—

(YROXWLRQV R/ (@ FPHR GE)D
DQG DSSOLF D WILRELWRRQS B

/UXIILQ 6 5LFKDUG 2
2 IDIJHW D &GS HA O «

1]
OO v
Q g
OQ o
G
oy Q&
o
o
%
¢
*

* Engine CFD and Simulation Departement
IFP Energies nouvelles, 1-4 avenue de Bois Préau PEHEI‘ gies
92852 Rueil-Malmaison, France nouvelles

/(6 ,&( &RQIHUHQFH !,)3 (QHUJLHV QRYHPEGIKWYV | W K

© 2010 - IFP Energies nouvelles



- €Energies
(lanouvelles
Uy

© 2010 - IFP Energies nouve

H

&RQWHI[W

2EMHFWLYHV RI WKH SUHVHQWDWLRAQ

SUHVHQW ODVW GHYHORSPHQWY IRU /(6 RI 6,

+5 UDWH DQG VWDELOLW\ HVVHQNHIDDHQA B B R MV
QHHG IRU D KLJK DFFXUDF\ VSDOUN LJQLWLRQ PR

NQRFN DQG VXSHU NQRFN DXWR/HYQDWHRDHRN X
VHQVLWLYH WR ORFDO WKHPRG\D IKRLLIK FIRRFXIWD [E
DXWR LIJQLWLRQ PRGHO 7., /(6

3DVW VWXGLHY GHDOW HVVHQWHDOWOAN QWK C

ODERUDWRU\ HQJLQHYV 1HHG WRRGHWKIHORS PF

VLPXODWLRQ RI UHDO HQJLOQH WERIE5KKDOWMHMIOH

PXOWL F\OLQGHU HWF
ILUVW /(6 RI D IRXU F\OLQGHU HQJLQH

J)LUVW /(6 VLPXODWLRQV RI NQRHN NRJIRFNIQLWLI
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7KH (&)IN(6 IRWPDOLLWAP
7KH )6' WUDQVSRUW HTXDWLRAQ
ORGHOOLQJVSDUNLJQLWLRQ ZLWK ,66,0
&ERXSOLQJ ZLWK 7., IRU SUHGLFWLQJDXWR LJ(

6WXEBAN RIFROMR\EO H YD W IL D WAL G Q@ GHIUIE. |OGHH
OHWKRGRORJ\
6LPXODWLRQ UHVXOWYV

6 L P X O D WLERER BFFRPEGRBMVERGWLR Q V
.QRFN SKHQRPHQRQ
3UH LJQLWLRQ DQG VXSHU NQRFN
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7KH (&)D(6 IRWPDOLWAP
7KH )6' WUDQVSRUW HTXDWLRQ
ORGHOOLQJVSDUNLJQLWLRQ ZLWK ,66,0
&ERXSOLQJ ZLWK 7., IRU SUHGLFWLQJDXWR LJ(

6WXBN R FEDR\EGEOH YDWU IL D W & Q@ GHMIE |0HH
OHWKRGRORJ\
6LPXODWLRQ UHVXOWYV

6LP X0ODWLHE(IR B RPPEERNWHROWLR QV
.QRFN SKHQRPHQRQ
3UH LJQLWLRQ DQG VXSHU NQRFN
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7KH )6' WUDIQV)SIRWIWRBTXDWLRQ
$GDSWDWLBOQO6I1WRP/(6 5LFKDUG HW DO 3URF

o, - = ~
alf‘ V(X)) =(V-i—nn: Vi) X;
| B > resolved contributions
-V ( ) + S;V - HZ b
2 - ~N
LV (SCtsz)
u AN u — sgs contributions
L (8, ol) A ~ (need modelling)
¥ € i =lam .=
3 p y
+ 3.5, (1_CJ(EC e )%

S c=1
. YRy fuel mass fraction
where ¢ =1— Yy /Y7 ue .
’l Y0 fuet — in the fresh gases ~ Fresh gas Burned gas
' c=0

fuel mass fraction

$OUHDG\ XVHG WR VWXG\ F\IFOH WRJP\IF FMOY. D
FRQILJXUDWLRQ 9HUPRUHO HW DO &RPEXVW
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Energies y
nouvelles

