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I11 —1) Quasi-isobaric approximation. LowMach number
p(uVijux —Vp = dp= pudu
prpa® = 0p/p~ utfa® = M?
slow evolution 0/0t ~u.V < a|V|

-+ very subsonic flow M*<«1 = 6p/p<dT/T =0(1)

P _
pCpT - 0(1)

1Dp| |1DT Dp| | DT

»Dt| S|T Dt Dt | S|P D

pc, DT /Dt = D)(ms +V.(AVT) + > VWY

(in open space) ’

pc,DT/Dt = V.(AVT) + Y~ QUVWUN(T, .Y;..)

pT = p,T, LN
°% pDYi/Dt = V.(pD,;VYi) + Y9V mWO(T, . Y;..),

J
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Temperature

Planar flame reference frame of flame

Flame
Ve O > P D/Dt = md/dx
Unburnt Burnt
mixture gas
mEpuUL:prb, Ub/UL%Tb/Tu, ~4—8
Lean methane flame
RRRRERRRR RS 0.2
e 7 mass flux across the planar flame
—02 Q
1200| ___ o0 %’
—C02 _O.1g
800+ %
400 / =
0.2 0.0 0.2 X (cm) 0.4 0.6

T T N
mcpd— _ i ()\d_> — ZQQ)W(])(T’ LY

equations dz dz \ dz j m?
v, d 1y, P
L —(pDi=— ) =) 9 MWUNT, Y
"ar T dr <p dx ) EJ: ’ (7. )
r=-00:T="T, Yi=Y, W;=0 frozen state

boundary conditions

r=400:dl/dx =0, Y;=Yy, W;=0 equilibrium state
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ITT —2) One-step irreversible reaction
R—P+Q

R in an inert ; Y = mass fraction of R

Velocity and structure of the planar flame

d7" d dT
(>

e de dx dx

dy d dY :
m———(D ):—pW

> — quW q, = energy released per unit of mass of R

m = p,Ur, unknown

dz dz P dz
+oo )
x— —o00: Y=Y, T=T, mYu:/_oo pWda
x— +oo: Y =0 cp(Ty —Ty) = gm = qxYu
Arrhenius law
: Y 1 o~ E/kT 1 o—E/kpT
pW = pp = =
7 (T) 7. (T) Teoll Trb Teoll

1 1 _x E T T-T
— —7B(1-0) = 1 — == 0=_—=¢10,1
: p < ) n,—r, < 01
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[1T —3) Unity Lewis number and large activation energy

Le = Dr/D| Reduced temperature and mass fraction
T-1T, Y E T,
0= € 0,1 =—¢c]0,1 — _du
Ty — Ty 0.1 v Yue[’ | F kBTb<1 Tb>
dg d?0 W dy  pDp d*y 144 W v,
" T T v, Mar T Le a2 - vy, Py, TS
r=—-00 :60=0,¢9=1, r=400 :0=1,9v=0
Le=1
de d*6 W W (1—6) _m
— 1 —_ 9 _ R — - - = _Tﬁ(l_e)
¥ mas PP s = Py Py =pp e
r=—-00 :0=0, r =400 :0=1,
Preheat Reaction
zone zone 1
) o w'(@) /B >> .
E E 1/8 44 w’(0)
5 S NeThE Px,~ = Pb
g E‘;’E ! Yu Trb
E E o I w'(0) ~ (1 — e P10
§ § 1 9 (reaction rate is non negligible only when T ~ T3)
° tequnep%:'gi?re A 6
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111 — 4) Zeldovich, Frank-Kamenetskii asymptotic analysis

Pone Foaa /6 — 0 [
R f—"‘—’\e_w . w'(0) "Y
| i A
g Unburnt : % 3 3 do d20 W ﬁ :
: I M PP E T Py
= 3| ® | * T 1y Zeldovich 1938
=g =0 L = 119 xr=—00 :0=0, r=-400 :0=1,
[ Reduced
I temperature
_8(1— W /Y, = pyw' (0) /7,
W' (0) ~ (1 — )e P10 pW / pow' (0) /T

preheated zone W =~o0

dL EpDT/mZDTu/UL

matching condition

heat flux into the preheated zone
pDrdf/dz|g—1 = m

should be equal to the heat flux from the thin reaction layer

7
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1-0=0(1/8)| w0 ~1—-0)e P9 =0(01/3)
Preheat Reaction
e . w'(8) m% NM@ m = ,ODT/dL
§ g B dx O drdr, 06 = O(1/p) d, < d,
% Unburnt ° : : D d-o - D 06 ,ObDTb 1
= % | - TbFNPb de2~ 7
= 0 Reduced i Trb Trb Trb ﬂ
temperature
bl — pDrd?6/da® = L2 (1— )e= 00
rb
Dry d (dO\° 1 _s(1_g) d0
2 dzx (daz) Trb( )e dx
1 p(1-0)
0=01-0 = TTbDTb (jﬁ) z/ (1—0)eP1-0dg — ;2/ 0e9do
0

