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Current #,f0, reaction mechanisim, The T tange [K] cosrespands to the published temperature rangs of the experimental validation for that reaction rate constant, & % AT explE,|
K1) inunite of §s 5, fem®mol s '] er [cm®mel % 1),

o, Reaction A n B, [caltfmol] Reference Uncertainty (2%} T range [¥]
1 H4+Ox=0H+0 1.04E+14 15286 11} 1n 1106-3370
2 H o+ 0 (+Ar) = HOx (+Ae} 5508413 0.2 0 (43] 18-35 - 1050-1250
Love-pressure fmit 8R1E418 32 L] [43] v -
H o4 O [+0) = HOz (41,00 5508413 02 0 143] & .
Lonwspressure il A F0B#19 1.0 { [43] - -
H 40y (40y) = HO, (+0,)! 550E+13 © 0.2 0 143] W
bow-pressure mit : 5.60E418 i1 { {44} - -
H+ O [+1) = HO; (+M) d 550613 62 0 {43] - -
Lowepressure Hmit 2 656418 13 i {43] - -
Collider efficiency (My= 1) Ha=1% Ar=0, H;0=0 0;=0 - - 44}
3 Hp0; (43E) = Z0H (+M)F 2.50E+14 48,550 [14] 3 1000-1200
Lowe-pressure limit 0488415 42203 f12,16) - B
Collider efficlency (Ar=1) Na= 15, Hs0=8 - - [12,58.60]
4 O+ Hy0y = H;0 + HO; 17406212 318 {18] 27 10206-1460
O+ Hy0y = H0 HOy 7.50E+1% 1269 [16] - -
5 OH + WOz « a0+ 0a 2.80E+1% 500 [15] 27 16002200
6 HOy + HOy = 1,0, + 0, 130811 1603 58]
1O, # HO, = Hy0, 40y 4208414 11,980 {58]
7 Halt M=« OH + M S06E£27 in 120,770 £71]
Collider efficiency (Ar= 10 HO=0, Ha e 3, Ny =2, 0= 1.5 i71]
HoO ¢ H0 =0H + H¢ 14,0 1.00B+26 244 120,160 {H]
8 OH+0OH=H0+0 3576404 24 211 {74} 15-25 1050-2380
8 O+ H;=H+0OH 3825412 7948 451
O+H, = H+0H 8.79E14 19170 {44]
10 a2 OB =H0+H 2.17TE+08 1.52 3457 {45]
11 H 410z = O + O 7.08E+13 300 (4]
12 HeHOp=#,0+0 1456412 L) [45]
13 o HOy =Ha 2 0y 3.66E+06 2087 1480 f20]
14 04 HOz= OH + Oy 1.63E+13 445 [45]
15 HaO 4 Hl= HOy + 1y 1216607 2.0 5200 [18]
16 HaOy + H=H:0+0OH 102814 557¥ {45]
17 Haldy + O = OH + HO, 8.4306+11 3970 {45]
18 Pl e M= a3+ M 5840218 11 104,380 14
Collider efficiency (Ars= 1% HaO = 144 {410]
Hoy+Hy=H ¢ H+H, B.03E+14 o 96070 {45]
Ho# Ny = B+ H+ Ny 4.58E+19 14 104,380 {4]
HyeOseHeoH a0y 458019 14 104 380 {4]
19 O0+0+M=0,+# 6.1BL+ 1S 85 ] 28]
Collider efficiency (Mz= 1) Ha =25, HiD =12, Ar=0 [29]
O+0 4 Ar =Dy + Ar 189513 o 1788 {24
20 O+H+M=0H2M 4.T1E+18 1.0 { 28]
Collider efficency (Nz= 1} Ha=25, H0 =12, Ar=075 {29

* Fron =07 [43].
b P = 0.8 [43],
" B = 1
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BALALCE A-A0 DERMWES CRESSVERR  [TEYFERATONE .
N <
(ﬁ\ﬁi’ k- “ ﬁm:"&L -
Reaction A? n /[ E!

%-s 1LH+0,2OH+0 R 3.52x10' 07 714
¢/ 2.H;+0O=OH+H R 5.06x10* 27 263
. 3mMtOHZH0+H R L17XI0° 13 152 ABLE
. %4.H0+0 = OH+OH ﬁﬁ;ﬂ:&ﬁ 7.60%10° 3.8 534 T;___‘___
, . © o Ly éf}D“ircct recombination |
CraiovER R SEH+H+Mp H+M, R 130x10' 1.0 0.0
TEMEgka UG \ 6°H+OHA+M—H,0+M | ™TATiw  4,00x10% -2.0 0.0
2 1L0+ 0+ 1\/1;?—02 +M -:;ﬂfﬁmn 6.17x10" -0.5 0.0
o ALK 8FHAO+Mo OHAM | | =) ATkt Lo 00
pewars Y [T 90+ OH+M o HOp+ M ) aws avreguy, 8.00%10° 0.0 00
\A{%J%{BE:Q ke ‘ Hydro;g}oxyl reactions
5 10fH+ 0, +M > HO,+ M ke 5.75%x10" -4 00
(b1 So0RCE raw TSseson. k, o 4.65x10% T 04 00
LOF e T 11.HO,+H=OH+OH 7.08x10" 0.0 12 . |
Chaw e T 12HO,+HoH+0, R 1.66x10" 00 34 [kl: :ﬂ*‘j BixsLEGuL
e % 13.HO;+H 2> H,0+ 0 3.10x10% 0.0 72 " Z ]
'y 14.HO,+0 - OH + 0, 200x10° 00 oo L[¥T= hameset
1\e15. HO, + QH = H;0 + O; 2.89x10% 0.0 21
e R ' Hydrogen peroxide reactions K, s LowepREsSsEE U
|FTER aT M L‘f(ﬁhkzmlf;(m HOH+ Mo B0 +M - ko 2.30x101§ 09 L e resas
g v o o cemiiy " o ¥ (e} B TADAO 0400
e =17, HO, FHO, 2 Hi0; +0; 3.02x10 0.0 5.8
ﬁ;: b Lowreurtnqosy 18,0 +Hop HO +Hy 4.79x10" 0.0 333
¢ f’i\,'}:’“j! 0/ K19 Hy0; + Ho HO+ OH 1.00x10" 0.0  15.0
T % 20. H,0, + OH — H,0 + HO, 7.08x10" 0.0 6.0
%21. Hy0; + O = HO, + OH 9.63x10° 20 2.0

¥ 74
Hydrogen—oxygen chain (sHue=rile Reacnew s)

® Specific reaction-rate constant k = AT" e~ E/R°T ; anits mollemi sl met
B Chaperon efficiencies are 2.5 for H, 12.0 for H,0, 1.9 for CO, 3.8 for CO;, 0.5 for Ar and He, and 1.0 for all

— other species.
HAFERD

e Gl ENLIES other species.

¢ Chaperon efficiencies are 2.5 for H,, 12.0 for H,0, 1.9 for CO, 3.8 for CO,, 0.4 for Ar and He, and 1.0 for all

PREWULT VLY g Chaperon efficiencies are 2.5 for H, 12.0 for H,0, 1.9 for CO, 3.8 for CO,, 0.2 for Ar and He, and 1.0 for all
other species. '
[y _® Chaperon efficiencies are 2.5 for Hy, 12.0 for H,0, 1.9 for CO, 3.8 for CO,, 0.7 for Ar and He, and 1.0 for all
other species.
f Chaperon efficiencies are 2.5 for H,, 16.0 for H,O, 1.2 for CO, 2.4 for CO;, 0.7 for Ar and He, and 1.0 for all
CHAFERON . ; i
= Y other species; Trloe f.:ﬂloff with F,= 0.5. ,
grFIch < & Chaperon efficiencies are 2.0 for H,, 6.0 for H;0, 1.5 for CO, 2.0 for CO,, 0.4 for Ar and He, and 1.0 for all
For. My ! other species; Troe falloff with F,= 0.265 exp (—T/94 K) + 0.735 exp (~7/1756 K)+ exp (=5182 K/T).
i Table 1. The detailed mechanism and associated rate parameters.
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predictions by the five-step mechanism for hydrogen-air mixtures.
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Fig. 1. The variation with equivalence ratio of the
laminar burning rate of hydrogen-air planar deflagra-
tions with initial temperature T7EE300 K and three
digéerent pressures as obtained with the detailed 21-step
chemistry {solid curves), with the short 12-step chemistry
(dashed curves) and with the 3-step reduced mechanism

(dot-dashed curves).
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Fig. 2. The variation with strain rate of the maximum
temperature in a hydrogen-air planar counterflow at
atmospheric pressure with feed-stream  temperatures
132300 K as obtained with the detailed 21-step chem-
istry (solid curves), with the short 12.step chemistry
(dashed curves) and with the 3-step reduced mechanism
(dot-dashed curves).
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Fig, 3. The variation with equivalence ratio of the
induction time in isobaric homogeneous combustion fo
di erent conditions of pressure and initial temperatur
(upper plot: T# 1200 K and p¥ 1 amm; middie-plot
500 Kemnd pr Wi Hratmylowes-plot T 41800 K and
. as obtained with the detniled 21-steg
chemistry (su:ﬁid curves), with the short 12-step chemistry
{dashed curves) and with the 3-step reduced mechanisn
{dot-dashed curves), with the crosses indleating the
results ahtained with the modified reaction rates ().
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EQuiLiErius o

L
FHy

+H 0 => Co+ Y, §

, +3H, ¥ 2H0 v g |

«mmnmJmm:grff-w

 CHy-6 MECH
q he Elementary Reactwn Mechanism and Assccmwd Rate Coefficients

No. Reaction B of E® (=RT)

! 0,+H>O0H+ 0 @ 2.00 x 10" 0.00 70.30

b OH+0-+0,+H 1.40 x 10" . 0.00 3.20

2 O+ H,—H + OH 1.50 x 107 2.00 31.60°

26 H+OH—O+H 6.73 x 10¢ 2.00 22.35

3 OH + H, » H + H,0 ®= = 1.00 x. 10% 1.60 13.80

33 H+HO-OH+H @m 4.62 x 10° 1.60 ) 77.50

4 OH + OH -+ H,0 + O 1:50 % 10°° 1.14 0.42

4  HO+0O=-OH+OH 1.49 x 10% 1.14 71.14

55 H+ 0+ M- OH + M @en 2.30 x 10 —0.80 0.00

6 HO, + H + OH + OH 1.50 x 10" 0.00 4.20

7 HO, + H—- H, + O ; 2.50 x 108 0.00 2.90

8 HO,+H-HO+0 Wo 300 x 100 0.00 - 7.20

9 HO, + OH — H,0 + 0__,_____M_L - 6.00 x 10¥ 0.00 0.00

70 CO + OH — CO; + H @@= ' 4.40 x 108 1.50 —3.10

I0b €O, + H— CO + OH @=m 496 x 108 1.50 89.71

1l CH, + H— H, + CH, (fmms 220 x 104 3.00 36.60

1lb H,+ CH,—~» CH, + H 8.83 x 102 3.00 33.53

12 CH, + OH ~ H,0 + CH; 1.60 x 10¢ 2.10 ) 10.30

13 CH,+0-CHO+H . . 7.00 x 10" 0.00 - 0.00 '
4 CH,+ OH-~CHO+H+H 9.00 x 10% 0.00 64.80

15 CH, + OH -+ CH,O + H; 8.00 x 10" 0.00 0.00 ;
16° CH, + H — CH, : 6.00 x 101 -1.00 0.00 |
17 CH,0 + H ~ CHO + H, 2.50 % 107 0.00 16.70 ‘
18 CH,0 + OH — CHO + H;0 3.00 x 10V 0.00 5.00 |
9 CHO+H—-CO+H 2.00 % 104 : 0.00 0.00 i
20 CHO + OH — CO + H.0 1.00 x 10" 0.00 0.00

21 CHO + 0, ~+ CO + HO; 3.00 x 107 0.00 0.00

22> CHO+M—~CO+H+M 7.10 x 10% 0.00 70.30 ‘
23 CH,+H—CH; + H, 1.80 % 0% 0.00 63.00 ‘
24 CH;,+0;,-CO,+H+H 6.50 x 10" 0.00 : 6.30

25 CH,+0,—CO+ OH +H 6.50 x 1017 . 0.00 6.30 i
% CH;,+H—-CH+H 4,00 x 10" 0.00 0.00

26b CH+ H,—» CH, + H 2.79 x 101 | 0.00 12.61

27 CH+ 0;,—CHO + O 1.00 x 10" 0.00 0.00 |
28 CH, + OH ~—+ CH; + H;0 1.50 x 107 0.00 20.93 e
29 CH, + OH—+ CH, O+ H ,2.50 x 107 . 0.00 . 0.00

30 CH,+ OH-CH+ HO _ 4.50 x 107 0.00 12.56

31 CH+ OH - CHO + H 3.00 x 102 0.00 0.00

a Here em, mol, K, and kI are the units, with the notation of Eq. (14). PETERS AVB WILLIAKS ‘

b Catalytic efficiencies were taken from [1]. C (nagr

¢ The high-pressure value k., is given here; tajl-off curves, k/ka = (1 + 21.5 x 1017%/p°%-!, wheré p is in atm and T'in K
were approxlmated from Fig. 30 in [1].

