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Lecture 5:  Thermo-diffusive phenomena

5-1. Flame stretch and Markstein numbers
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V-1) Flame stretch and Markstein numbers

Two mechanisms modify the inner flame structure

]
A Unburned gas p,, | Burned gas pp IOU ?Ej pb
B A U % Ai Uli %
> e g | T, gl Iy
v U B "
Lt ’ i o ] dr,
s Fllame front
transverse diffusion transverse convection
One-step model R — P+ Q)
A single scalar: the Markstein number A
(UT: — UL)/UL — —M(TL/TS)
U, normal flame velocity in the fresh mixture 1 / Ts rate of stretch of flame surface

U, =u, —Dy, wu, =nspu,

n



rcavinv  Stretch rate, strain and curvature of a flame
Passive interface

1 1 dé? .
element of surface area §2s — = ° dry /dt =u (rf )
T 0%s dt 1
element of volume 51 = 6%s6( EE(S‘%T = V.us
coordinate normal to the front ¢ continuity
1 d 1 d 1 d
Ry & P ——— £ ——0
Srar’ T st ST scar’’

do¢/dt =ny. [u(ry +0Cny) —u(ry)

first order correction in dr,/L <1  u®(ry+dCns) =u(rs)+0¢ ny.Vu©

1 d .
1 . 1 d 2 e €
T Esar o VWl o ns Vg,

Flame (first order correction) dy /A < 1

nf.nf =1 ue(rf) — u; o ULnf

ng.Vnlrng =0 1/7-8 — —ULV,nf — V.u_|f — nf.Vu_\f.nf
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Flame (first order correction) dy /A < 1

1/ = -UrV.ns+ V><\f —n;.Vu |rny

incompressibility
differential geometry —V.ny =1/R=(1/R; +1/R»)
w o [Un=UnRmpvajpny|
u: =U, Pu _ 11>0 Flame Fresh
D] (p ’ front curvature strain rate e

|Df| =Un

x
ﬂ—T
Outflowing

burnt gas

Quiescent
fresh gas

u =0

study of structure of the one-step flame model R — P + ()

Clavin, Williams 1982 Clavin, Garcia 1983

(Up = UL)/UL = —M(7p/7s)

reduced activation energy ﬁ Lewis number Le = Dy /D
vy = pu/pp > 1 0= (T-T,/(T,—Ty,) | =pB(Le—1) heat conductivity A\(6)
gas expansion = hydrodynamics kinetics + diffusion
Up [ D
M = -
w—1j+2@%—n
lean hydrocarbon air mixtures M ~ 1 —4
(vp — A - Y (vy — DHA(O) In b _ .
J = / 1+ (0 — 1 D = /0 1+ (v — 1)0 de, Clavin Garcia 1983
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PClavin V The second Markstein number
multiple-step flame model

M f 7& M Clavin Grana-Otero 2011

c sr

(Un_ — UL)/UL = —Mfc(dL/R) + MST(TLnf.Vu_\f.nf)
front curvature flow strain rate

JAN Unburned gas py, | Burned gas pp

difficulty with the finite thickness:

\
\

-
<
y
S
y

M, varies with the position inside the flame structure

Fresh gas Burnt gas — \ L )
R<0 M (TLny.Vu™|pny) = cst. Y
Flame front T
Markstein numbers in the burned gas
Flame —|— _|_ —|— —I— prn_ 7é prI
v 6 U' =u, — Dy u, =ngu’ (ry) *T
Unburnt Burnt pey
mixture gas (U_|_ L U ) d B §
n b L + L + + U, #UL | ¢ Ut #£U,
U, T, [ — _Mfcf —|—MSTTLI1f.Vu \f.nf — § :
U, T, b
L U <
+ — + — pu L #Jz o1y
Mfc # Mfc Msr 7& Msr dr,
Sty LS AT numerical and experimental data Expanding flame " " (f)—b - 1) <0

Dy=0
_ _ + _ +
u =u,n _ + Quiescent _
Outflowing U, —Up _ —2(./\/1_ M= ) dr, Un — Uy _2M+ dr, burnt gas u =u,n
fresh gas UL fe st/ R Ub fe Rf R
Outflowing Cf)utflowing
resh gas

burnt gas 6
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V-2) Thermo-diffusive instabilities of planar flames