7KH (&)0(6 IRUPW

7KH ,66,0 PRBSOV 6\ SRVEBHHENOENLNYQ FOR C
&ROLO HW OROPE XMBFMWE RPEXVW
,PSURYHPHQWYV FRPSDWHOGHWR5. FKDODUG HW DO
&RPEXVW ,QVW
'HVFULSWLRQ RI WKH HOHFWUQFDO FLUFXLW VD
8VH RI WKH )6' WUDQVSRUW HTXBPMLRQH QA @8
DEFRXQW IRU ORFDO FRQYHFWLRQ DQG ZULQ]
VL P X O D WIHD @ K\HNARRDW U RJKIGNWIUR GIEHW/ISDQHN \SIOXI N
% HIRUH WUDQVLWLRQI
'"HSRVLWLRQ RI LQLW LD QunigoXrep@eH BBy H v
PDVV DQG IODPHV\égoL}\lISDFH QW W compustion model
8VH Rl )6' HTXDWLRQ ZILWK VSHIQ[LILF )
6. VRXUFH WHUPV Calculated evolutlon
$W WUDQVLWLRQ '

SURJUHVVLYH WUDQV2Q W Rayolution
VWDQGDUG )6' VRXUFH
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7KH (&)0(6 IRUPDCTWF’ .

9DOLGDWLRQ RI ,66,0 RQ /HHG V H[SRPEP KO W
7HFK

S 03D 7 F. X PW PP
100 ' B | ' | ' | ' 1.0
—. AKTIMEuler, L, =0. 5 mm ]
— HISSIM LES L 0 mm 4
= ' 4
= 60 " /0.6
~— o(ISSIM-LES) < A
oA ' Ve ’ g Q
E / /ED 'ooogé
S 40 o(AKTIMEuler) ﬁ,{;hoogggéé 0.4
a _;:éﬁée
A5
20+ " 102
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il . | | | 0
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/(6 &( Time (ms)
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([DPSOH RI PXOWL VSDUNV DQG FRQYHF

YWy PV W PV
LES Time =4.50e-04s

Time =2.50e-04s

774 774

432 660 432 660

Time =6.00e-04s AKT| MEuler

perature ma (1/m)
18 546 774 0 500 1000
m _:l
432 660
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7KH (&)0D(6 IRUPW

$ X WR QLR @ BCRRIGHO OLQJ
(DEXODWHG .LOQHWLFV RI ,JJOLWREKQ &R.R E XXRND |
QVW

*HQHUDWLRQ RI D UHDFWLRQ UDMPH FNBEQGILMRIUR]
KRPRJHQHRXV UHDFWRUV DW FRQVBMIOHG SUHV V X
PHFKDQLVP

'Q WKH /(6 FDOFXODWLRQ LQWHUBRIDODWRERQ YO
Tup,/f, GLOXWLRQ DQG F HQFRXQWHUHG
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&RXSOLQJ (g OWR 7., /HFRFT HW DO 3URF &R

SURSDJIJDWLQJIODPHDQG DXWR LIRXWD2LRQ FDQ H

(1—2¢) C

~ — ~TKI

e = p“SlZé( ) (1 — c) @) where B! = @ ( ﬁff + i}fuel>

/ \

premixed flame contribution Ibution

fuel burned by Al available fuel for Al

8@ v ~TKI
+V - (puY s = v (ﬁ(s— Se, )Vyf?e{z[) +(1—&)pw.  ( TKI)YTfuel

Al source term
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7KH (&)0D(6 IRUPW

,PSURYHG FRPSRVLWLRQ GHVFULSWLRQ

% XUQHG JD VFIWVWNMEDXW B WHHIX LOREBRIRXPWDWLRQ
IRU VHYHUD OQ"WDOXHYXMMLRQ /HFRFT HW DO
J)ODPH LQ SUHVYV

POy, = pwc| (YS! — Y'9— mass fraction in the fresh gases

—— tabulated mass fraction

All developments implemented in the AVBP LES solver of
IFP En and CERFACS

© 2010 - IFP Energies nouve

1 /(6 ,&( &RQIHUHQFH !,)3 (QHUJLHV QRYHPEGIKWYV | W K

!