1

@ WiTH : ' | | ' : @

s ’-{—6‘1“5# WEBCHANME v 2 k'I, CHy + 2H+ H, 0 =% Co+ LH, | TERn _
|, coO+rH,02 Col-f};li ‘o o
. H+H+ :-1 = Hy ¢ TERM
l : TV. Op+ 3, 2 M+ 2H.0 BRAMOA.
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[ PREMIKED TURBULENT CoMR LLTION)

4 . REGIKE DIAGRAMS 1/ PReEM(XE) TURBILENT COMEULTION ( Perers ve:slﬂ”)

= SL = D
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REGIMES (P@bv'f)

4_ WRINKLED = FLAKELET REGINE 4 CHARACTSRIBED BY _U_‘ <4, _Z_F <4, él—‘. a4

- r S ‘gk. Z?,C '

> | Pgsd, kq.<a(‘,ué<4}
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INicoRAL AND kRoOLMO FORSy EDDI(ES 1S MU Lod G&ER

W THIS REBEGIME , THE TURNOVEE TIME HOF ROTH
THAN THE FLAMEG TRAMNEIT TIME . Nmf'rn:.u.*.r.q,;_n,/‘£ THE vELOCTY FLUCTUATIoNs ARE Small AwvD EDBLES

CANMOT CONUDLUTE THE FLAME FRONT EADUGH Tp 7D/ HMULTIFLY - ColuwECT €D SURFACES .
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2. CORRUGATED -~ FLAMELET REGIMG: CHARACTENIZED GY \LL’ 1 Lo 5A , ka<d
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ORDER/KE OF SCALES : f, < dk-cé, fg & Cw & i Ve BIL*:U
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S‘L , Afove WHIM
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2. PREMIMED - FLAME ([ AMTRINSIC METABILITIES

— BODY- FORCE INSTABILIT (Es: MAINLY CAVLED BY GRAVITY AN GENBRATES BY THE RAYLEIGH —TAYLOR
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kINEMATIC BALANCE

i<

THE pfinEMaTic BALAWCE (Al THE WOEMAL DIRECILON TO THE FLAME

FRONT RERUIRES <
U
I o uL“( UL—UF)’__
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Foane RESPECTIVELY, Y KK THE LOCAL Flow VeiociTyY Ans UF /s THe
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PhREMI LED TURBULENT'LQ-\BU&T(@N Honzu_,wsl

CLASSIC MopELS OF TURRKULENT CoMBuSTIonN 14 RANL ARE BASSL ON Tas PEOGRESS VARMABLE EQuATION AS |

@ ~=Ta,
fotlows, CoustbER o A-STER CHEMISTRY , WITH REACTION RATG \.u,_-? B.S\(Fe /1- , ARD ASSUME umITY &Ew.s.uunge{’
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| ScP\_yUT: e ('kVT)-' W tuen o+ V= [N PARTICULAR, £~ | & A Paoswas VARIABLE |, WTH
| e= 4 /N 7uC BURNT SIE AMD ¢z O /nTHE UNBURNT SiDE .
AeTER ks FAVRE DECOMPOS! Tinsy 1S PERFORMER, THE PROBLEM OF THE TURRULEMNT PREMXED FLAME R ECoMEW
= o
V- (§8):-0 . Clastes (2 MGEMED Fok THT
=) = |
PY 4 g[}’.vﬁ'r -UP-G. g g"u”) VT TUREULEAT ELUKES AMD THG
et . HEAN £EACTION RATE . THE TURBULEWT
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Figure 2.19. The probability density of finding the instantaneous flame front at the
axial position x in a turbulent flame stabilized on a weak swirl burner (cf. Figure 2.7).
Measurements by Plessing et al. (2000). (Reprinted with permission by The Combustion
Institute.)




RANS (Peters, 2000)

Level Set

-6 -8 0

24

50

20

10

0

[mm]

[mm])

2.0

0.5

0.0

1000 1500 2000 2500

500

OH-LIPF Intensity [a.U.)

0

650 1050 1450 1850

250

Temperature [K)

s msALS S SSSS .
s mm LA ASASASS,S S, .

[mm]

A T =
0.002

0.003 0.004

0.000 0.001

-16

24

. velocity

?OH

[mm]

[mm]



(zooz ‘dweydnqg 3 yasid) S31

(yred wopoq)
uonnquisip AQwopaa fene pue ‘(ued doj) vonnquisp amyesaduay ‘(eoepns Aead) vonisod awepy snosurjuesuy ‘g By

$9 §T STO=/X

195 |99




(S00T ‘@1ueuAaA 3 10SU10(d)

‘[epour aeos pudqns v Fuisn pazinjaureied aq wed 1080 SN ], 'SUONOUI 20UI[NQINTG AQ PA[NULIM SSI] ST
QUIR[] PAUNDIY] BT} PUR PAFURID ST UOIIORISUT SOUSNGING /TONSNqUIOD * 1 /i) O1BI 9[BDS YIFUs] 911 Ul
aBuRYD o1} JO 2sNwIAg] ‘¢ = 4 J0308] B Aq pauaypuy) A[eoynae suwey (q) oumy souaiajal (v) pasod
-urizadns are spay A}1011I0A PUR 9181 UONOBIY "SUONIBISII 20U[NQIN] auwey Jo SN :pp'6 9inbi4

(€)

(@) W ey

sawe|} pauaydIyl




’fS:TANFORD

ME 471: TURBULENT COMBUSTION

Spring 2012

PART llI:

Turbulent Non-premixed
Combustion

J. Urzay



('NOU-PREMNEb TUORBRULLIENT COMBUST caw\ _ ‘

THE MIKTURE - FRACTIon VARLAGB LG

F+f\‘_>,\'€),_-—-s p. F F= CoHy , THEM b= 4h+% Fe & ‘

ONSIpER THE SINRLE CcHEMICAC REACT o)

GOMPLETE tonBLSTion (“‘-‘--Mc‘-‘?z*"‘—;_l""Zo) '

ANE - S/&_ﬁ,— % 83-'(7‘(.:: - (%D,V‘{r) 4 We HoTe Ther
2l

WHERE () IS THE RATE OF REACTIOA) o

THEN | THE CoUSSRVATION) EQUAT!OMS FOR The SPEEs (Fuee aub oxhzer]

="w;b‘:’ ANG \7’-,_=‘LU“;L“’

g, 4 Qv+ Ve = V(80 V) + g,
ot

bWo: Tue Oxioizer mass REacTiNG WiTh THE UNIT HMASS OF FUEL (A) STOCHIOMETA iC
M Ea RBcoME

&L VAT loMS
PROfORTIONS (5:3 For Hz/oz 3 sz Y woe CHH/O,:,) i THEN Tee SPS5c o

bEFPIn ¢ (4G

/ EwAacTLYT

' i RINEDR TO &IVE A
+ vV, - V’(%D&V‘fo,)- W w EQuUATIons CAMN Bo COME!
SINGLE TRANEPoRT &SQUAT ton) EDR z , Wity

(4)

WHERE 2 1S A CONSERVED SLALAR (A_ .SCA.LA.Q MNIT INFLpECER DIRECTLY BY THE HEMicAL REAcCT DUJ

Sm e 9 TY = V- (S-DF UY:)-:—WE w \F Dp=Dp, = D, THest Two TRaxsPorT
& il

[g’Q_Z_+g Yz - V- (giwz)

SIVEN &Y v A 220 /¥ Thp AR STrEAL
%& 5 Z: 3 F—'\(Oz‘\'\/az,‘n - -§YFH\1’OZ.+4 / (\Haz"—' YO;.AJ\(p-Q)
- S 4 Yoy Sed ) TN
k _ 5, . Z=4 1w Tus FUEL STREAM
. ‘ y \lo, = Yo (
Yoou LT p With Y = Yr/ AND &y T "2/ Vee Vier, Yo =0
T, . _ A Yo h. iy te )
e
.8 B =
-ro; ¢ Bt AN $- S_\::'F TYPICALLY A LARCE WVULBER ;o) couBw ETION  APPLICATIDMS (1 A
4 LPITY

(5’333 W Hy e, Su 49 C‘H“,/NR)

W THIS cowrEXT, Z ¢
A ceuPLiNG Funcrion or SHVAB - 2EL'DOV(cH VARIABLE . A QUARTITY

CALLED  STOICH| oM ETRIC MIXTURE FRACTiOm 8 beEFisven pas 4
Zsl' = 1 Ok CLvaLGwTLY,
AS THE W KTUORE FQM—;D” Z EvrLoATED i 4 + S "]‘Hls Llnvr SAM I‘V"’LUL
“ STOICHDHrle_ PRI g £ Tt opg \( ,/ e, ‘(n—bc’ SinuciAszy
15 A smqee ( F/ v 56#%&4;_
b MacL wongen [L}; v 0.029 ¥or H,/me O

é K{, 0.053 fpop CH.,/Aua) WHiCH
TRICHIOMETRIC ConDITIons ARg TYPLCc ALY ATTAlNen FaR WiTitar ¥
HE a4

CAN BE WRATEN Ag 9T v.UT= - Ry o
%9 S__ =V (CJSP- VT | + Wi wa—acke‘ Cf HAS BE&A AsSuwmgy

NB(CATES THAT

R Sie . THE &wnvguaipy EOUAT 0

T© RE cowsSTant AWND - b= )
AT W'r-— Zl\ (11 Wes b W')w — ?_5 W w0 , WTty i:'r»m; CHEMCAL

REeAT RELEASZE PEe une Hass oF FuoeL,

ADDJTCONQL CQ)J&EQ\;EL iMLAES COUL B RE BETAWN ESH
RY com .
¥ Bwme 7HE Spepcies ams ENT hat Py EQUATION [N THE FOLLOWING MANNEE f lp=D - i
%a‘ff RvaVUYe = V- (D UY W\ b
= V] k)= W Pe- se+ Cp (T-Tg.n)

-
f%} + Qe UT= V- ( ’SDTVT) + geWrw ) wimn ng” Sy V\(F_V‘(gb \7‘€F)

= |
SuURSeECT To ('PF= o Z 0) ANME

= Sv,l‘ + == 1o 1 ::(.
=D @F: (?Féz 5 A soluTiow (#) iﬁp"" - gﬂ(ﬁ:, Ta"t) ar 2 &

-




e 8%\11»_ v SVOVYQ - Ul gDVY&) B SW;U'J \100.: %L + S (T—Tﬁz,-“) "3 %214
ok x

7
or 4 4u-UT. V(3B VT FASWED ) N ) s T 3DV
3+ 3 % um | §2e 4 3 )

ANMD Lpp =0 AT 2= O Lp _c_t (THF T’J_M\ \(oza-ﬂ»
=h k|.09-;._= ZL&,“ 1S A SoLuT e w (-u..‘) j

AT Z=4

ERb 1 (_v) AAOD (v--) THE ExPRESTIoNS

Yee Yer 2 + __P_ [ (Tee - sz,a) - (T- TD;,A\‘J

Yo,_: %zlﬂ (4'2)1' _;[(TF,:-TO‘!,A) - (T-T"‘“‘)‘J ['1’)

ARE  OBTA(NED, WITH THess ExbPrESlows, THE 1#/MAL -3 ~PPE PRoBLEM S REDucCEy TO

IMTEG RATIN 6

§2Z + §v-VZ: V- (fpuz) with Ve = Ye(2,T) ano
L - ;
o . \//02 =j‘\‘[;oz_ :{Z,T) Glen BY '
§OL « 8v. VT= V-(¢put)- gsWe
Pt <p
1= gb IS INDEPENDEAT OF T AND [F TEMPERATURE VARIATIONS WHAVE MNEGLIGIBLL EFFECTS
ON THE FLU b DYNAH‘CS,. THE ZEGuATion FoRrR Z CAN BL INTEERATED /NDBEPEAINENT LY 70 ORIAIN
A S0LUTIon '-Z:Z(x &), WHI Gl REBUCES THE FPROBLEM To VRTEGRATING THWE ENERG T EQUATIOoW .

IN ABSEACE ©OF COMEUSTI6n , THESE EQUATIons REDuLes 1O \1/p.-_ \{F,FZ_ AN D Y \d’;,A ({—z?,)

with | = 7:92,.&'*' Z[Tg,, "sz A) THE FROZEN TEMPERATURE, MNOTICE LIOWEVER THAT

EXPRESS long (3) AND (Lj) ARE OALY EXAT WHEN DF'- DaL D uy DT-’-‘D (’-Q:.-J.)