Sivashinsky 1977 Joulin Clavin 1979

instability mechanism # hydrodynamic instability

pT%TO pc,DT /Dt = V.(AVT) +ZQ(j)W(j)(T Y.
equations -+ ﬂul%hanics
pDY; /Dt = V.(pD;VY;) +Z19(‘7)m WONT, . Y;..),

Thermo-diffusive flame model for a one-step kinetics (3> 1)

T—-17T, E T, 1 o—E/kBT,
= = = 1 — — — =
0 Tb T - [07 1] w Y/Yu /6 kBTb ( Tb) Trb B Tcoll
DO prag= Yesa-0 I pay_ Y -sa-0)
p = cst. ot Trb ot Trb
r=—-00:0=0,v=1 r=+400:0=1,9v=0

Planar flame for Le = Dy /D # 1

¢ = dr(Le =1) d_9 _ @ — ﬂ_2¢e_5(1—9) ’ud_¢ — id2_¢ — —ﬁ—2¢ —A=0)
_ UL df dg? 2 d¢  Le dé&? 2
H=T (Le =1) ! :
LALE = reaction layer
=1 0.9 =1 2 2 2
—dgwﬁQIbe_ﬁ(l_e) d_g_|_i%:()
Unburnt g // Burnt g dg 2 ma,tChing dg Le df
— g—_ﬁ I 1= VLe (first order reaction rate)




releny Flame temperature of curved flame for Le # 1

Le#l = 9]07&1
g>1 Le—1=0(1/8) = (0/—-1)=0(1/p)

the thin reaction layer of curved flame is quasi-planar

2 2
7 6 i —B(1-9) d”0 4 1d% _ 0| ¢ = non-dimensional normal coordinate ¢=-+ —
d£2 5 e de2 " Te de? , dr(le=1)
1 d°© | _
0=0;—0:1/8+.. =W /B+.. O1="1/le d£21 = e I

B0y —1)=0(1)  d#/dEfor = O(1/0)  integration and matching [d6/d§|,_,_ ~ Tel/2 o=B(1=0f)/2

jump conditions across the reaction layer

. do 1 dy]°" 7
do/dgl,_,_ e~ P(1—=05)/2 — 4 1dy — 0 Hf :

d¢  Led§ |,
valid at the leading order valid up to 1° order | Joulin Clavin 1979

Preheated zone

non-dimensional equations in the reference frame attached to the unperturbed flame

- - B @ @_ c‘w c‘w 1
{=x/dy, n=vyl/dL, T=t/TL 35 Al = 65  Le

— -00:920,¢:1, =00 :0=1,9=0.

Adh =0

boundary conditions: jump conditions and
8
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Linear equations

frame of reference attached to the reaction sheet (¢,7n,7)
(=¢—an,T) ¢ = 0 : reaction sheet
0 0 0 0 Oa O 0 0 Oa O

9 ac’ oy oy onac or  or oroc

linearization 0=0(C)+00, 0p=1+00p, =v(()+
0,0 (0 P\],_ (0a_ 0%\ d
| 7+ (oot o) = (5 - o8) &
external equations
0,0 1 (& PN\, (0 15\ dy
[aT T3¢ T Te (a@ i 8—772)] V= (aT  Le an2) d¢
harmonic analysis a(n, ) = aelirn+sT). 50+ (n,7) = éf&e(i“n+97)
(normal modes) ) i |
c=o0T1, K=kdp 51 = (O aelFteT) 50 = 0(¢)aelinntsm)
d d° ] - - do
— — — 0O+ (¢ +£%)0(C) = (s + k°) —
reduced linear growth rate d 1 d*17 - K2\ - B K2\ dvy
[dC Le dC2] p(o) + <§ i Le) wlo) = (g i Le ) d¢
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Analysis
d d° ] . o o\ dO
— — — 1 0(0)+ (¢ + 0(C) = (¢+ — .
external equations [d( dg? © (C : ) © (g : ) dq R glgeen o
d 1 4d%7 - K2\ - K2\ dy S and vy
¢ i) O+ (4 5) 10 (1) &

