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Lecture 5:  Thermo-diffusive phenomena
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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 pu gT pb
A Ue Ai Ui ;
: T, l Ty
v U B w
. g a(y,t) g
J J,
+—" Flame front
transverse diffusion transverse convection
One-step model R — P+ Q)
A single scalar: the Markstein number A
(U,; — UL)/UL — —M(TL/TS)
U,, normal flame velocity in the fresh mixture 1 / Ts rate of stretch of flame surface

U~ = u; — Df, u, = nf.u;

n




rcavinv  Stretch rate, strain and curvature of a flame

Passive interface
1 1 ddé?s

element of surface area §2s — = dry/dt = u(ry)
Te  0%s dt -
element of volume 6°r = 6256 EE(SST = V.u‘|y
coordinate normal to the front ¢ continuity
1 d 1 d 1 d
— —Br=——5 ——9
Sra’ " ezsar’ T scars

dé¢/dt = ny. [u(ry +6¢ny) —u(ry)]

first order correction in dp, /L <1  u(ry+d¢ns) =~ u(ry)+ ¢ n;.Vu©
1d
3¢ dt

1 1 d

— EE(SQS = V.u|y —ns.Vu®|r.ny.

5C = nf.Vue.nf

Ts

Flame (first order correction) dy /A < 1

nf.nf =1 ue(rf) — u]: o ULnf

ny.Valyny =0 1/7'3 = —ULV.nf -+ V.u_]f — nf.Vu_]f.nf
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Flame (first order correction) dy, /A < 1

1/7s = =UrV.n; + V><]f —ns.Vu |rny

incompressibility
differential geometry —V.ny =1/R= (1/R; + 1/R3)
w P [Un=Un/R Vel s
= Un o >0 Flame
Igpb U> front curvature strain rate
=

Quiescent
fresh gas

u =0

n
"
y
Outflowing

burnt gas

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

Clavin, Williams 1982 Clavin, Garcia 1983

(U, = UL)/UL = —M(1L/7s)

reduced activation energy ﬁ Lewis number Le = Dy /D
Uy = pu/pp > 1 0=(T-T,/(T, —T,) l=p(Le—1) heat conductivity A(0)
gas expansion = hydrodynamics kinetics + diffusion
Up l D
M = °
m—1j+2@%—u
lean hydrocarbon air mixtures M ~ 1 —4
1
o (vp — 1)A(0) In 0 . .
J = / 1+ (o — 100 ¥ (05— 1 D= /0 1+ (05 — 1)0 do, Clavin Garcia 1983
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The second Markstein number

multiple-step flame model

Mfc 7é Msr

Clavin Grana-Otero 2011

(Un_ — UL)/UL — —./\/lfc(dL/R) +MST(TLnf.Vu_]f.nf)

Fresh gas

R <0

Flame front

Flame

R>0 [Prfa./

front curvature

difficulty with the finite thickness:

flow strain rate

M, varies with the position inside the flame structure

Unburned gas p,, | Burned gas pp

Burnt gas

Markstein numbers in the burned gas

M (Tpnp.Vu™ |fny) = cst.

U ! Uy _
UL‘%—_:

y o)
xT :
> Flame front

p U, # ool

Uy Uy Uﬁr—:— E/U/,jl_ _Df u: = nf.u+(rf) A
Unburnt Burnt ‘; ‘
mixture gas (U+ . U ) d i é
n b) + “L + + Uy #UL | 2 Ul # U,
U, T, == Mfc —I—MSTTLnf.Vu \f.nf —_ %
U, " T. Us 1
L U g
Pu Tu c ‘ Pb Tb
+ — + - v
Mfc 7é Mfc Msr 7& Msr dr
: : uy =—U, (22 —1) <0
U, Pe numerical and experimental data Expanding flame n < P >
Pb
u =u.n . Df - O’ UT: - U; u:-l-: O U: N _lc)lf Quiescent Dol el
e U, —Uyg _ _.dg ur -0, L burnt gas u =u,n
?rersﬂh gasg U, = _2(Mfc Msr)Rif Tb = _2M}.—CR_f ut :go
Outflowing Outflowing
burnt gas fresh gas
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V-2) Thermo-diffusive instabilities of planar flames