L

.w) THE ' CHEMI CAL Rz.n.c-rlou IS A SINGLE STEP |, AMD g\/) THE coNbITIOMS YF,F, 7},;:, \ﬁ;zfﬁ, Anb

T‘Uam ARE HOMOCENEO US OT THE BovnbARIES » /A THT MosT 6EAMERA, Case (A WHICH
THE BOUNDARY TEMPERATURE, FOR |NSTANCTE 7‘,_-,,:! VARIES Witk FeSiTion AT THE FOBL INLET ('&=’f>—/ |

THEN  VARIATIoNS OF TEMPERATURE ALoNG F = cowseT 150 SURFACES Wevid EE JNBLCED,

1A THAT CA.SE, (-‘u) ANB, (ﬂw) Weo kb MeT MOLL sS/ace ('go;s AND Ll.pﬂs Weliles Aot EE

CONSTANTS  Amp ,z (2‘\0&26)740 /52'(2\",:,5) 7’0 Wme ¥ = S@r-az__-tg\r\? —U-CSbU> v MoTe

THAT 1N Ty MoST "GEWERAL CASE, A CrlANc: ©F VAK/ABLES (x,y,g) - ("g, Ya. Z—) , Worth
X Awup Y, DISTANCES ALoNs BumFacss ©F CONSTAUT Z , leans 1o
2 = W 2¢
f—z conss 3_é+§v¢ v 7 %_é+v (gbv¢)+g \729&;( ‘éf)

¥ Nz- V(‘a [gb) (5 # Y: \(f’z.,dﬁ T .

WHERE THE CHAWGES V: Vi+ VZ , 2 .92 29 . D HAve Bz b,
o 92 ot 9T 9z @0
IS A Scacsr Diss) mTwor RATE, WHILH W A MEASURE of=

N THIS FormuLATOW, )C = D )v-a,z

A DIFFUSloN TIME THpoucl THE St0 ) CHIOHMETR, SURFACE



NOTICE THAT WHEN THE [#-FLanE GRADIEN TS @F bigsaPEak, THEN (5) Repucae To .
*w.r x o \rﬂg - - wv
3)9(@ g - ubf FoR STEALY LOWNB(T|onus Sx(az,_ .EPI ! 3 Bzt
z . |
@ 2 g X’a ._Lﬁ‘ = = W (G) |
2 2 (32 ‘ ‘
‘ 9.. = 2 1o = “ & AML Thg FPROFiES OFF
WHEN CrEHICAL REACTIoNS ARE FROZEN, X@;K: = X%zﬂ: = xg;f )

? \" Pﬂ“mlou4 e E Ar REACT NG Co”Df TLoMS T ) ‘

REDLCES 1o THE SSLUTton OF gxgzz_ ""l?._SWFt:J sosETHER WiTH  (3) Awns (4], AND WITW XIE) |

. |
GIVEN BYY THE SSLUTlow 1o (4). :
WHEN THE FROZEN FROFLES \-(F & \(HF Z  AND Y°z= Yez,n. (4—2—.) ARE UsEs [N THE

DeEEIniTION ©OF THE EQUWALBNCE RATIG ¢= é_\.fﬁ- , THe RELaTOw

— - %2 |
poTICE ThAT |
Aar [/ ¢.- (/"' Zse) Z 1§ OBTAINGL , WHICH 1§ WD oMY WiEw Dr ans
Z=Ceb Zsl {—2Z Do, Are EQuaL.

Eaations (1) Anb (2) cam sTiLL BB vseb WHEN THE CHEMISTRY IS FAST AND COMBUSTION QQVRS
IN THIN REACTION LAMERS , WITH ALL INTERMEDIATES (N STEADY STATE
A MIRE GENERAL WAY OF SELFiminNe THE MIXTURE FRACTIoN [NVOIVES CHEM CAL BLEMENTS INSTEAD

OF sPZcles. WHILE THE HMASS OF CHEMICK SPECIES WMAY CHAMSE DUE To CHEMWICAL REACTIONS THE
MASS OF ELEMENTS IS CONSERVEL, FoR /wsTawces, CHy HAS Two gEmEats (c + +H )‘ THE Mass

FRACTION OF THE ELEMENT [¢ CAN BE OBTAINEDL AS

N
7’-"1: Z EW?: Y", , W TH Q’t,).. THE ToTat Ny HWBEy OF AToMs Kk (M SPECES 6.
“M We N
‘ o i
SINCE THE MKMASS oF EJEMENTS (S ONCERVED , THEN Z, D (94;,1' -Oa,i) = 0 FoR graciios ) For
b= ~ ;

EVERY SFPEOES L, A CoNEERVATION EQUATION oF Tus TYRE

ga\(;‘ + % y_.‘U\(,; = V- (&D{. VYL) -+ wb

@¢

CARN BE WeTEN . MULTIPLYING THSE EquATion &Y DUty WR—/W; Aap  SUMMive QUER ALL SPFCJE.S‘f THE |
& ..O |
ONSERVATION EQUAT.OA . |

g@fen 4 gv VZ,: - Vo 3bv2k) Z Cl;k‘;\r!& (‘_“_)
b

WITH THE LAST TERM VANISHING sIncE Z_q’kaW"E W‘., - Z Ay Wi W-,c Z_W- ( @ ) =
Gz We : =y W 1 ]
NOTE THAT Im () IT H4Q BEew ASSUMED THaT ALL DIFFUSIVITIES oF THE SPECiEs ARE EQUAL D;-ab/, |

BY NoTicwe THAT  F. _ % = YEE M tvw FUEC Sirsam avh  Zoe Yoo, a { |
G nly W |

|
A WIXTURE FRacTion Z = E%M iy 2"’/"’»_% i3 ?;(Lf“"‘“_ 2"\[””’2 €AW BE DEF/WEL,  IWH\CH |
Z%rF/w;; + 2 ‘ﬁ’w‘/ngz

 SATISRIES Z =0 iw THe oxiplzEe

o.M

STrREAM AMND Z=4 fu ThHe FUEL STREAM , WITH Z‘-‘ 25& AT ‘
\

S'Tol Qllnp@ny B PO
NoTE ay Dp# [, - THESE ANALYSES can BE GEWERALIZED FOR ADM-EQUILIFFUSIVE FLAKES (s&e P'm‘*PETm' i
k@w DEFIN I WG B P6 A SOLAR GIUEN BY (1) 7 OR BY USing T HIKTURE FRACT(ONS (SBELINA'N &7 AL ““H) |



THE BURKE- SCRUMA NN SQLUTIONS

I THE Burie SCHwansy LiniT (86 PAG ‘?) , THE BAMKUHLER MUMBER /S LARGE AND THE

ZHBHICAL REACTI(ON 4 LoMNFINGR To A THIN RTEGION

SN ITESIMALLY

ZONE FROM AN QW(DIZER — ONLY ZONE . N THIS LIMIT, THE &PEcite COMNSTRVATION EQ UATIoNS

REDUCE TO %2 Ve — O

N THE  FIRST AFFPROXIHAT oA ¢ N A THEREFOREL | THE [FUEL

AND Owibi2zr FPROFILES CAN RBL OFWINEL BRY I NBOSL N {/;,_..O AND \152-_0 Y, (g) Al (q)
= /

RESPECTIVELY ;

T= 70-2:4“' (TF."""?;;:A)Z + ?SVF,‘F Z
<,

| P oM THE DRUBIZER &ibp
\é = O Zx Zsé-
Yaz S vo'!-tA {— 7;-'2_. )
Zsb
Anb T-: Taz’A + (TF,I’ - Toz,.«) Z o g \'l,/o;m (4_ 2')
\f,.;: \{F’P 2 _2“_ i;f- OAN  THE wueL 4Libe
- st z? 25&
Yo, ©

THE FLAuzier ASYMPTOTIC LT (Mop Premxgs )

Ll-:b DEPARTURES FROM EQUILIBRUWA
: (I-@- RURKE - SCHUManw) TIPICALLY accor

PRC T b

—— ,.

S B “:) e <

F ! %,
%g \ ’_? -\,i—\ 2'

HAS Bzen Lseb) |

sfmq_:_

2L - 5t
N ~ 2 “bimew srontesS F- 3/,
= & | -2 3372/ —2 2 2 -1 2 - /l
e i G IR T
" 0(4) wWhHEN 2‘*2;‘4 Fok Zelbeod

. «52 '->>\i/‘5&

Z: J.ZGFC'(

0k

ReaL Fiames (ss& FIS{ Ao 2
A TAYLOR LENGTH SCALE >\2 FOR THE MIXTURE FRACTION £ caw

BEL BEAWNED AS THE CHARACTERISTIC THICKkaESS OF THE Zow&s W

WHICH MolEcutAs b:nxusrdw 16 IMPORTANT 1N AN AVERAGE SENSE,

— e 7L "—n:fa,_
(x.s{: = b lv_%lsze o D _z_lil""* >\2 i (Z sk , WiTH ))'E‘ '>‘Pék
Az |VZ].t
THE FLAMG THICKNESS , As OBSSRUEL (N PAGE A6, CAN BE OBTAINEQ

FROM THE CHARSLCTERISTIC HIXTURE ~ FRACT(ON UARIAT/ ons ACCRoSS THTE FLAKG

az\(:

P a, WUy P V%t

-’{3
. gg-\, A .é,cr T Q(Erf)me kotmocoroV Lewcth (Here Se =4
S — [~ *

z

AN THIS FoRMULATeN , THE APPROYMAT oy )Cf_sﬂ. ~Zsk  Has BEEN USED,

-g?-

! _27 - |
—1—1.) N_(_ e, Z FurR  LAnGE 2, Awnb %3 m(f;l_%)l:
&

Bugw swaLLeg

THe FLAMEIZT LiniT 1S APPROAMED WHEN € = §€_ = S(l “72'94 << i = Wusw

DIFFvsion tAYER WHErRs THE MEAN FLAUE RE6w: <i7s |s MOCh LARSER THIAN THE REACTLON

LATER  THICKNESS

A2 q ?a)*fa

Arouns Z.= 2.t , WHicH SEPARATES A FUEL=ONLY

o Z"ZSL.NZK_”& T e SF: 'AZ)E N A'”""_(lﬁ_)"t 2.4



2 GIVEN THE STECIES (oMSERVATIO N EQUATION :g‘a_ra%,t_gg.v\/a - V- (SDV\{;,)-f u'/h

o ¥ ¥
AN mubnususton4:2f X E/}\a j L/kz/p v VY 32/;;46,8 8/(((:

2
oUTER
SCALTS ° y
W, = Nz/ g"'}s(\t ,  THBN  THE SFZags comvsEevaTion MEQUAT OW
2

REMAINS THE SAME: E@_\Q «§v-UY, = 7- (%bv\fg)'{-\d‘lu. (meoering )

“
veE A.Z)g ~ gg \W\SE ~ £ €4 , THEN AN INNER'T MIXTURE FRACTION ? CAN RE

Sre\fla 7\
(Z >5e (Z°)s; i
DEFINED A< = Z-2%t _ 2 , WHICH REcAmMEL 12:0(4) th THE REACTIoN Bow &,

@)e Tt

Thewn D = @é @_A "f‘-@-
% ANDb THE SPECIES TQUATIon BECOMES =

- )2 ] \t : . o
%‘éw [:32_?2), Qv vz]%_g_+ v V.V <

¢ @LEDZ 9Ot
vV = \72@ -PU_L

.y vzr% (ng’:LY_;_) : \72% EAAE VLA (30W%Y:)

DVZ 0Ys
Ulouog )+ ¥

[MTRODUCING  THE INNER MIXTURE FRACTION ? IN Ths E@QUaTi pan ABOUS, ONG OBTAING .

20 Y ) A Iz 0 (ADV22Y% \+ 4 V22 [Pby, V.
P il *“QVW] b e %}W(a’z(& ?J’zyfe OY(EWM

‘ &
+ - 3D\'/..Ya\“r (ng %\ + W, i 708 THE
P C‘ushlb“--r S
~ .\ (44 peconEs S&fb
SINCE g@i “+ 8!- Uz = SDVZ> " V Q gb VZ ] THEN  THE AS‘D\:E[ rowmw
9!5 E [2 )
A 2 il y
REDULCES TO " N2 SDIVZ\ZQ Y.’, & = Wy To oORrbBER é_ , WHEEELW = W, E
(a &
[BEEN RESCALED TO RETAIN THE RWZM TeRm, M) ORIGinA, VARIABLES, THE RESULTI(NG FLAMELET
PROBLEM BEeomES SD \VZ Iz' (a\f{.. & e “;u ; OF EQUIVALENTLYL: .g% 5 = -Wb
Pk 92

whees X = D'VZF IS THE SCALAR DISSIPATI 0oa) RATE . NOTE THAT LNSTEADY TERUS

HAYE REgy NEGLECTEL SiNcE THEY HAVE BEEAN ScAlEl WITH THE OUTER TIMEZ >"2/b.'
2z AZ 2

IN FACT, oNE WEEDS TIME VARATIoms OF ORDER & 2 D = S?/D, WHICH , CcLesSE To

'Ew:rtuamu BE oME QF ORPER 'ka/ (PEATUkRAhaNS ACting OA TIMES *;-'Es ARE TREEVANT IN
Fz_

ADIABATIC TEMFERAURg

THE ReAayZous ).