- Energies
(lfP nouvelles
K\/

elles

H
H © 2010 - IFP Energies nouv

2XWORRN TTe———

7KH (&6 IRWPDOL\WAP
/KH )6' WUDQVSRUW HTXDWLRQ
ORGHOOLQJVSDUNLJQLWLRQ ZLWK ,66,0
&RXSOLQJZLWK 7., IRU SUHGLFWLQJDXWR LJ(

6WXREBN RIFREREOH YD WUIL D WG Q@ GHIIDIE |O-H
OHWKRGRORJ\
6LPXODWLRQ UHVXOWYV

6LP X0ODWLHE(IR B RPPEERNWHROWLR QV
.QRFN SKHQRPHQRQ
3UH LJQLWLRQ DQG VXSHU NQRFN
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6WXG\ R F\FOLF YTTEFIXDE'V@L@IEDL\VH

2EMHFWLYHYV
HYDOXDWH &38 UHTXLUHPHQWYV IRU D F\O HC
GHYHORS PHWKRGRORJLHV IRU PXOWL F\OLQG
SURSRVH DQDO\WLV PHWKRGV RI FA\AFOLF YDULD

ODLQ FKDUDFWHULVWLFYV

1XPHULFDO SURWRW\SH HQJLQH EDVHG RQ
FKDUDFWHULJHG VLQJOH FAOLQGHU 9HUPRUHGO
HW DO &RPEXVW )ODPH

(QJLQH FDSDFLW\ /
)XHO SURSDQH
2SHUDWLQJ SRLQW (3 EI
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OHWKRGRORJ\

OHVK IJHQHUDWLRQ

JRXU LGHQWLFDO FR
PHVKHV

2QH HQJLQH F\FOH LV&
VWHSVY OHDGLQJWR WKH JHQ
PHVKHV

OD[LPXP QXPEHU RI FHOOV

WRXQGDU\FRQGLWLR(

ODZRI WKH ZDOO DUH
HYHU\ZKHUH LQ WKH G

D ] RQDO WUHDWPHQW
Z/DOO WHPSHUDWXUHYV
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1XPHULFDO VHW XS _
VFKHPH O6PDJRULQVN
IRU WXUEXOHQFH

Exhaust

6LPXODWLRQ UHVXOWV
QXPHULFDO SUREHV X

&RPSXWDWLRQV DUH S
SURFHVVRUV -DGH f{ ..
RI &,1(6 H

F\FOHV ZLWKRXW FRP[iﬁ—-.
WKH LQLWLDOLVDWLRQ|

— N M M\A\\N/1 \
LES in a 4 cylinder engine (@ 2000 RPM

GD\VSHU F\FOH LES in a 4 cylinder engine @ 2000 RPM

Crank angle: -350 deg. (Cycle 01)

velocity field —
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6WXG\ RI F\FOLW&DM@@M HL

HQJLQH F\FOHV ZLWK FRPEXVWLR(RQVYVWGCRQYH
GD\V SHU F\FOH

&\FOLF YDULDWLRQ
FRPEXVWLRQ ZLWK
IRU F\O DOQG

CAMPAS
LES moteur 4 cylindres 16 soupapes (pressmn cylmdre)

[ r 1t 1T r | r 1 | T1 T T ]

40 g ' combustion ]
; <HIN Vl@ _

— Cylindre 1| ==

15J
o
Co

J0Mp

—- Cylindre2| W[4 '

[}
— ) N i
g - |- Cyl%ndrc 3 I :i ; i! -
= [ |- Cylindred4| i
S 20l | EEL
= Y . . [
2 finitialisation 3
S i
_ T [K]
| ]
0 - THH

Gy

0 1000 2000 3000 4000 5000 6000 2 “_.  «&s - 3 . 0
Angle vilebrequin (deg.) Time = 1810 "V 0
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KLIJKHU SUHVVXUH OHYHOV FORVH WR
WKH LQOHW F\OLQGHU DQG DQG
ORZHU IRU F\OLQGHU

PDQ\ SRVVLEOH VRXUFHV DUH
FXUUHQWO\ XQGHU LQYHVWLJDWLRQ

DEFRXVWLFWKDYH EHHQ
SHUIRUPHG RQ WKH LQWDNH

YHORFLW\ KLJKOLJKWLQJ D

SUHSRQGHUD QREBIQRS| ‘v U oA

WKDUPR Q LEV UHOD 1:2%5 r‘noltclllrlél- T:yllilnldrleslltiﬁslo?pzlif)?sl@l 2IF)0I0 Tr/imi‘n (FPT Ill'ltzllkel \Ifcllocityj
HQJLQH UHYROXWLR | L ot
SHIOHFWLRQV KDYH .|

DPSOLWXGHV EHWZFg |

F\OLQGHUV ZLWK D3 |
WKH YROXPHWULF ki |

- / : j
,Q F\OLQGHU ODUJH“S-_ : | L ]
DQG WXUEXOHQFH Md | - :

