S R
00 02 04 086 . ik 0.0 0.2 0.4 06 0.8 1.0

small A =0.5%5;, ¢ =0.6 large A = 2*5;, ¢ = 0.6
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Comparison of filtered source term
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p(c)

p(c)

10

plc*)

. 1
A % o1 05 on

-
e

0 01 02 03 04 0(.*5 06 07 08 09 1

black: m=4, gray: m=12

Jin, Grout, Bushe, Flow Turbulence Combust (2008) 81:563-582
(644~1.8)
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Relation between 1D and multi-D PDF
a e
_1 61
1D pdf: pe)=3(55) He—c)H(c*—c) PO
) 5
Multi-D pdf:  p(c)= =2 LE/
2(c): Isosurface area 2 |
Q: Filter volume, cube: Q=A3
I(c): |Velsp / |de/dx]p
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PDF of 2D sinusoidal flame %\\ —

Assumptions.: | 2//%\\ //%
- no change in inner flame structure // | \'\////

- no crossing of isolines /// ‘ ///
20¢ 3.0r
151 [
I 20f
@ 1.0 @ 15;
S¥ ISV
_ 1of
05+ [
I 05F

003 0z ""'T{l"" s s 1l_u 0%.-0 = d_-'_T):-'_’T G
& &
A = 2.2*5;,weak wrinkling A = 5%8;, strong wrinkling
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Multidimensional flame area \
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Planar flame front in 2D cell \
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d: normal distance between

)

flame front and cube centre

—_A(d)

—

Planar flame front in 3D cell
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Area distributions of plane cutting unit cube

’2\ 2D slice
r T~
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d: distance from unit cube center

A(d): cutting area in Q

Piecewise constant/linear/parabolic
for cube / sphere
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Gaussian filters

spherical filter

3D angle average
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Filtering 1D profiles with filter kernel Z(X)

- Multidimensional slice area A(d) 1:

Y

A(X-X) ofk

- Represented by filter kernel r(x) oop

T -6 4 > I 5
- Xm
d
_Fi i B 1 mx—x
Filtered value of z(x) with 2 (%)) = Zf r( - m) 2(x)dx

filter size A centered at x=x,:
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Effect of filter kernel

c,c

L |
2 -8

Gaussian filter

1D filter
/2

w/2,w
w/2,W
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Limit of filtered ¢(x,,), w(x,,) at large A

| o) c(xm)
\ T >
| X
A
®(X)
\ o (x;) .
| | J X,
A
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1D filtered w vs. ¢

Parameterical plots: w(x,,) vs. ¢(x,,,)

i »(c)/2
Gaussian filter @(¢)
I3 3 1D filter @(¢) \
0.1%—
[@ C
NS = 2.5 NS =5

UK CTRF, 1 December 2021 25



der Bundeswehr

Institut fiir Thermodynamik LRT10 Universist & Méinchon

Prof. M. Pfitzner, Prof. Ch. Mundt

Area effect on pdf in ¢ space

1.0

ra\ 06+
A 1D filter
- 3D filter
Ej/ 06}

04

02
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Area effect on pdf in ¢ space
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03- :
= M medium filter
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Statistically planar turbulent flame DNS

c isocontours 0.1, 0.9

u'/s =5 u'/s, =15
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PDF for large (RANS-like) filter widths

o(c)= Z(c)l(c)(gcéc/dx)ﬁ%

0.6 06 .
I K \
r [ \
05F 05k I‘
: \
04l 04l
L — -
\9/ 03 \f:)/ 03k
=y <Y :
0.2 02}
01f 01f
80 I Y T Y
C
' _
u'/s, =15

Gray line: 1D pdf scaled with constant factor

UK CTRF, 1 December 2021 30



der Bundeswehr

Institut fiir Thermodynamik LRT10 : o
Prof. M. Pfitzner, Prof. Ch. Mundt Universitat j(\’} Miinchen

DNS analysis: change of inner flame structure

. i o s > 2 = s 3 33338888000 . ol
O o20f . * \E]/ I e '
Wrinkling factor T 1] TeTEs
=35 e .
! ; : , , ; _ co _ _
Inner flame structure S f . ¢+ vt v reee— O "
~ [ ~
|=|Vc|;p / |de/dx|4p '
o _ ! SR ! _
u'/s =95 u'/s. =15

I(c) ~ 1. same c¢(x) gradients in laminar and turbulent flame
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Area effect in c space - large filter width

5 2 3D RANS filter
, O , , , , K , ,
- RANS filter: Z(c) flat
- X level increased (r(0)>1)
g DNS (RANS filter)
r(X)
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LES model for @ vs.(©)

- Generate 1D ¢(x,,,) from 1D filtered pc

- Plot @ (x,,) vs.
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Filtering / binning of DNS data

— w box-filtered from DNS
- sort / average @ in ¢ bins

030, _ »- 1D filter Gaussian filter

0.25-

0.20f

Raw filtered DNS w Filtered + binned DNS w
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DNS validation of model w vs. ¢

015-
0.10-

005-

s, = 7.5, AlS ;= 4.8

subgrid wrinkling effect

05 —
0.4 —
03 —
02-

01-

: /‘ﬁav—w-\\ = adapted
5 S/

u/s, = 15, AlS = 11.2
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DNS-fitted wrinkling factors