~PA Feaugs

EQuivalencE BerweEw PREMIXED AND DIFFuSIo

/7 THE ANALNSLS OF PAGE 8 FOR PREMIMED FLaMC., WS To [BE KEPEATED FoR 7 KEACGWES NZAR

STotchio uztny, - =Ta o A4/
e e e S % = (AR Y @) wire Voak < o (1-BE).
2

frou THE  Extivciion cabirie B ~see (Mitan g, 12gs)
Al ’

Lf 1( -,_Y -_T“/Tb I DIEFUSIO8 FLamgs fFAGE JD) , IT Was Foums THaT :i‘f‘m'”"

- ; LA
AEN Z)é : ESE.) QZ'StAe ~ eL , S¢ Twar —25& (" 25&)1‘ SL sk /b'r A —ZSE' (1-2.;{)} RA.:E i
K - === be= & ~b

1 R? - te x? L
G % ggr?wcﬂaﬂ ~ Firve 1%55 n




V KPS s caAn W R T HE [Forlow) pig D]RF&E&” wa .
T pesSle = EN [V FFo b

SinCE %1.~aﬁ_2;2: Forn sk Shaw, We s 41 THE EwniacTiont STRAIN RATE, THiy - | ﬁmda,.(h:
Xq = 252“‘_“ 236)° —s a‘? Zf& = Zséz 1- 2L)* (1-2sk)* -éé “ ]& ~ ‘L] AT ExTipcrion
be sz Dy &% _El_?____..

WHTH SH "'.('Df/aj)”?—

THE RoLe

A Miviwg -LAYER THICkNESS | WHICH 184 TURBYENT CoMBUSTIoN PLAVS

OF A kolLMegorow .“r#-uc;cusssl -»AT’ Dzrrvsmu-qu; ExTiNcTION , ThE TMCM,_.,L(; i

OF THE pivine LAYER EQUALs Huz ThHiCkwnsss ¢F Tivg LAMINAR PREMICEDY FLAME*
a

WHUIE N Jauinar presices FLanss THERE

'S oML ONT TiME SCALE | (THe Flare _reamsimTimg be )
M DIRFUS:ON PLAMES THERE EXRISTS A FUNDAMELTAL BALANCE Beiweean THE IDMFFUS(000 Ting
THROVE H TH E STOICHIOHE TRIC SuRFAcE ngé
THE N ')(st > J/% , OR FeulvatsaTiy, Ths STOLuloMEIRIC SCALAR PISS|PaTieq RATE caN BRE MUc

THAN THE $7Raa ru-re)

5 2
(NOTE Teat, simce st~ a st For Zab ek,

Tas
AND THE LOCAL ChEmicar TiMe b N(A\l’aa ,sd—e /T*) W

l’SR
A= /i'cysé A DAMKSHIZe MUKRER

MODEWIN G prpare PREM;;-'gb TUR,SJ_;LEM e
— - T

COMBUSTIOA,
HobeLs x uaupasu:vsu ‘t:om.g'uanu ARL  OFTEN B sE )

& on Ths PRECLMED - SHApe FBF = WHICH
(o)
RERUIRES knswicrsr oF Z Awp z".

F o )
THE  FAURS -Ausaagsy EnvATIONS Fop 2 s 27 4

R22 . §y-V&--v.(3

I
|
|
|
|
H SmA LR
|
|
|
|
|
!

VA T
26
P | a“"i—-’l _ e . "‘"‘-—" g7 P~ =
5§92, Jv-VZ' o _v.(3y"2 )-25\/'2 VZ-Z3X 12
D¢
X3 :
WITH I“ VEVALLY MobElUEN RY EHeoviajg THE GRADIENT - HY PoTHESS {WFC.E HOWEVER THAT THEZRE CAw
,-"‘-__.‘
- M- 2 by w)® |
8& owrErRsrA T MC'F". 3 Z e~ D& VZ AND Wit X = D ’ vz ) THe scarag DISS IPATL pa) |
SEE LU+ BRAT ( '

RAWA ’ﬂ ADDLTIo0 'I'o THESE E&'U&TEQMS BAE WEEbS CONTIN LTy ' Mcuamw' SPECES OR ENEREY CONZER VAT 108
EQurtons ppr ezo biREDL O HOSL. THE SYSTEMp THe ScAwR I

ISSIFATIoN RATE 1S TYPIcALLY Mops LLsd
WV 4e
BY VsiNg THE ExPrission %= Cp & 2

L W T C;r A cowmSTawT  opp RY soiwviae A
~— <

T RAMSPOBT FQUATION  Esp x .

THSRE ARe 2 maw, APPRoAcHsS FoR MopeLLNG won- Prswiven COMBUL ST 6w

b) IN THE EIRST ArP&OAc.-:

EQuaTloas, ThE SPECIES MASS Fpacmions AnD TEHPERAT URS ARE “SBTairEs ki
! 1
g% - g<8‘/12» P(Z)dz w77 (egrizs rez)dz
o o

' v,
WH & <8¢22> EEFEQS To The Mh:TIQHAL WMEAN OE 3# FOR A 'GIVEAN VALLGE OF 2 AN

P(Z—} IS TE FrogABILTY bemsiTY Fumcrion oF B . The MAGNITUD g <§f’>‘2> ARE oBTA/NMED

TAPICALLY Fhow me:TeLr FAST CHEMISTRY ASSUuPTIONs OR FROM FiamzisT LRRARIES



IN  COMPUTAG e o Two - PARAKETER P-DF: 15 PRESUHMED 1A AbVAUCE'J WrH I G TYPicallY CDASISTS 2k
)

A BEIA POF : 'V

Pl2;x,6)= 2 (4~ 2)" 0 lesp)
rmrm

Wirn I Tre Gamma Fumctioy awb X AN (3 Glvsw BY
~o N d
= 2Y , pB=(1-2)Y

wHere Y = ZT(&—E) A (05 ZHLS 2(4'2.)) _/
> | : -
= S (Z-E)ZF'IE)JZ-. —b (NEEDS i ik B e Pa.m«am

éﬁcl—wmrsa FroM THE zAubl “EasaTt
O 1) anlay

THE PBF DEGENERATES [MTo A DEDA FUNCTIDM,

[ L il
\,qﬂ_

| Jr FAILS

‘F I TETS

|

AND SHEAR
Frows

o BLERDSS MHE

J‘ Af18enas

& UPERLAYER
&

| QEEFSY |

’mmag
 +PErERS [

”(44%;
AN

A
WHCH SANSFIES, '%; S ZPr( Z)d‘z ANS

] L]

Neicg et AT F=0 or  RA

* FOR THE CasE /N WHICH THE FLAKE IS ASSUMEZE 10 BE A THE (ME/MITECY- PAST CHEMSTRY LIMAT & 78IE

Exeressions  Ye (Z), VY, (2) awe T'(Z) GIUEN FOoR THE BURKE -SCUMANN SOLUTIONS (S$EG BACK PAGE 2y)

Z5 Anb '<3T)7__> ., seweg
WITH F’(SMZ)= P(g¢ 2 = SCS?S'S?S(E))
P(2)

ChkNn BT useEn TO

3P|z - gt 3p Pedlz)d2,

]

Then < Q4|25 @(‘E)‘?S(Z') = <8%| 2+ 3(2)Y; (2) amn <8T|z>=8(2)T(2)

g i _r\- i
men BV - S 3R (R)p(2)d2 A gng R(2)T(2)P(2)dZ | wawcn can 5c

EXPRESSED (v TERMS oF THE FAVRE-AVERAGES PDF : TS[Z) S gF(I&‘%)ﬁ B S‘z P{Z)%)d?:
/ ( Ve § - &lg-§i2)
g Fal F(e .
s V % Y, (2) F'(Z)Az AND T S T(E) P(E) &2 see F!G; FOR "SHEMATICS.

o faR CASES iy WHICH w«rs-mw EFESCIC ARE RETA/WEL | A FLAMELST ARPROACH IS TYPICALLY !
L v | |
4&b N THE FLAME ET Lirgir, THE REACTION BOME THICKVES 14 SHaLLEE THAN A KoL MogaRow 'Ebb\:‘, ANB i

COMRUSTION OCovks IN A QUAS# MM NAR Woin TH
f ELom 1 THE Fia rd Fi
: o ME RGGIOA, WHICH 1S bEScr Fsn By HE FlaMELGy

EQUATI 0 N S% #) I TH PR
25 i S AFPROACH | THE FLAMBLET SoiuTio Y, ) [
| 4 LUTIONS 0(2!%$é ' (2, %suL) ARE
STORED I TABLES . THE HMBAN SPENES MASS FRACTIONS awb TEMPERATU RE ARc CALGULATEs 'FRp
\ [
+n
had .~

A S g 8% (2,00) P(2, %) J2dXk  amn T S gg-r(z,fu,e)rfa,x&gdzaxg&,

WHEN  STATISTICAL ‘mbeEpayn s
& CE ASTUHED  pETWEEN THEp M<TURE FRA
CTioa) Mb THE Sca LAk By
SSIPATION RA;G‘

THE N
P2, el ) = PCZ)P(’)&S&) with P(2) 6new Y THE B57A ppe A P{'?Cs&) 5 USUALLY AMRoxssATey

BY A beaa Fosenow P(et) = S(%aé %96) WHILE X can gE CALCULATEYD BY USING CLoSURE METHODS

OR. ‘
BT SoLvING A TRAWSPORT BQUATLA, AS DEgCR peo ABovE. THE STOICHIDME TR SCAur DISSIPATION RATE

®

CAN Be OBTA Nep RL USiNG THE E%PRESSran



-4 2.
-2 [eke flzﬂ FOR ~THE CONDITI6NAL SCALAR DISSiPATION RATE IWECH Loaes To

Yogw L @
2m 1 /
A~ -2 e’ezdlzz)lt "‘“ ' So THa 52 = Y. F Z. d% = 9 GE) ﬁt? di‘
% 2: %y ! - Xeg E_(E) ; ’ S%Z (z) At \ b(Zt) )

" T o
Q‘ZY“F‘- ! (ZE;&)} \ G(Z&e) Q 5]
LUSInG THIS EXPRESLSI oM ¢ THE  CONBITIbMa t FAVRE MEAN SCALAR DISS;PAT(ON RATE ’th‘ /8

%86'- 55 (2"& ; WHicH <N Ee M&Lsae“ Te CalCllsrg ’;C; ;
(k)P @)dZ

SEE Fisurg For  SCHEMATICS

(g

[
) I WG SECowd APPROACH , TRANSPORT EQuaTiens FOR T AMb s ARE SoWED, wyTH THE

MEAN RzacTion TERW Wy BEING READ FRoM THE FLAMELET LIBRARY, THEN

iy 4
F

g = S S W::(E:’%sk> P(Z,X.st-)dz‘amsf; ;

o ©

o N
W T Wu(z; %k) TABLTES AMD Xl ORTA/NED, (FOR INSIAwCE, AS BUTLINGL ABO UL,
T EEE Fl. 6 FoR SCMEMATIGS

THE FLAMELET PROGRESS- VARIARLE APPROACH , (MERCD * Rotar . 200y )

THE LES E QuaTous For  REACTING Flows ARE' -

%) + 9 (55%)- v [EX - 3(5%-5% )]+ -
AN

¢ 7
AT = —— = —~_ ~o - . 2
3 & ¢ To00 - Ve (426 Yehe )
9"(5 S +v'(§UT‘;)~= b-—|:+v";\m’%(gl't_&_’_::\)l - g&n' C gz
ok bb
WHERE AN T DEwOTG  FILTZRED MWD FAVRE - FILTEAGL VARLARLES, WMOTILE THAT THE SURGk b FLURRS
E(U& - g&) . THT PRESSURE veLecTy Tamu DP , quz RaAvizGn bissipaTion 2= Ty Avd Fur Flrersd REacTion
;s 5S¢

RATE W, NEED MODELUNG, SINCE COMRUST (6N REWikES BEACTAUTS Te BE MIXED AT TAE WOLECOLAR wEver,

CuBHiCoL Reactions OCUR AT THE SUBGRIb L&wge
FPUR 1a WHAT MFOllow g,

THE FLAMELET PROGRESS - VARIABLE APPRDACH WAL DESGANGD To DEAL WTH FUAME LIET-OFF 1N NN =PREM| % Eh

Eensusnonlfu AN ETTEMPT To MOBSL | JET opfF BY USING THE LowBR TuRmiNg PawT oF THE S-duxvs‘

THE SUBGR /b TURERULLEMT FLukE( CAN RE [N EBY usiyé TEC‘HU(QU;i oUTLIN &b )nl;j PAGE (S
y T A > /
s NOTE  THAT A PARA METRIZATION T(Z " ')65(;) i \17;, (21 Ysé)
INVOLVES JAULTIVALIED SoluTioms = For EACH VALUEG OF%sé‘
THERE EYIST D VAWEs oF | Anp Wi . IN THE FPUA morgy

A, DIFFERENT TABUEATION STRATEGY 1S PROFPOSED *
T=T(Z,C) , avb YL(Z,c)
WiTH £ A PROGRESS VARIABLS THAT FROUVES TO PROVIAT
A UNIQUE MAPPING OF ALL THE CHEMHICAL STATSES M THE

FIEMELBT ULIBRARY (10 couTrRaH WHTH 'X;L’) ;



WHEN  PARAMETRIZATION 1S MABE /m TErMs OF Z amp Kb | AS IN sremy FLaMBisrs  (SET Pramoul

s’sc-rmu) THERE IS wo AZEBSS To SoLuTions it a THE lgN ITI6N BRAMGH OR 1A THE FaRTIAL BURMAME

BRAMCH ( ALTHOUGH THE LATTER OME has B6ew PRovep To RE uus'f«s—z.a). I[F THE PROSRESS VARI4BLE (

> - §(2.c) moomy 2

1N THE FlAnEL LT TABLEL Fox TAS ENTIrG

IS CHORN 1N S0 A MAULER  THAT JT PROVIDES ' A UN/QUS MAPPING
APD  SCALAR #i THGN  THE  PRerigs ¢(2;C) SToksp

S cve cand By RETRIEVES UNvocawy GIVEN Z  amp C = WAH THiS OoME can HAVE accese

BURNING Awnb ExTimvcTion ERANCHES.