upstream exit of

downstream entrance of the external zone 6 — 1 :

matching

Asymptotic solution § — oo /0 Toefde =1

Drydf/dx — /(2/32) D1y /T
prdeH/dx|9:1 =m

the inner layer

B(l—0) — oo :

m = po/(2/3%)Drb/Tro,

U =m/pu, = |dp/dy, = O(1/8) X U~ v/Drofro

5 dimensional analysis




P.Clavin 111

IIT —5) Reaction diffusion waves

non-dimensional form — — — =w(h) 0>0 6 € [0,1]

steady state: w =0 e

stable: dw/df < 0,
unstable: dw/df > 0,

(equilibrium state) =1, w=0 -stable steady state

stability of steady states

two different cases depending on the property of the initial state 8 = 0

(I): 6=0, w=0 metastable steady state (less stable)

initial state: S
(II): 6=0, w=0 unstable steady state  (out of equilibrium)

B(0) ®(0)
N d®/df = —w()
(I) (I1)
95:1 9 =0 T

Metastable state Stable equilibrium state Unstable state Stable equilibrium state
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P Clavin III propagating planar wave at constant velocity

00  9%0 : : :
i w(f) traveling wave solution (from right to left)
x
0(¢)
0 €[0,1] 00t = pd/d¢
S=otpt 8/dx = d/d¢
do  d°0
1 is an eigenvalue of the problem
A /d6 = —w(6)
E=—-—0c0: 0=0, w=0, "o v

initial state PN ( ;
(1)
E=+4o00: O=1, w=0 |

final (equilibrium) state T

=0 0=1 0=0
Metastable state Stable equilibrium state Unstable state Stable equilibrium state

f unknown, number of solutions ?

= 10 0=1

@

G Upstream Downstream

§ | unstable state equilibrium state
ZFK flame model: w > 0, case (1) £ 9=0 0—1

3 w=20 w=0

5 0)

o ! E=x+pt

£ = —o0 £=0 £ = +oo
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0>0
210 9=1
g Upstream ! Downstream X = 07 Y = /’Lde/d€ 5 9
% uns;atf;tate i equilibriuem:st?te dX/df — Y/N dY/df — ,u [Y o UJ(X)] 'ug B d X _ w(X) ILL .
I/ aé  de?
o ! §=x+ ut 2
e dY /dX = p2[Y — w(X)]/Y
Linearisation about X = 0,Y =0land [X = 1,Y =0 wy <0
£ — —o0 £ — 00 (equilibrium state)
Two eigenvalues ryand r_ and two eigendvectors k,and k_
OX = A et™ + A e, Y =kiA et +k_A €57
déX d?6X T
'udé' — e = wpd X ur—rz—wé:() 2ry = p £/ p? — 4wy
dX
Y = Md_§ k:l: = pr+
g e case (I1)
i
3 e‘\&\e Saddle k. Saddle k.
Saddle 4 XQ(4Q oeg
\i\i 7 M > pKpp X X
k-
/X =0 X=1h ) X =0 x=1"
X=0 Unstable state w"g > (0 Equilibrium state wy < 0 Unstable state wé) >0 Equilibrium state
Mueilti%fitl?getoi wp <0 Eq‘;i';?ﬂ“m wh <0 § 0 § — 00 £ — —o0 £— o0 wy<0
que—gc?e & — o0 ’ T2 r+>0, - <0 Imr_ #0,Imry #0Rery >0 74 >0, 7r-<0

r— <0,r: >0

’I’+>O7 r_ <0

One solution

Infinite numbers of solutions

One particular solution
I

No solution (6 > 0)
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i Unstable medium

4 wave velocity

continuous spectrum with a lower bound

2rp = p £ 4/ pu? — 4w
£ = H H 0 Kolmogorov 1937
Unstable state Equilibrium state

Hmini == Hmini = 24/ dw/d0],_, lower bound : T+ =71-=p/2 ky=Fk_

soft nonlinear term w(#) soft case = collapse of the 2 eigenvalues
Saddle  k
04
X
x=1% el Lo
t —[oo t=0 t -+ oo
P = Hmini %\ o= TTLiTI,i
£

1

the lower bound solution is selected fimini = 24/ dw/d0)|,_, 75 [flame OC \/ 9 / w(6)do
0

00/0t — 0%0/9¢* = wlh, where w) = Ow/d0],_, >0
0(¢,t) = Z(€,t)etwst  9Z/0t —8°Z/9¢ =0

7 _ 6_52/“/\/% 0 oc exp[—€2 /4t + Wit —In(t)/2] | €2 ~ 4w/ 1? OK for a soft term w(#)
Wrong for a stiff term w(6)

The lower bound solution changes of nature when w(6) get stiffer
Clavin, Linan 1984
Soft w(f) =6(1 —0)
Stiff w(, 3) = (52/2)6(1 — 0)e P1=9 3> 1
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