Sivashinsky 1977 Joulin Clavin 1979

instability mechanism = hydrodynamic instability

pTXTO pc,DT/Dt = V.(AVT) + Y~ QUWUNT, .Y;,..)
equations j _ o + ﬂui%hanics
pDY;/Dt = V.(pD;VY;) + Y 0V m;WO(T, v,

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

T-1T, E T, 1 o—E/kpT,
= = = 1 - — =
¢ Tb - Tu © [0, 1] w Y/YU 5 kpTh ( Tb) Trb N Teoll
@ — DA = ie—ﬁ(l—H) 8_¢ — DAy = _Ee—ﬁ(l—G)
p — cst. ot Trb 375 Trb
r=-00:0=0,¢v=1 r=—4o00:0=1,9v=0
Planar flame for Le = Dy /D # 1
x
= d (e =1) do d%0 B2 dy 1 d%¢ 32
dr(Le = 1) p S 80 P es0-6) 0 2 CY P e-80-0)
_ UL 2 d¢  dg? 2 d¢  Le d&2 2
T Up(Le=1) - .
LA reaction layer
— _@ ~ gwe—ﬂ(l—@ @ + id2_¢ =0
2 ) 2 2
urnt gas /( Burnt gas dg 2 matCh]_ng dg Le dg

glﬁ e 1= VLe (first order reaction rate)
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relam ¥ Flame temperature of curved flame for Le # 1

Le;«él = 9f7£1
B>1 Le—1=0(1/8) = (6f—1)=0(1/p)

the thin reaction layer of curved flame is quasi-planar

2 2 2
_d_g ~ 6_21/)6—5(1—9) d_g + i% —0 ¢ = non-dimensional normal coordinate

d¢ 2 d¢ Le d¢ Lo, 1 o N

0=0f—01/0+.. v=-U1/8+.. ©; = V;/Le = —e PU=05)g e~

g2 gz 2
BBy —1)=0(1)  df/délor =O(1/B) integration and matching d6/d¢|,_,_ ~ Le'/? e A1=0s)/2

jump conditions across the reaction layer

0+ ?
df/dle_y_ = e 717002 a6 Ldvl™ 1 O
d§¢  Ledf],_
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

_ _ _ 9 00 npg_o W, 00 _ 1, _
§=x/dy, n=y/dL, T=t/TL 8T+8£ Af =0, 8T+6§ LeAl/J—O

boundary conditions: jump conditions and ¢— o0 :0=0,9 =1, E=00 :0=1,9=0.
8 /13
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linearization

external equations

harmonic analysis
(normal modes)

s=oT1r, k=kdp

¢

reduced linear growth rate

Linear

frame of reference attached to the reaction sheet (¢,7n,7)
=¢—a(n,1) '

¢

equations

¢ = 0 : reaction sheet

g 0 0 0 Oa 0 0 0 Oa 0
o€~ aC oy oy omac ar  ar  ordc
0=0(C)+3d0, 0p=1+00F, v =1v(C)+ 0y
7o (e ae)| o= (5 5) &
ar Tac \ae " - a—‘a— a
0 0 1 (& & _(da 1 9%
ek (e (5280
a(n, ) = aelt"ntem), 59f(n,7):§f&e(i””+")
81p = p(¢)aelteT) 66 = 6(¢)actt<m)
d d*7- . dé
d 1 4d*7 - K2\ - k2\ di
¢~ eae| 70+ (4 ) 0= (4 )

boundary conditions: jump conditions and (= —o0 :