Yoo

TC Ve LeNTION , FARTIAL ~

EXsiF C=Yao Tuey For each C, OnNE caw RETRIGVE

A SINGlg vALLg ex \/H;‘ Avp T . “‘“’5\'5’&, e e ‘(H;D,

! THERE wouls eg Two sawg ¢ (4 4w B) Gwine birreesny;
B 2
|

MOT A 6oob Cholce Fom (.
| l. . THE Proskzg VAR ABLE TENLS Vo RE CHOsZn D RE THE PrRobu e
Pa3 X L3

MASS RRACTIon np A SCTABLE WE InaTION oF MASS FOACTIoM0

SUCH AS  THE HMAPPIAG 18 uNiqus .
THM
B A THE FPva  nopz) ATTEMITS To HAve ACLESS Te Tug
) el
Y i GNETI 0 M) BRAnCK N RDER TO DESCERE THE CHiEmicay, v
DIFFLgy
PARTIALLY ,:,_mg” FRoZey Regiow R /v LiIFred BlEFusion FAMES . 17 Sioup
PRE HkeD
rridrn B& AoTED o wEvap THAT Tug STRUSTURES OF TS REclow
9@-}( B A oF THE Epgy PEvElorPEn EBTwsen A Awp B

Dirrer COMSIDERAR v FRan THE P YS|cc DBEscrIBgpy BY
l‘l:f LOWER BRANG of THE N Curwvg , MR THE PAT fowp
WHEeN  THe Prospssc VARiaBs C HAS BEBN chpce 5 .

WIXED Flauzizgs
My TR EnThacry AND SPzoizc COMSER VATION
EQUATIONS ARE Buss ovr u FAWE: BF THE SQuaTiong
-__N —NN — ]
A(52)+7- (892) = V- (b Be)VZ]
26

2(3<)+ V- (§2¢)- v-[g(m.bé)vg] v W

<
Fer 2 aws C , Wheeg Dy 15 & vorporens Birrosivi 7y,

THE FilTeEkRgs SPECITS MASS FRACTiomS
AND TEHPERATURE CAM THEW Re OBRTAIN &y FRoM

4

¥, - SS‘%(Z,C)F(Z,C)JZJC 7o

Q

‘ S‘Wz,c) F(2.c)dzdc

=] 2

o
AND  THE  FUTERED  SOuRcr TErM A5
LR |
Ve N\ we (2.¢) P(2.c)d2dC
L . ¥ FRox FLAMTLET LiErARIE
. o ‘T(Z C') \1’& (Z:C) Anb We (-‘Z;C] ARE OETAINED
WHERE Thn Peol (<),

~ —y b PDF (-5'55
e ~ ~ F(2) av assunss BETA Sumer

P(z.c)- Pc|2)P(2) , wra P
Ap b ¢

It o
~— )
g AND IEWZ:A;S PARAner&s y A M P(C{Z):' 6(6 C’Z)
PREVIGUS SECTwM) THAT |t FED WITH )

TS suBgeis VAR ANCE @



A BELTA EUNCTIoN Fok ?:’(CH") 1L CHoSEN BN Assusmime  THAT BAGH SUBSRIS SPACE IS oMLY AFFECIED

BY 4 FRAMELET | wWiTA C?-Z: - (2,%) OBTA/NBL DIRECT( FROM THE FIAMELETC Awb Y, A Paramzren

~ A o
WM Eusvrss THAT G = \ ¢ (% Lpo\) FCZ)CIE IS comsutenr Wit THE & RECLT NG Fro

o
A
LoNSERVATION Eguaiton For G .

1

n THE

ONCE - THAT THE FLAMEWGT LIBRARY MAS BEEN CompuTEE AND THE ASSUNGL PDF 1u7Eérars HAVE BEEW EVALAIED,

LOOkUP TABLES cAM B& GEWGRATER TO Provibe THE Flevgren LHEMICGAL VARIaBLES AS FuAcTions oF THEG

e () i _ THG 1S TERCALLY O8TAraBn FRoM ALFEGRAK MobpLs.
QUANTITIES READILY AVAJLABLE FRoy LES (2 2 _lawp C): o7 2 Fo e TR e %:—?"" ‘23-37'?
o o T o wmm""‘;\-;‘ \;Vﬁa/(z"Z,C)
Y% (22" 8) , T-F(L2"c) . Ve %

| EILTERED  VaRIABLES
User 1n LES oD

D"fa::ﬂlc PRESSURG Pty Limemae - |
’ \
\'}o I"F_-_' T(ZJC'\ I Y& (Z,C..) |

W¢ - ‘ |
W ! W, ( Z,C) THs FPva —L&s ‘
oy APFRoA
Zz WiTH BOUMDARY ConpITivas ’ CH;,_, I
) Z‘”l = ‘rﬂaF.Yﬁg-A.TFcﬁth.A (v—-"'“’—"——d—_ﬁ
& . Anp HoDEL For X (Z) |
— T
?Jﬁﬁh\b
Stats J -
HPDELS i FoRr P(é)
- DELTA PDBE = SE& FlesS F—9 For An
| Forplelz)l Exasve



SEr PETER:
AMD CrPGLERTR ¢ GEQ
(4984) Fox 4

O Z 1 COMPINITE PEE
Mobg |

t
- Bera FbF

CAM T pobE(
7L

Mixing layers

/ Vv = viSeovs
SUPERLAYER,

Jets, wakes and

FIGURE 10,1, Hustrations of shapes of gsmmbsi;i}wdgmmy functions for the mmum
fraction in many turbulent flows (adapted from the contribution of R. W, Bilger to [27]



1d3ONOD 1373IANVI4 JHL

................ : e,,..aC\w
_-H”3ZIAIXO vy

k.&rﬁ

-

Co7End g

uonsSNQWo) 1Ua|NgJN] Paxiwaid-UoN




STEADY POINSeT + VETNANVTE
FLAMELETS (2008)

(sQLwisRwWA Linr) Bl &

BURKE - SCHUMAAN

MEAN VARIABLES . .
ISED IN RANS CODE Yo - i '

Pressurg

el

- LOCAL FLAME STRUCTURE

M= < e

]
“

Koiz)

1 o
. 2 N\

TURBULENCE

VARIABLES | vom——
k L
E \ PRESUMED PDF OF z: function of 2 and e

0 cALeviATS
¢ And )
Figure 6.24: Presumed pdf method for infinitely fast irreversible chemistry,



.

pr=saiseds-weREE (SO[BIEA sapnumd Smsn [spow jepURy-jpd ¥ jo UONEEIURSI) 89 sIndrg

{{2118% =% s0f (2)) uonbun] sudeys asn)

{ed pue % Jo uonauny & sk 154

LEFRERE §
L2 *
2.2 PUE 37y

S UOURUISTD I¥0S INHUCHITIOLS Ueaws Jo) jepaly | T | 40 vonsung ¢ ﬁ.Nau PRoR
el ¢ §
Y, jo uenauny go1 Put 2,jo uonaury
Y 50 404 QINNS I8 2730 40d QINNS I
,.mﬂ - P 3 9q awy 1
fud x| Lo oy
(7=t )
YOI ¥ A SAEIEVA
Fimsaq mam_~4, 1 JEIONTINAENL
Aoy (21d

SLezn

»

&m:- 1\\1 Mw&x.ﬂww .

T,

*2) }unvm :
um\ucﬁ uﬂ

vy ﬁ.r:.w,.llﬁv WM m@.nu

T
PR 0

Shor Lo i?mx 2) L' (FX2) 2 20 MewvmagyL
AYLS | HIND 2AVY-3Lvi14)
SL272wvwid AQVRLS

ﬁm,gom.w DLpyn XA + Lostvicd

FEvy MERE
sz moad
HaTIBL

[
] gt
r z
e
; &
Lo
A
n
pangiesd
own wen || et
000 SKYH N
STTRYRYA |

5



(31n0N)

paxiwaldd uoisnyiqg

uonsnquio) 1Ua|NgJn] paxiwald-Uop




(31n0N)

|

awe|4 uotl

ISnyi

| Jjua|ngJn | =
S\ Jeuiwe}

n J ng4ng ! -UON



(31n0N)

sd} 00¢ sd} 09
UOIJO|N MO|S  Bwi] |eay

uonsNguWo) JU3|NQJIN| PaXIWaid-UON




(31n0N)

uonsNguWo) JU3|NQJIN| PaXIWaid-UON



Urzay
Typewritten Text


Elal JWYTd A3XIW3Hd NY3T-H3ZIaIX0

NOIsSN44ida ] INIOd 37dIHL n QaIXINIYd ATTVILHYd
- > H3ZIAaIXo +13Nnd

INV14 Q3XINIHd NY31-13nd —

I I N A

H3Z1aIXO AN3IAYHO NOILYHLNIONOD 13Nd ONISVYIHONI
N

(966T ‘|e 12 1uoly) sawe|4 3|diL

uonsNguWo) JU3|NQJIN| PaXIWaid-UON




(31n0N)

sawe|4 uoisnyiq



(a1n0N)

(VD ‘Aeg uoo|-}|eH)
_quI NH_M_ICOH_L ed

sawe|4 uoisnyiq




(31n0N)

(syuswiiadx3 ss|) uonsnquio) 13jdouQ

sawe|4 uoisnyiq




(TTOT) Yasud pue ueyeyses
‘29Ae| 3uixiw 21uosiadng

"UO110211p asimueds 9y} 03 [ewtou aue[d © Ul
(811) epnjrudeur £3011I0A pue (1J9]) UOIIORIJ SSBW [[() SNOURIURISU] "G°Z JO IoqUINU YORBA
QAIJODAUOD )M I9AR[ SUIXTW SUIAJOAL-9UIN) O1osSIodNS Ul uorISNquIod UdS0IPAH 1 2Indig

uonsnquio) 1Ua|NgJn] paxiwald-Uop




‘|le 12 pun|3iag “|e 12 lweuns
uonsnquod Jluosiadnsg

SH'0 = ¢ 1© BIIWED 03PIA [euLIou Suisn QT HNO
J0J paure)qo sadewn awrepy snoduejuodg *(9)g aandiyg

(P

S3T1

J0)SNQquIod
aY) ur 313s nns JopRlur Png *(q)r an3diyg

uonsnquio) 1Ua|NgJn] paxiwald-Uop



"(986T ‘|e 12 oows) syuswiiadx] :SjoquiAs
(8861 ‘s4919d+l4peysas) wsiueydaw gO-yHD dais-{ :aul

[0as] "X

[ 80 90 ¥ 0 0 0

i | | | | 00€T
00ST
00LT

[>1] L

0061

I . ! . | . ! | 1 00IT

sawe|4 uoisnyiq




—
o
o

_,U_N

LIWNTT NNVINNHIS-IXd4Ng

n

|
_
_
_
_
|
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_

Hmrﬁ

NON

o 1

sawe|4 uoisnyiq


Urzay
Typewritten Text
FIG1


'SUOT)TPUOD WINHIqImba Moys saAmd pI[os 9y ], ‘Z = (7/+‘0¢ = p/s 1e seanjeraduwa) pue
SUOIRIIUOUO0D $310ads Jo[ewI JO sjuomwraInsesaw SulId})eds Uewrey Jo o[quasuy :7'ZT "S1]

S}0949 wnuigljinba-uopn
uonoel4 ainixin

9'0 G0 0 £0 zZo 1’0 00
O } > 1 — | - . OO
OH
- 10
006 - e TR
~ ., et -2°0
£0
000l <
1. . - v'0 ww
“l_l » = . JJ
~ = 006Gl - ‘G0 3
O 9]
i [4 -9'0 =
0002 H o
. |Lco
™~ 80
00SZ - ’ N
-6°0
000€ 0l

uonsnquio) 1Ua|NgJn] paxiwald-Uop


Urzay
Typewritten Text
FIG 2


1dd V134

FIG 3

0

-]

Il

N
N
N
S—"
R

uonsNguWo) JU3|NQJIN| PaXIWaid-UON



Urzay
Typewritten Text
FIG 3

Urzay
Typewritten Text


PIERCE+MOIN (2004)

-
&&&&&

R, R, - \ Flame
\
1
—_d e —L
—
CH; =—>» T . .
¢ Vi M ’ = Recirculation zone
Air —>» |~

FIGURE 4. Schematic of the coaxial jet combustor experiment.

central pipe radius (R;): 3.157cm
annular inner radius (R>): 3.175cm
annular wall thickness (R, — R;): 0.018cm
annular outer radius (R;): 4.685cm =R
combustor radius (R:): 6.115cm
combustor length: 100.0cm
mass flow rate of fuel: 0.00720kgs !
mass flow rate of air: 0.137kgs !
bulk velocity of fuel (V;): 09287 ms!
bulk velocity of air (V»): 20.63ms ' =U
overall equivalence ratio: 0.9
temperature of fuel: 300K
temperature of air: 750K
combustor pressure: 3.8 atm
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C. D. Pierce and P. Moin
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“IGURE 6. Snapshot of mixture fraction in a meridional plane: (a) fast-chemistry;
(b) steady-flamelets; (c) progress-variable approach.
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FIGURE 7. Snapshot of product mass fraction in a meridional plane: (a) fast-chemistry;
(b) steady-flamelets; (c) progress-variable approach.
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ME 471: Turbulent Combustion, Spring 2012
- Stanford University
Homework 1: Review of combustion and turbulent flows
Due Tuesday, April 24, in class.