Wrinkling factor = derived from fit to DNS o

max

] )
u'ls, u'ls,
[ 15 |
2sf T i *
. r -
. . . 75 25f . .9
[ : B [ .
2_0_— . .5 r » . e 75
. 20+ o a
I : . A * 5
| ' - F ' : » .
151 L |
= i * R * . . — 15k s : .
e [ . b .
[ | L . .
10essse l $ ¢ 10_..... ' =
{]_5:— 05l
] L L | 1 | 1 L 1 | L 1 L 1 i i i i 1 L i i L L i L | L I | 1 L | | 1 1
2 4 6 8 10 12 14 2 4 6 8 10 12 14
A/ A/oin
1=4.5 =3
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Wrinkling factor models

solid lines: mod. Fureby model (u',/s, ), dashed: mod. Keppler model (Ka,)

u'/s,

[1]
[1]

05k osf

2 4 [ 8 10 12 14 £ n 3 : m = o
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Validation wrinkling factor models e

- Filter at A'= A/E o

- (U, Aldy,) from model with ¢-binned u', o

=(U'y, Aldy)

ufs, =1, A/ ;= 6.4 us, = 15, AlS 4= 12.5

UK CTRF, 1 December 2021 38
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Validation of complete new model

WDNS

N T S I S SO S T SRS S NS R S
0.2 04 0.6 0.8 1.0

A T T T N S S Y NSO W N N ST N N
0.2 04 0.6 08 1.0

Winodel Wmodel
u'/s, =1, all A u'/s, =9, all A
. <l b
Filtered DNS o vs. model o &g

- Same results for modified Fureby / Keppeler wrinkling factors
- Agreement similar for all u'/s;, A/, and for t=3, 4.5
- no model parameter fitted to particular case

UK CTRF, 1 December 2021 39
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Prediction of other variables

- Filter other 1D quantities at A/=

LES gradient of ¢ Relation between ¢ and ¢

UK CTRF, 1 December 2021 40
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Conclusions o(c)
» Analytic c(§), source term w(c) and pdf for premixed combustion a: ° ct

» Flamelet pdf not integrable for c>0,1

 cor ¢ andA/d;, determine pdf limits c,c* o

L L L L )
0.0 02 0.4 0.6 0.8 1.0

* no o functions at c=(0,1) c

» Flamelet pdf more accurate than 3 pdf at large A/,

« Multidimensional effect: slicing area A(d)

» Generates filter kernel r(x) «

UK CTRF, 1 December 2021 42
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Conclusions (ll)

» Complicated multi-D effects on flamelet pdf

» ~ 1D pdf with constant = for large filters

» Analytic model for é(x,,), @w(x,,): 1D filter with kernel r(x)
» Wrinkling factor effect: filter 1D profiles at A'= A/=

= models derived from DNS data

(mod. Fureby, mod. Keppeler)

Good agreement with ALL filtered/binned DNS data

p(c)

WPNS

Wimodel

UK CTRF, 1 December 2021
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Backup
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Simple analytic expressions for means

Cell averaged source term:

1 L[ wm(o) ()™ — ()
wW(C)ml= /0 Wi (€)pm(c)de = X /C (- Cm)dc = A
Cell averaged flamelet source:
d%c 1 [ ¢t —c
ez Tl ag A dc/dgdC A f de=1—%

True for ALL flamelet pdf‘s
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Conclusions flamelet / beta pdf

- Flamelet pdf: form independent of ¢, A
¢, ctdepend on ¢, A

1.0

20f

05F

- Beta pdf: depends on ¢, c'?

- Beta pdf overpredicts w for large A/o;

- w insensitive to pdf for small A

UK CTRF, 1 December 2021 47
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Analytic profile with GRI 3.0 chemistry

0.0035F i
: 2000 -
0.0030[ : r’
o 00025;- 1500}
% DI](]2I];— g -
8 00015; ~ 1000;
s 00010 F :
: 500 -
_ 008 0010 007 6020 R oo ool o015 0020
x[m] z[m]
¢=1 profile of Yoo/wecotYcoz/Weos ¢=1 profile of temperature

0.00010 -

0.00008 -

o 000005

U -
\‘\

< 000004

0.00002 -

S S T [m]
0.005 2010 0015 0.020
x[m]

Transformation from x to canonical coordinate
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Analytic profile with GRI 3.0 chemistry

20-

15-

05-

—r .

0.2 0.4

¢ c
¢=1 source term of yco/weo+Yco2/ Weoz $»=1 source term of y,,,/W,+Y 0/ Wioo
Effect of strain: o
E 06+
- drop of s S
o
- thinner reaction zone " el
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PDF for stratified flames

- leaner flame - thicker reaction zone
—> different scaling from x to &

I S
QI Q,

2r

i N

1? r

I I I 0?2 I I I 0?4 I I I 0?6 I I I DTS I I I 1?0 L I I I OI.2 I I I OI_4 I I I OI_G I I I OI.B I I I_1flil
c C
PDF with real cp/x PDF with unburnt value of cp/x
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Effects of flame wrinkling

>

N

FSD type assumption:

Ywrinkled = & Zlaminar

X2/8¢h

X1/8ih

x2/8th

\

AN

10 15 20 25 30 a5

x1/8n
Chakraborty, Klein, Cant, J. Combustion, 2011, doi:10.1155/2011/473679
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Wrinkling factor models

2 N 7/3
Cup+1 1/up +1

A 15
I'r =019 up - (—)

Oth,

=p = Max [1,TR"?]

Modified Fureby model

3/9 _1/2
ko= () (5)
SI, Oth

8/3-Kaa +3.1
N Kap +1.4

T =0.69 (2% A/‘fﬁfm
max(Ka,™'",2))

Dy,

Ek = Maux [LF}?*’_Q]

Modified Keppeler model

UK CTRF, 1 December 2021
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Representation of p(x)c(x), o(x)

pc(&)/ py

Approximation of p(x)c(x) by 4 erf functions

0.004 =

0.002

w (&)

Approximation of o(x) by 3 Gaussians
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