9
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external equations

particular solutions

boundary conditions

Analysis
d d°]- N 5 df
[d—c—d—czle(gw(wm)e(c)_(wﬁ;)d—c % given
d 1 d2 5 K2 5 /{2 d@ q and ef ?
e i) 0+ (i) M0 - () e
temperature in the external zones
6 =do/d¢ = dip/d¢
0 —e¢ 67 =1 9 =1-¢ 3P =0
( — +o0: 6=0 ) N ) N N
HC=0) =0y =i jac+ (b - @Bt jac|_ )eris

general solution to
the homogeneous equation

1
For-e =0 1 =D 1T+l + )]

(——00: =0 marfs fractio_n in the p]fl_leated zone z_one (>0: Y=19=0
$(C=0)=0 § =y /d¢— (dy/dc] ) e ¢
L ( FLQ) — Le 4 2
—s"—s—((+—| =0 ey . 4 K2
Le Le S 9 + + o (g + Le)
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40/dE],__ = e~ P01/ o 1y
jump conditions §=0— " dé " Ledé |, ¢and 0f 7
valid at the leading order valid up to 1% order
asymptotic analysis B> 1: Le=1+1/8, l=p(Le—1)=0(1)
B —0r) =0(1) B0y =0(1)
(r" =r7) = =V1+4(s +#°)
nd M A + — — —
1l — = — —
2"% conditio O, =) = (" —r)+(U=Le)

to leading order in small values of (Le-1) = O(1/3)

1 2¢ + 4K2

V1 +4(s + k2 1 +4(s + x?)

F=

linearized 1¥'condition df~/d¢|c—o = B0, /2 1—r~ =7 =p307/2 )
valid to leading order using 6y = O(1/5)

BOr =1+ /1+4(s+ K2)

dispersion relation (s, k)

_é [1—¢1+4(<+ﬁz2)+2<] = [1—\/1+4(<+/€2)] [1+4(c + &7)]




PClavinV _% {1 _ \/1 +4(s + 52) + Qg] = [1 — \/1 +4(s + 52)} [1 +4(s + /@2)}

Cellular instability for Le = Dp/D < 1

k=0:¢(k)=0
Weakly curved limit. Small wavenumber expansion «=kd;, <1 |s| = |o|7p < 1
0 = (Le — 1)K> s=—(+2)K%/2
l=pLe—-1)>-2: <0 stable l=p(Le—-1)<-2: o >0/[unstable
- M <0
O B(Le—1)+2 0« da D%
E:[ 2 ]DTay ot X Doy
da B(Le—1)+2 a0« Dr
— = D = |B(Le —1) 4+ 2] — 2/R=1 1
ot [ 2 ] T<ay2 + 52 ) = BLe—1)+2] —, JR=1/Ri+1/Ry
. B D J— T A0 d9 Do (1);,; 1?)\(:9) lnﬁdel
M—B(Le 1 X M_Ub—l (Ub—l) /1 »—1)0 o 1+ (p—1)0
C l< —2 ;.
¢ = —(l 4+ 2)/{2/2 _ ]kl e dlsturbances

Turing type of instability

Zeldovich Turing
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Hydrodynamics + diffusion

P.Clavin'V
A
S| M<0
Propane lean flame
M>0
hydrodynamic instability only
Sivashinsky eq. 1977 g—f —H(p) — Lo+ %IWAQ =0

nonlinear equation

Im(c) # 0
l=p(Le—1)=10": Re(s) =0, k" #0
Poincaré-Andronov bifurcation ™ ~ 10

A

Re(s)

>0

/” l{‘
M>0 \ \

\ geometrical term: Huygens construction

Oscillatory instability Le = Dy /D > 1

[** =~ 11 : planar pulsation. OK for solid combustion

13

Propane rich flame

M <0
hydrodynamic + cellular instabilities
shorter wavelengths are unstable

R

effect of heat losses
Joulin Clavin 1979

B(Le — 1)}
{ ~ 10.67

Oscillating
instability

Extinction

o
g
S
©
<

Stable ©18/5
0 17, H
-2 1 Cellular

instability