Guidelines: Please turn in a neat and clean homework that gives all the formulae that you have used
as well as details that are required for the grader to understand your solution. Show all work. Required
plots should be generated using computer software such as Matlab or similar program. Answers should
be written in the blank spaces provided in these homework sheets. Use the back of the page in case
you need additional space (not recommended to use more space than provided), for which a clear
indication should be written to warn the reader of the presence of text there. Vector quantities are
denoted in bold letters in what follows.

Student’s Name:... JAV/ER URZAY . Stiudentis TD. oo

Question 1 (80 pts)
The conservation equation for the sensible enthalpy hy = Z,f\;l s = Zil Y; f;; ¢p,sd1" can be written as
Dh, DP

N N N
— . s RATS -V — RO 4 C
P Di Dt +7:Vv+4+V (HZVT ; Phs,zylvl) + ; pY;fl Vi ; wth’e + @,

with N the number of species, p the density, v the velocity, P the pressure, 7' the viscous stress
tensor, k the thermal conductivity and (), the radiated heat. Similarly, Y; is the mass fraction, Vj is
the diffusion velocity, f; is the body force, 1; is the mass production rate, A is the formation enthalpy
and c,; is the specific heat at constant pressure of species 7.

a) From this equation, derive a conservation equation for the temperature 7' in terms of the material
derivative DT/Dt.

ay T
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b) Simplify the conservation equation obtained in part a) for the case in which the following conditions are
satisfied simultaneously: i) the Mach number is small, ii) all species have equal ¢, iii) the radiation
heat is negligible, iv) the background pressure is steady, v) and the body forces are negligible.

AT LoW Mack i € 1OV “’(’(m)a‘fl way H~"UZ ane Ko UL/
\gcp"‘"fT Re P

I
IF Cpy=Cp, THEW Z_g N ap,IT = ficfv*z/?_}:)/_éj -AND[“ /7 W, = b§l1w+&%%
o

N
THaN) gcf [_DI AVE (7‘2\!.[") Z, hﬂo w, -




Student’s Name: JAVEA. ORZEAY

Question 2 (36 pts).
Asymptotic expansions of the Boltzmann equation indicate that the diffusion velocities V; of species
7 in a multicomponent mixture of N spe(:les can be calculated from the equatlon

Y
VX; = Z(};X>(Vj V)Jr(Y X)(VP) ‘szy(f

\g=1 i

Y/ Dr; D\ (VT o

o %0 )(5-”- #) (%)
- ( l_l P45 b t / — @

(see for instance, “Molecular themy of gases and hqulds” by Hirschfelder, Curtiss and Bird, 1964)

where p is the density, P is the pressure, T is the temperature, X; is the molar fraction of species i, ¥;

is the mass fraction of species 7, D;; is the binary diffusion coefficient and Dr; is the Soret coefficient
of species 1.

a) Give a qualitative description of the four different terms; in what conditions are each of them negligible?
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Ly

b) Show that this equation reduces to the Fick’s law V;Y; = —D;; VY] if all the following conditions are 1
satisfied simultaneously: i) the mixture is binary, ii) the thermal diffusion is negligible, iii) the pressure
gradients are small compared to the pressure itself, and iv) the body forces acting on each species are

equal. "
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Problem 1 (50 pts)

In the design of turbulent-combustion chambers for gas turbines, a careful consideration of pollutant
emissions is of particular importance for compliance with current regulations.

Consider a combustion chamber in which a lean mixture of hydrogen H, and air is burnt to generate
high enthalpy gases that will be sent to the turbine stage. The mixture is injected at a temperature
T, = 298 K and the chamber operates at atmospheric pressure. In this combustor, all the NO is
produced by the Zel’dovich mechanism, which is given by the set of chemical reactions

No+ 0O —NO+N (1)
N+0; - NO+O (2)
N+ OH — NO + H 3)

0; =20 (4)

The Zel’dovich mechanism (1)-(4) describes the production of NO by the high-temperature dissociation
of the Ny found in the air premixed with the Hy. Other NO production mechanisms - such as the
Fenimore mechanism for prompt NO formation by hydrocarbon radical action upon Ny, or mechanisms
of NO formation from fuel-bound nitrogen - are irrelevant here since the fuel is pure hydrogen.

A strongly corrugated premixed flame is produced as a result of the chemical reactions and the
turbulence in the combustor, as depicted in Fig. 1. The flame front separates an entrance region,
in which the temperature is low and the chemistry is frozen, from a quasi-equilibrium region, in
which the temperature is high and all species concentrations (except NO) reach the values given by
chemical equilibrium. The production of NO occurs mainly in this second region because of the slow
rate of the NO chemistry and its strong dependence on temperature. To illustrate the influences of
the equivalence ratio, consider three different gaseous mixtures at the injection: i) Mixture A with
Y, = 0.015 balanced with air, and ii) Mixture B with Y4,, = 0.025 balanced with air.

FROZEN REGION

FLAME
Tl QUASI-EQUILIBRIUM REGION
U
€
o B eacH
:ﬁ / a) Obtain the composition of the fresh gases (Y, u) XNous Y0Os,ur X0s,uy YHzus X H,,u and equivalence ratio
'-h/l’ &, ¢) for the two initial mixtures A and B.
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b) Assuming that the burnt gases only contain N, O5 and H;0O (i.e. the concentration of other species
are much smaller), use the conservation of atoms to determine the molar fractions and mass fractions
of the products in the quasi-equilibrium zone for the fresh mixtures A and B.
£ 0 / ACH

GWBAL Reaction = H, + M, (02 -+ 3-459\1;)—-) Ho + Mo O, + 3-16”";U N,

o ron wnaoes &) Nog,- A/?‘ 0.9¢ wousss @ m-m 0.0
cons Atoms:  H: 2= NH,OL 2 - Nﬂaob‘, 4 """/MLHL Xin) = 3‘1!,:0—._‘2

O 0.96+2 = ZMoyh + My o — N’a,.:@-"fﬁ HeLon by )(Hl%:/_‘-;ﬂa:ﬁ.ﬁ:r‘

Ne 3 %Ny, = Mgl = 3. 61 newss),, o e

TOTAL MOLES /AJ PRODUCTS: Nﬂaa‘: M_&!’fNHZL =5.07 =Ny

Yoafy = ©.109

& ROk M¥IURS Es) 3 Yo,_\azro. o2t Y“’-é’_ 0.22 228, Yu,l = O_-i."if:?r Xazkzofozin YN,_L.,. 0,355
Kok = O_}jj ' y‘”a.l: 0‘65.6,. ' \(Hzﬁ)b_ 0435

c¢) Calculate the adiabatic temperature in the qu quasi-equilibrium region for the fresh mixtures A and B.
To simplify the calculations, assume that the specific heat of the mixture is ¢, = 1.4 kJ/kgK for both
fresh and burnt gases.
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d) In 01de1 to obtain the production rate of NO, use the Zel’dovich ‘mechanism given in the problem
statement and follow these steps (show the wmk T N] i

Bea cTanrs PRopuaTs

i) Assume that the N radical is in steady stat,e, or equivalently, that the rates of the steps 2 and
3 are much faster than the rate of step 17 In this way, you should be able to write down an
equation for the ploduction rate dJNO that only depends on the concentrations of Ny and O.
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ii) Assume that step 4 is in chemical equilibrium, and obtain a relation between the concentrations
of O and O in equilibrium.
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After performing successfully steps i) and ii), you would obtain

dNO] . Ju/2
—g = wno = K[Na][O2]cg ; (5)

where k = 2k K ;{ ? where k; is the rate constant of reaction (1) and K4 is the concentration equilib-

rium constant of reaction (4). You can use this result if you were not able to obtain it using i) and ii)
above.

e) Using equation (5), estimate the molar fraction of NO at the combustor exit for the fresh mixtures A
and B if the characteristic injection velocity of the fresh gases is U = 10 m/s and the combustor length
is L = 10 cm. Notice that 7 ~ L/U is a characteristic integral length of the problem that can be used

3 N\ 1/2
567.5kJ 1
in (5) to estimate Xyo. For solving this part, assume k = 1.83-10"° ( ;:m ) exp [~#/m—o—] .
y o= (NO1 rmie B s?mol AT
Coat

degl, B QS%U DR X Xells Ao o fe Xy Xl ( 2 >”z

]
. ) %
5 W Jd& RT.
THEN  Xne o B Xuol Keyh (",‘?égmj . WITH (5~ 70, = fomms
e FOR MIwTURE ﬂ\) 2 X"’AL = 0. +41 k= 4.06 -lb&?é—"’:‘_ 2
Xo?-}) = 0.09 ‘ o -
Tod = 1570k = X ~ 2,39 "’ - rlfl = ?Xm lmmﬂ l
. T u\}rl"l-l% N
e ok MIXTURE B)-_ Xwzb = 0-E64 fe= A.46 (i““j )”1 —f\ b
= R Xo,b = Q0243 i shmod, "
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f) If the combustion chamber was sufficiently long, then the residence time in the quasi-equilibrium region
would be large and the concentration of NO would reach the equilibrium value. This concentration
can be obtained by assuming that the reaction

N, + 0y = NO + NO (6)

is in chemical equilibrium. Use the results from part b) and the chemical-equilibrium constraint on
reaction (6) to obtain the molar fraction of NO at the combustor exit for mixtures A and B, and
compare it to the results obtained from e). The comparison should indicate that chemical equilibrium
glffftge overestimateg the production of NO in typical combustors.
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ME 471: Turbulent Combustion, Spring 2012
Stanford University
Homework 2: Review of turbulent flows (II) and Premixed Turbulent Combustion (I)
Due Tuesday, May 8 in class.

Guidelines: Please turn in a neat and clean homework that gives all the formulae that you have used
as well as details that are required for the grader to understand your solution. Show all work. Required
plots should be generated using computer software such as Matlab or similar program. Answers should
be written in the blank spaces provided in these homework sheets. Use the back of the page in case
you need additional space (not recommended to use more space than provided), for which a clear
indication should be written to warn the reader of the presence of text there. Vector quantities are
denoted in bold letters in what follows.

—
-

Student’s Name:.....SAVIER URZAY Student’s ID ............................

~

Solve either Question 1 or Question 2, and solve Problem 1.

Question 1 (50 pts)

a) Obtain a relation between the Favre average 5 and the Reynolds average ¢ for a scalar field ¢ = ¢(x, t).
Why is Favre averaging used in formulations of turbulent combustion?

FAVRE » 75 ?) ;/5 SUch TWAT $—=o E Tueu S{) g(& f(’” g¢ _Avp  peso
REYMOLDS - ? ([Z)L(?g : (ﬁ ¢ ?;) S‘ﬁ S '=£>} g% () + j’?’ }
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JS’?;/ 1S REGuIREY TO TRANSFORM QN E /WTO THE OTHER. FAVRE AverRAGES ARs uszs BESAUSE 7HEY Ay
ABStRE THE g’ ql’ FERM THAT OTHERWSE WOV APPEAR M THE B&YNADE A RAcEp VT I#O0Y Fa,

b) Derive a transport equation for the scalar variance (E??é To do this, follow these steps: First derive a

~ 2
transport equation for ¢?, and then obtain another transport equation for (gb) . Then use the relation
o " sy 8

P2 = ¢? — (cp) to obtain the transport equation for the scalar variance (use back of the page for

more space). Also, give a brief description of each of the different terms in your equation.
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Question 2 (50 pts)
Select true (T) or false (F) for each of the statements in the list provided for each question. A
complementary and brief mathematical proof / sketch of your answer on the back of the page would
be welcome, but it is not needed in order to get full credit. ( X INDICATE

- )
CopREcT CHUICE )

2.1 In turbulent flows at high Reynolds numbers,

e/ =t ¥

a) the maximum kinetic energy is located within the Kolmogorov range (T 0{’{ ik

b) the viscous dissipation generated by the motion of the large eddies is much larger than the
turbulent dissipation (T%

c) the large scales have turnover times which are much faster than the turnover time of the Kol-
mogorov eddies (T /,Kj

d) large-eddy simulations resolve all scales in the flow up to a maximum wave number beyond which
physical subgrid-scale models may (or may not) be employed @((/ F).