temperature in the external zones

= df/d¢ ¢ = dyp/d¢
0 —eC 0 =1 % =1-e* ' =0

Ry

particular solutions

boundary conditions

( — £o00: H=0

0(C = 0) = 0; % = dg /d¢ + (éf - d@i/d§|c ) eriC
=0
1 ] solution t
r2—r—(c+£%) =0 ri — 5 {1 I \/1 —+ 4(§ -+ /462)} tg}?élfgmiogélné%ﬁs zquation

mass fraction in the preheated zone zone (¢ > 0: @ = =0

— () - B . B
(¢ =0)=0 T = dd /d¢ — (dg/d¢| ) e ¢

1 o ( ""’2> Le | 4 K2\
— 5" —s5s—((+—1]=0 N

= — |1 1+ — —
Le Le S 9 + _I_Le <§—|—Le)
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—B(1-6)/2 g 1 dy]°t
jump conditions dH/df\g 0— ! [d_f ™ Le d¢ - =0 cand ¢ 7
valid at the leading order valid up to 1% order
asymptotic analysis 8> 1: Le=14+1/8, 1=p8(Le—1)=0(1)
B(1—05) = 0O(1) B0y = O(1)
(rt —r7) = —/1 4 4(s + 2)
nd 4 Gt — =) — (o= — _
2" condition Oprt —r)=(s" =)+ (=Le)
to leading order in small values of (Le-1) = O(1/7)
~ (Le-1) | 1 2% +4r%
Qf ~ ( ) —1 + > 5
2 V14 4(c + K?) 1+4(§+/€)_

linearized 1%'condition d§~/d¢|c—o = 56, /2 1—r~ =7" =£6;/2
valid to leading order using 6; = O(1/4)

B0F =1+ /1 +4(c + £?)

dispersion relation (s, k)

—% [1—\/1+4(<+/<:2)+2g} = [1—\/1+4(<+%2)} 14 4(s + &7)]
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2

L [1—¢1+4(<+m2)+2<} = [1—¢1+4(<+ﬁ>2)} 1+ 4(s + )]

Cellular instability for Le = Dp/D < 1

k=0:¢(k)=0
Weakly curved limit. Small wavenumber expansion k =kdy, <1 |[¢]| = |o|7p < 1
r = (Le — 1)x? ¢ =—(1+2)x%/2
l=pBLe—1)>-2: <0 stable l=p(Le—1) < —-2: ¢ > 0| unstable
- M <0
Oa B(Le — 1)+ 2 0“a da 0%a
el o 7 o "o
O B(Le —1)+ 2 0’a 0%« Dr
— = D “2) = [B(Le—1)+2 =L 2/R =1 1
ot [ 2 ] T(ay 5.2 B(Le — 1) + 2] R /R=1/Ry +1/Ry
e T B e
M=pLe—1+2 D M=oy s [ it [ Sy

¢ =—(1+2)k*/2 — 8k*

Turing type of instability

S

[ < =2
W K
= >

[ > -2

Zeldovich Turing



PClavin V Hydrodynamics + diffusion

A pY
ST M <o M
z 7 ~ /ﬁ; i\ 1 ’
> ¥
M >0 \ \
Propane lean flame Propaﬁ ric% flame
hvdrod naj\rﬁf igstabﬂit onl hydrodynamic + cellular instabilities
, y , 4 a¢y Y 1 shorter wavelengths are unstable
Sivashinsky eq. 1977 o~ H(p) — Ao+ §]ng\2 =0

nonlinear equation \ geometrical term: Huygens construction %
W\/\
/&

Oscillatory instability Le = Dy /D > 1

Im 0
() zé . effect of heat losses
= ﬁ(Le o 1) =1": Re(g) — 07 R 7& 0 Joulin Clavin 1979
Poincaré-Andronov bifurcation [ ~ 10
A B(Le—1) Oscillating
Re(c) =1 I ~ 10.67- instability
[ >1" o *%
m R > % ki
- I=1 g
A Stable C18/5
0 1~ H
["* ~ 11 : planar pulsation. OK for solid combustion 21 Cellular
instability
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