/(6 ,&( &RQIHUHQFH !,)3 (QHUJLHV QRYHPEGIKYV ! 9 50 1 requéflf . 24 250 am

'2“0' harmonlp .
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7KH (&)N(6 IIRWPDOLWAP
/KH )6' WUDQVSRUW HTXDWLRQ
ORGHOOLQJVSDUNLJQLWLRQ ZLWK ,66,0
&ERXSOLQJZLWK 7., IRU SUHGLFWLQJDXWR LJ(

6WXBN R FEDR\EGEOH YDWU IL D W & Q@ GHMIE |0HH
OHWKRGRORJ\
6LPXODWLRQ UHVXOWYV

6 L P X O D WLERER BFFRPFEGR BVERQWVL R Q V
.QRFN SKHQRPHQROQ
SUH LIQLWLRQ DQG VXSHU NQRFN

/(6 ,&( &RQIHUHQFH ! ,)3 (QHUJLHV QRYHPEGIKWV ! W K



© 2010 - IFP Energies nouve

H

1

ot
UPDO FRP

6LPXODWLRQ FKDUDFWHULVWLEFV

6DPH HQJLQH FRQILIJXUDWLRQ RWGHRIDONLQJ S
VHW XS DV SUHYLRXVO\

)XHO Q KHSWDQH WR SURPRWH DXWR LJQLW

SDUDPHWULF YDULDWLRQV IRU RQH HQJLQH
VSDUN DGYDQFH 6%
KRW VSRW RU QRW ORFDWHG XQGHU H[KDXVW

$QDO\WHV RI FRPSXWDWLRQV RPN
SUHVVXUH VHQVRU

WRWDO UHDFWLRQ UDWHV RI WKH SUHPL[HG
IODPH DQG DXWR LJQLW LHR@e
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UPDO FRP
.QRFN FDVH ZLWKRXW KRW VSRW

6SDUN DGYDQFH LV YDULHG IURP W R FDG

$XWR LIQLWLRQ VWDUWY QHDVHWVKWMHPDHWBDGV
VWUDWLILFDWLRQ DQG WKHQ HH[WHQGV WR W|

SA=40cad
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RUPDO FRP

Pressure [Pa]

. QRFN FDVH ZLWKRXW KRW VSRW

SUHVVXUH IOXFWXDWLRQV FRWBGE®O\ LQFUH
IUHTXHQFLHY DUH LQ WKH UDQDHWHRIZHON+] D
FDSWXUHG

S.T.=20 deg.
S.T.=30 deg.
S.T.=33 deg.
S.T.=36 deg.
S.T.=40 deg.

P.F., 20 deg.
A.l.,, 20 deg.
P.F., 30 deg.
— A.l., 30 deg.

P.F., 33 deg.

A.l., 33 deg.
P.F., 36 deg.

A.l.,, 36 deg.
P.F., 40 deg.

Volume integrals of reaction rates

~ 6 kHZ A.l., 40 deg.
Crank angle degree [ATDC] Crank angle degree [ATDC]

1R IOXFWXDWLRQ LV REVHUYHG HRW WS IRUF
6% FDG WUDFH NQRFN OLPLW
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UH LIJQLWLRQ FDVH KRW VSRWa . DW
6 $ FDG spark plug location hot spot

7KH KRW VSRW PL\PNEV /

IRU H[ D SUREOHP RI

FRROLQJ
Turbulent flame propagation
$, RFFXUV DW FDG P

%7'& LHEHIRUH
VSDUN WLPLQJ

7KLV SKHQRPHQROQ
UHPDLQV ORFDOLJHG
DQG OHDGV WR IODPH
SURSDJDWLRQ ZKLFK
FRUUHVSRQGV WR SUH

LIJQLWLRQ \\
10 CAD BTDC 17 CAD ATD

local Al Al remains localized
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/KLY OHDGV WR WKH RFFXUUHQFIHRRI D PDVVL
RIWHQ FDOOHG VXSHU NQRFN

—— without hot-spot SA=10cad
—— with hot-spot SA=10cad
—— without hot-spot SA=33cad

&RPSDUDEOH HYROXWLRQ ZLWK D
6$ R FDG DV REVHUYHG RQ
HQJLQH EHQFKHV DW ,)3 (Q

massive auto-ignition
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'"HWDLOHG GHVFULSWLRQ RI VB XWNR LIGULWILRQ
7., $FDGHPLF YDOLGDWLRQV RIHWKHVH GHYH
SHUIRUPHG QRW VKRZQ