2.2 In a turbulent flow carrying a scalar ¢ with a single integral length scale £ = £,, characteristic
large-eddy turnover velocity «’, molecular diffusivity D, and Schmidt number Sc = v/D,

a) molecular diffusion of the scalar takes place at the integral scale #; this is why the turbulent
diffusivity D is usually defined by relations of the type w'¢/D, = O(1) (T/

b) there is no molecular diffusion in turbulent flows because in the asymptotic limit of infinite
Reynolds numbers «'¢/D — oo the Euler equations are recovered; this is why computing tur-
bulent reacting flows becomes so much more straightforward than computing laminar reacting

flows (T /)E(j

¢) molecular diffusion of the scalar ¢ takes place at scales of the same order as the Batchelor scale,
{g = Sc‘mﬂk, where 4, is the Kolmogorov scale WF)

d) the Reynolds number based on the turbulent diffusivity Dy, (i.e. w/4/D;) is typically much larger
than the Reynolds number based on the molecular diffusivity D, (i.e. w'4/D) (T KE)/

2.3 In the mixing of two reactants in a turbulent flow,
a) the scalar dissipation rate is always a sink in the scalar variance equation QK? F)
b) the scalar dissipation rate indicates zones where molecular mixing is taking place (}‘t{/ F)
c) the scalar dissipation rate is maximum in zones where only one of the reactants exists (TZ:RT
)

d) the scalar dissipation of interest for turbulent combustion is defined as the Reynolds-average
of the)tlr—bﬁlént diffusivity multiplied by the square of the gradient of the scalar fluctuations
(neglecting density variations) (T

e) for order-unity Schmidt numbers, the molecular mixing of two reactants typically occurs in time
scales which are much faster than the integral time scale q%‘)

f) macroscopic mixing or stirring is sufficient for having chemical reaction between both reactants
(T
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Problem 1 (50 pts)

A cylindrical premixed burner in a power plant is designed to burn a stoichiometric mixture of
~gaseous methane (CHy) and air in a chamber pressurized at 20 bar. A sketch of the burner is shown
below. Just upstream of the combustor intake, the CHy—air feed stream has been passed through a grid

to promote turbulence, in such a way that a streamwise turbulent intensity 15% and an approximate
integral length scale 3 cm are obtained. a) Give an estimate of the resolution requirements required

for the direct numerical simulation of this burner in terms of the total number of grid points N, the

L1d3e ﬂqiﬂ-'}m&m grid spacing Az (make the assumptions that you most like regarding grid topology), the

o

= code). b) Based on the premixed turbulent-combustion diagram explained in class, characterize the
combustion regime in which this burner is likely to be operating. (Note: In case you need additional

data, you can use external references but make sure you cite them below)

GH4+AE1‘

e ) e o 2a =15 cm

L=30cm

Figure 1: Sketch of the burner. In this figure, 2a denotes the diameter of the burner and L its axial
length. The dashed line represents the boundaries of the computational domain.
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ME 471: Turbulent Combustion, Spring 2012
Stanford University
Midterm Exam
Tuesday, May 15.

Closed books, closed notes, no calculator allowed

Guidelines: Please turn in a neat and clean exam solution. Answers should be written in the blank spaces
provided in these exam sheets. Vector quantities are denoted in bold letters in what follows.

Question 1 (50 pts)

a) Explain the concept of “separation of scales” (Peters, 2000) in turbulent combustion taught in class,
and outline what does it entail for turbulent-combustion modeling.

b) Draw the premixed turbulent-combustion diagram in terms of the ratio of the large turnover velocity
' to the flame propagation speed SY versus the ratio of the integral length scale £ to flame thickness
9. Identify the mean nondimensional parameters and give a brief description of each of the burning
regimes in the diagram (use back of the page if needed).
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Question 2 (50 pts)
Select true (T) or false (F) for each of the statements in the list provided for each question. A comple-
mentary and brief mathematical proof / sketch of your answer on the back of the page would be welcome,
but it is not needed in order to get full credit.

Al

3.1 In CH4 — O laminar premixed flames,

a) there exists a fuel-consumption (inner) layer on the fuel side in which Hy and CO are ox1d1zed to 0
and COq respectively (T/F )

b) there exists an oxidation layer on the oxidizer side in which H and CO are oxidized to HyO and COy
respectively (T/F)

c) there exists a thin fuel-consumption (inner) layer in which the fuel is attacked by II atoms to form Hp
and CO in chain-breaking reactions; this layer has a thickness § ~ 0.167, with 69 the preheat thickness

(L/F)

d) the typical crossover temperatures are much Jower than in hydrogen combustion (T/F).

3.2 The thermal production of NOy in premixed burners
a) is minimum for stomhlometrlc ﬂames (T/F)

PuiAd

b) decreases w1th mcrea,smg ﬂame temperature, thls is why engineers from aeronautical companies design
jet-engine combustors in which the flame temperature is as high as possible (T/F)

c) is beneficial because it generates ground -level O3, which protects us from the Van Allen radiation belt
T/F

d) decreases as the mixture becomes leaner or richer (T/F)

3.3 For single-step chemistry flames in the limit of large activation energies,

a) the propagation speed of a planar laminar diffusion flame scales as /D /tr, where D is the fuel mass
diffusivity and tg is the flame-transit time or characteristic residence time within the preheat region
(TiF) - -

b) If both the diffusivity of the deficient reactant and the thermal diffusivity are multiplied by a factor 5

and the flame transit time is multiplied by a factor 5, then, according to large act1vat10n~energy scahngs

in laminar premixed flames, -, [, - o 0cn 00 !

bl) the flame would become thinner by a factor 5 but the planar flame propagation speed would remain
the same (T/F)

b2) the flame would become thicker by a factor 5 but the planar flame propagation speed would remain
the same (T/F)

b3) the flame thickness remains the same but the planar flame propagation speed is larger by a factor

V5 (T/F)

¢) For flames at sufficiently small Lewis numbers, as in the case of lean hydrogen-oxygen deflagrations, the
flame front remains mostly flat because of diffusive-thermal stabilizing effects (T /F)

d) the chemical reaction in premiiced flames takes place in a layer which ig much thinner than the preheat
zone (T/F)
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3.4 In turbulent premixed flames,

a) there exists an effect called “countergradient diffusion” in which the turbulent flux of reaction-progress
variable ¢ in the normal direction to the flame is directed towards regions of decreasmg ¢, that is why
it is called “countergradient” T/F AS(

b) direct numerical simulations and-experiments show that the countergradient diffusion effect is likely to
be important in regions of high turbulent intensity and, in particular, in regions in which the Kolmogorov
eddies are able to penetrate in the reaction zones (T/F)

¢) according to the Bray-Moss-Libby model, the differences between Reynolds-averaged and Favre-averaged
variables tend to increase with increasing thermal expansion (T/F)

d) Lewis number effects are irrelevant for the propagation of turbulent premixed flames because molecular

diffusion-is typically neglected in RANS-cedes (T/F)

3.5 In the modeling of turbulent premixed flames,

a) the eddy break up (EBU) model is a turbulent combustion model for the infinitely-fast chemistry limit

(T/F)
b) the level set approach is used to track the propagation dynamics of turbulent diffusion flames (T/F)

c¢) the flame surface-density transport equation has a production term related to the generation of flame
surface by curvature and a depletion term related to the destruction of flame surface by tangential
strain-rate (T/F)

d) the Bray-Moss-Libby model describes the crossing frequency of thlck flames (T/F)

3.6 In wrinkled premixed flames,

& A

a) flame instabilities induced by gravity occur typically at small wavelengths (of the same order as the
flame thickness) (T/F)

b) there exists a diffusive thermal instability for Lewis numbers smaller than 0.5 (approximately) by which
the flame front develops a cellular shape (T/F)

¢) if thermal expansion is negligible, the flame is neutrally stable to Darrieus-Landau instabilities (T /)

d) diffusive thermal instabilities can stabilize the Darrieus-Landau instability at small wavelengths (T /F)

3.7 In the mixing of two reactants in a turbulent flow,

a) the scalar dissipation rate is always a source in the scalar variance equation (T/F)
b) the scalar dissipation rate is maximum in zones where only one of the reactants exists (T/F)

e) for order-unity Schmidt numbers, the molecular mixing of two reactants typically occurs in time scales
which are much longer than the integral time scale (T/F)

f) macroscopic mixing or stirring is sufficient for having chemical reaction between reactants (T/F)




ME 471: Turbulent Combustion, Spring 2012
Stanford University
Homework 3: Non-premixed Turbulent Combustion (I)
Due Tuesday, June 5 in class.

Guidelines: Please turn in a neat and clean homework that gives all the formulae that you have used
as well as details that are required for the grader to understand your solution. Show all work. Required
plots should be generated using computer software such as Matlab or similar program. Answers should
be written in the blank spaces provided in these homework sheets. Use the back of the page in case
you need additional space (not recommended to use more space than provided), for which a clear
indication should be written to warn the reader of the presence of text there. Vector quantities are
denoted in bold letters in what follows.
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Solve Question 1 and Question 2.

-

Question 1 (50 pts)

a) Sketch the S-curve obtained by Lifidn (“Asymptotic structure of counterflow diffusion flames at
large activation energies”, 1974) in terms of the reduced Damkdhler number A versus the maximum
temperature T,y Give a brief description of the physical phenomena that take place at both turning
points. Locate on the graph the extinction Damkdhler number Ag and give an explanation of its
physical meaning. Finally, give a brief description of each burning regime. (25pts)
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b) In his paper, Lifidn (“Asymptotic structure of counterflow diffusion flames at large activation
energies”, 1974) identified a critical Damkdhler number for flame extinction Ag in the diffusion-flame

regime, which is given by

Ap=e [(1 =) = (1~ |7])* +0.26(1 — |7])* +0.055(1 — |])*] (1)
In particular, for A < Ag the inner-zone equation w.
90 ©-n@+men[-AO+m)] L wﬁ*’ ®
dn? Ag 2

does not have any solution. Equation (2) is subject to d©/dn — *£1 at n — +oo. Equation (2)

describes de reactive-diffusive zone in diffusion flames at large activation energies, with ©(n) being

the inner temperature, 1 a stretched coordinate normal to the flame, and A the reduced Damkdohler .
number. Additionally, 1 — « is twice the ratio between the heat transferred from the flame towards

the oxidizer side and the total chemical heat released. Therefore, A and ~ are external parameters in

equation (2) - see class notes or Lifidn (1974) paper for a formal derivation of the inner-zone equation -
(2) if needed -.

Provide a formal derivation of (1) by conveniently manipulating the inner-zone equation (2).
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Question 2 (50 pts)

For a steady laminar counterflow diffusion flame with constant density and equal diffusivities of
fuel and oxidizer,

a) Prove that the scalar dissipation rate y = D|VZ|? can be written as

X= % exp [—2(erfc™(22))?] ' (3)

where Z is the mixture fraction, a is the strain rate, and erfe(p) = (2//) fpoo e tdt is the complemen-
tary error function.

St = look AT PASE X OF THE (NSTRUCTOR NOTES o

a4

.

For PERIvgued oF (=), . e

b) What is the physical meaning of the scalar dissipation rate at stoichiometry xo = x(Z = Zg)?
In this formulation, Z; is the stoichiometric mixture fraction.
(7 FEPReSswuTs  THE (NUSRSE ©OF Twa & pREGELON TIME TRROVGH THE STOICHioMETALL

SURRACE . LS

~ ¢) Using (3), prove that x: is of order aZ2 when Z, < 1. This result is valid for hydrocarbon-air
flames, in which Z is typically a small number. According to this result, is the diffusion time through
the stoichiometric surface much larger or much smaller than the characteristic strain time?
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ME 471: Turbulent Combustion, Spring 2012
Stanford University
Final Exam
Tuesday, June 12

Part I: Questions

(closed books, closed notes, no calculator allowed)
30 minutes

Guidelines: Please turn in a neat and clean exam solution. Answers should be written in the blank spaces
provided in these exam sheets. Vector quantities are denoted in bold letters in what follows.
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........................................................... Student’s ID:.., B e eiveenesnetentenis

Question 1 (25 pts)

Explain the concept of steady flamelet models in non-premixed turbulent combustion, and how are they
typically implemented in RANS of turbulent diffusion flames.
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Question 2 (25 pts)
Select true (T) or false (F) for each of the statements in the list provided for each question, or fill in the
gaps when indicated by the gymbol (........ ). A complementary and brief mathematical proof / sketch of your
answer on the back of the page would be welcome, but it is not needed in order to get full credit.

2.1 In the mixing of two reactants in a turbulent flow,

a) the scalar dissipation rate is always a sink in the equation for the mean (T/Rf
b) the scalar dissipation rate is minimum in zones where only one of the reactants exists [}Aﬁ/F)

e) for order-unity Schmidt numbers, the molecular mixing of two reactants typically occurs in time scales
which are much shorter than the integral time scale QI\(/F)

f) For chemical reactions to occur in combustion, fuel and oxidizer must be mixed at the (F3E=RASLL. )
level.

2.2 For single—sfep chemistry flames in the limit of large activation energies,

a) the strain rate at extinction of a laminar diffusion flame scales as 1/D/tr, where D is the fuel mass
diffusivity and tp is the flame-transit time or characteristic residence time within the preheat region

(T/R)
b) at diffusion-flame extinction in counterflow mixing layers, the diffusion time through the mixing layer

is of the same order as the flame transit time through the preheat region.of a stoichiometric laminar
planar premixed flame (A /F)

ag oF THE
MRS g oF “ E
c) the scalar dissipation rate at stoichiometry xs; represents the (. We“"“"f e ...) through the stoichio-
metric surface A
= bwm
d) the characteristic reaction-zone thickness in diffusion flames is of order (...G.cviernnen. ), where (..o )
is the ((BAMAHLER, ......) number, (ﬁ? ....) isthe (..BELBOVLCH.....) number, and (... Sigerinecnnns )

is the (Mt 9. thickness.