6 XFFHVVIXO VLPXODWLRQV RI A®@@®H WR F\FOH
F\OLQGHU HQJLQH ZLWK DFFHSWDEOH &38 WLPFE

QWHUHVW RI /(6 IRU GHVFULEIDEQRYIRDDGLF HY
FRPEXVWLRQV LQFOXGLQJ NQRHAN NRFNJQLWLF
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/[(66&&9 (& SBURMHFW VWXG\RI F\FOLF YDULDWLF
GHGLFDWHG VLQJOH F\OLQGHU HQJLQH GDWD

EXLOG SKHQRPHQRORJLFDO PRGHOV RI &&9 IF
VLPXODWLRQV XVHIXO IRU HQJLQH FRQWURO

&$0'$& JUHQFK 3URMHFW VWXG\ RI DEQRUPDO
KLJKO\ GRZQVL]HG ', 6, HQJLQHYV

GHGLFDWHG VLQJOH F\OLQGHU HQJLQH GDWD

/[(6 PRGHOLQJ DQG VLPXODWLRQV LQFOXGLQJ

'LUHFW OLTXLG VSUD\ LOQOMHFWDRRQ /DJUDQJLDQ
DSSURDFKHYV

+HDW WUDQVIHU DW WKH ZDOOYV
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7KH (&)D(6 IRUPDOLVP =~

66,0 PRGHO V\QRSVLV

Electrical circuit model

v

Breakdown

Vo = Via

Sp

Initialize progress
variable profile

c_ .2

A 4

}

:> a spark is
formed (I )

—>

The Energy of the
spark is
transferred to the
gas (Ejg,)

<—

Impose burnt gas
mass at the spark

plug
mbg (l.rpk )

A1

<—

If E,,>E
(Adelman, 1981)
Ignition is
successful

crif

>

Growth of flame kernel in the
modified ECFM-LES equation
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K\ /(6 RI 6,QHDOHYHYV
GHVFULEH SKHQRPHQD QRW DFFHWMIBEOH E\ D
RSSRUWXQLW\ WR YLVXDOL]H DGGNKRIQUVHDXHQW

G\QDPLFV
TXDQWLI\ DQG H[SODLQ F\FOLFW DOLDE&RPE W\ WV
YODPH (ODX[HW DO 3URF &RPEXVW ,QVW

HITHFW RI YDULDELOLW\ RQ BROIDWWDQWY ZDOC
HYDOXDWH WKH YDULDELOLW\ DQG LQWHQVLW\ |

EHWWHU XQGHUVWDQG DEQRUPDIXGRPRQVWLRQ'
UHSHDWDEOH SKHQRPHQD

&RPSOHPHRWEEREWWRERIDWRR OV

5$16 UHPDLQV WKH UHIHUHQFH IIRHW IDVW SDU

/(6 ZLOO UHPDLQ LQ WKH QHDU IRWXWXDOQ QJ
VSHFLILF SKHQRPHQD H[FHSW IRU DHURG\QD

ERWK VKRXOG UHO\ RQ V\VWHPRVLPKI®BNRR Q
ERXQGDU\ FROGLWLRQV
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0R G HOW3.M SHEMINOLLVDLLRVQ. R @ GPHRG
6SHFLILF SK\VLFV RI LIQLWLRBEDXORVWQWHSUHVE
FRPEXVWLRQ PRGHOV
(OHFWULFDO FLUFXLW HQHUJ\GHSRVLWLRQ LQ JI
WXUQHG JDVHV PDVV DQG IODPH VXUIDFH DW LJQ
JODPH KROGHU HIIHFW
$WVSDUN WLPLQJ EXUIIQQHDJDVHVNHUQHO

FRPEXVWLRQ LVLQLWLDOO\HVVHQWLDOO\VXEJL
D VSHFLILF UHDFWLRQ UDWH WHUP LV QHHGHG

VA B
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SKDUDFWRUBYWRPEYERVW]L RRPEXVWLRQ

7KLQ IODPHVPP FRPSDUHG WR LQWHJUDO OHC
PP FRPEXVWLRQ WDNHV SODFHDIQ@ WYH 10

PDLQO\D VXE JULG VFDOH SKHQRPHQRQ

7KH FRPEXVWLRQ SURFHVV LV KLJKO\XQVWHD
&RQWLQXRXV YDULDWLRQ RI WKHE BRGXWLFRF FF
7UDQVLHQW FRPEXVWLRQ

 JOLWLRQ SKDVH N

3URSDJDWLRQVBIR D ViR BRNDNDONILQONOLQJ

4 X H Q F KB\ QUIERADDQ@W & WBIEMD ER

The Coherent Flame Model (CFM) formalism is naturally well suited
for this kind of operation
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