2.3 In turbulent non-premixed flames, -
ek nEStRamy Ok OGNEEATER

1"
a7 18 M B, RrAGTIONS. ).

a) the mixture fraction is a conserved scalar because (..

b) the flamelet-progress-variable-approach (FPVA), a mostly unique mapping of all tabulated chemical
states is provided in terms of mixture fraction and progress variable w F)

¢) the Burke-Schumann approximation is accurate for calculating extinction of turbulent diffusion flames

(T/%)
d) the problem px(%)d*¢/dZ* = 1y, for any scalar ¢, and with x the scalar dissipation rate and Z the
mixture fraction, represents a convection-diffusion problem (T/}?j

e) the probability density function for the mixture fraction is typically modeled by using a (.....=%.00 TR )
function.




ME 471: Turbulent Combustion, Spring 2012
Stanford University
Final Exam
Tuesday, June 12

Part II: Problem
(open books, open notes, calculator allowed)
1 hour 30 minutes

Guidelines: Please turn in a neat and clean exam solution. Answers should be written in the blank spaces
provided in these exam sheets. Vector quantities are denoted in bold letters in what follows.
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MRINKLED PREMIXED FLAME

0
Pus O, Pb, (Pu/ﬂb)SOL
_— Em—

Figure 1: Schematics of the problem

In the hydrodynamic or “Darrieus-Landau” instability of premixed flames, a stream tube with cross-
sectional area A_, and upstream flow velocity u_g = SOL widens due to flow divergence ahead of the flame,
with SY the planar propagation velocity. This divergence effect is generated by the thermal expansion at the
front that induces a flow component normal to the flame contour. The streamlines become deflected as they
cross the front. At large distances from the front, the streamlines are parallel again, but the downstream
velocity 18 teo = (Pu/Ph)U—co > U—_oo. At the cross section A;, where the density is still equal to unburnt den-
sity py, the flow velocity is u; = (A_oo/A1)U—co < U—co because of mass conservation. Since the unperturbed
flame propagates with u_.,, the burning velocity is larger than u; and the flame will propagate upstream,
thereby enhancing the initial perturbation.
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In the thin-flame limit, in which the flame is treated as a gasdynamic discontinuity, the parameter
€= kéo « 1 is small, in that the characteristic wavelength of the transverse flame corrugations, A = 27 /k,
with k the wavenumber, is much larger than the unperturbed flame thickness 60 In the limit € — 0, the
infinitesimally thin flame separates the burnt and unburnt regions, in which the dens'lty is constant (p = py
in the unburnt zone and p = p, in the burnt zone) and in which molecular transport is negligible.

In this problem, the Darrieus-Landau instability is studied in the presence of curvature-correction effects
(a.k.a. diffusive-thermal effects) on the propagation velocity, which here is assumed to be given by the linear
relationship Sy, = S%(l—ﬁm), where 89 is the planar propagation velocity on the unburnt side, £ is a Markstein
length and % is the local curvature. In order to obtain a dispersion equation that relates the growth rate o
of the instability with the wavenumber k, the thermal-expansion ratio a = (py — pp)/pu and the Markstein
length L, follow the next steps:

1.1 Write down the continuity and momentum conservation equations for the z— and y— components of the
ﬂow velocity v = uex + 'vey, with e; unit vectors. Use dimensionless variables v* = v/ 8%, 0" = ilpi,
P/pu(SO) x* = x/éL and t* = {/tp. In this formulation, JL = g9 7tr is the flame thickness,

tp is the flame-transit time, P is the pressure and the remaining symbols are defined in the problem

statement. ’,}u 9V - 0
HMoleewian TRAREEOET 18 MNEGLIGE Ly 9 k D\?
ON THE BURNT ANE  LNEURNT Zon&S 2 (Qu + ug‘_ + v'@.,m - - 32
~« $=8v ow THE owsurnT Recion 96 = By P
o 2 9\’ L Ua_\f s-raP
=R on THy BURNT REG (o, tLEL -+ or
-l"g Sh (= ] g(@lﬁ G 9?) 9?
1.2 What are the boundary conditions for the velocity at x — *oco?
Q ) LT
AT K= e, Vo= &i&e)x p LT X =, Vo= SL @_ﬁ
O -

1.3 In the limit € — 0, the equations written in part 1.1. are only valid on both sides of the flame because
of thermal expansion, which induces an infinite density gradient in the first approximation. Jump
conditions for the velocity and pressure can be derived in the following manner:

1.3.1 If xp is the flame position and n is the unit normal vector to the front towards the burnt side
(see Fig.1), write an equation that states the continuity of the burning rate rh = pSy, across the
flame in terms of the relative velocity (v — dxp/dt) - n on both sides of the flame. (Note: Recall
that if dxp/dt is the flame speed in the laboratory frame, then the kinematic balance requires that
Sz, = (v — dxp/dt) - n on the unburnt region.)

k) 5 ,
gu( %:_: 3\:(!‘ méj%_> "

1.3.2 Additionally, write a momentum balance equation across the flame in terms of the relative velocity
(v — dxp/dt) - n and pressure on both sides of the flame.
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1.3.3 Use the the thermal-expansion coefficient o = (py—pp) /. and the nondimensional variables defined
above in order to express the equations obtained in 1.3.1 and 1.3.2 in dimensionless form.

siwer Sk = o T 5‘;},3}* Tae Suke LowniTiomd BEeeul
v iv B
s i PE 2D
T dps - (4-ﬂ!“”§_“;‘£(v)‘ﬂ :
P

a b
1.3.4 By employing the ansatz G = x — F(y,t) = Gq at the flame, with Go a constant and F(y,t) the
displacement function, show that the scalar product n - dxp/dt can be written as

. d}CF _ Ft (1)

TN
where F; = 3F/ ot and Fy, = OF/0y.

, with O = ¥u=F - F’??,,. FROM ThS ANMSATZ , AUD Acsp

simes few Helrr Ve gy

S

ﬂ.’l:%gem%-ﬁ;zu ] THEN ?if""z& WZ(Af - + ¢

1.3.5 Use equation ( ) derlved above to show that the jump conditions obtained in part 1.3.3 can be
expressed as

aFy =™ — (1 - a)ul® — F, [v0 - (1 - a)o®], )

j2) [u(u) - a)u(b)] — @ (u@o > Fyv(u)) — (1 - a)u® [ ® _ Fy b)] pl) _ p), (3)

o) [U(a) —a1- a)y(b)] — @ (u(u) _ Fy'u(”)) (- ap® [uaa) _ Fy”(b)] — (P — pOYE - (4)
where the superindexes (*) and ) denote variables evaluated on the unburnt and burnt sides,
respectively.

DIRECT  PRoSe  RY SusQniTt Tla g (4) N THE JUME
cOND (Tlans Awap DEMUrosivde THE NoMBATUM BA AL 1 MTe

Y AND Y O MPONEGT S, i

1.4 For € <« 1, the velocity components, the pressure and the displacement function may be expanded in
power series of € as

u=Us+elU; +0(?), v=€eVi+0(?), P=PF+eP+0(?), and F=eF+0(). (5)
Similarly, a coordinate transformation
x=¢+ F(n,7), y=mn and t=7 (6)

becomes useful in order to set the flame and the jump conditions at £ = 0.

A% (E(u)- f"“""]‘.ﬁ(h) ) i ZM!W?“.’I '(4_‘:_){(5.]&(5).& N (PM_ p™ ) "
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Use these expansions prove that, to leading order, the jump-conditions derived in part 1.3.5 reduce to

v =1, U =1/1—a), and B — PP =a/1-a). (7)
To LBABE ORBER | The TUMF Counlitess 4@ (R)-(4) BEcous
- Ch] 4 = &
U"(U C)(/ .g_) & =h U‘{u)g‘ft U :;: A
ANR O = U; fU (4“ ) U@fkﬂ “==+ P’m} Pﬂ,&) o F,DEU}“ P?} (.h) :w_j‘“m 55
4 = «

1.5 Use the asymptotic expansions (5) and the coordinate transformation (6) to show that the jump condi-
tions (2)-(4) reduce to

aFy = U™ — (1 - a)U®, 8)
A — P o - ), (9)
O!Flﬂ

AR (10)

1—a’ &
[N THE SECOND AFFROMATI gy
(2) mecones  AFy = L/’M - (4 -ﬂﬁi)U‘ck

L u lh b
(3) Bswmes 0= 2yt CfC 2 (t-« U'oi ) MI“‘% P‘Cu}_ F}‘ )

» Ecu}'ﬁt“rff (U; th«.—U: Lu&)
(4) BEcomess : O = V;(u] U;l“)_ f-f-=ac) V:gh)u-;(b] = (FJ”}W {D@f*’)) F:"f
{w) b ;
= Y. £ Fy
- e,

1.6 Use the asymptotic expansions (5) and the coordinate transformation (6) to obtain the second approx-
imation of the asymptotic expansion of the conservation equations written in part 1.1.
0 + i =0

. 2% 2y )
3 (W Q)= -8 :
“loy ez ) 95
‘i ( a—v:'- = u’;!‘jw:“ et “’Q&
@& r‘)\q ‘;.-a,-&c
1.7 If all perturbations vanish far away from the flame, what are the boundary conditions for Uy, Vi and

P at £ — £oo?

Uf[ [/; = — 0 AT %’-—1 i 0

t ' 1

1.8 To analyze the stability of the solution of the problem obtained in part 1.6, assume a normal mode
decomposition for the velocity and pressure disturbances:

U1 f{l
| = Yl exp(y€) exp(oT — ikn) (11)
P P

where U7, Vi and P, are constants, ¢ is a growth rate and % is the wavenumber of the transverse
perturbations. The parameter - is obtained from imposing the boundary conditions stated in part 1.7.




Student’s Name: TAVIER  geRAM

To obtain -, substitute (11) into the conservation equations written in part 1.6. You may have to solve
the determinant of the coefficient matrix and use the boundary conditions stated in part 1.7 and the
leading-order jump conditions for Uy obtained in part 1.4.

&

8 ¥ ek g queavie o 2.6 | ¥ —bie O { U; ) :
BERE T . : A) =
A ’? 'rg @aa;m‘ @ o ?5/£ uf; = e =y gle;(a‘f }-Q
h=lie € o ov¥ ik || B )

A ey 5&« &tlt ) "
R=Fe (k ) o+ Ua¥)=0 | witn Uozd awe e A,

¢~ TawM 'E'.,-_ k (Ecu) , B3 —0((“%‘) f's"‘:ﬂ) ’ ¥z = =k égpo) ARG THE oMLY

VALUBS THat SATISPY THE BCS,

1.9 Using the three values of ; (i = 1,2,3) obtained in part 1.8, calculate the corresponding eigenvectors
Wi = (U1 75 1 1,Pl ;) and the perturbations Uy, V1 and P; on both sides of the flame.
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1.10 Smce as stated above, in this analysis thé propagation velocity Sp Is a function of-the curvature &, gor §
St =S8Y(1 — Lk), or equivalently,

dax dx
W _2F) = (1-— @ _ Y =i
(v g7 ) n=(1-a) (V 7 ) n=1—Mak (12)

in dimensionless notation, answer the following questions:

1.10.1 What is the definition and physical meaning of the Markstein number Ma in this formulation?
SINCE  BISTANCES ABE ARWBIMENS(O NALIEEL WiTw L, THEN U ko= K™ 15 Taw bonsasion LES

ot
cvhues AND Moo= S 18 THE RATIO oF THE VARRSIEN LEBMETH 7o THE TFLAMG THICKMES
o

L 2.5
1.10.2 Prove that the flame curvature £ = —V - n can be written as
Foy
e MY 13

_ "= At Epen 6
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=3 X 2.\ & ah L B " s
+2-S (4 + F}/) 2 (1+ r-‘?)*'ft. (M-p\f;) N Fﬁ) .

1.10.3 Using the expansions (5), and the results (12) and (13), prove that the velocity perturbations are
related to F' by the equations

MaFle
1 —o

U™ = R, — MaFy,, and U}=F, — (14)

on both sides of the flame.
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1.11 Finally, obtain the dispersion relation o = o(k, o, Ma)) by i) substituting the perturbations obtained in
part 1.9 into the jump conditions (8)-(10), ii) using relations (14);( and ilf) solving the resulting linear
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1.12 Assuming that in part 1.11 you have obtained the result

PR {\/;+k2Ma22kMa+a(2ma)—(l+kMa)}, (15)

2—a l—-a  (1—a)

for the growth rate o, sketch o as a function of k for fixed o« = 0.5 and for a) Ma = 0, b) Ma = 0.2 and
c) Ma = —0.2. According to simplified single-step chemistry analyses at large activation energies, what
is the critical Lewis number Le, for which Ma becomes negative? What is the impact of positive and
negative Ma on flame stability? Mo, == 02 Mgz ©
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