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Lecture 6: Thermal quenching and flammability limits

6-1. Extinction through thermal loss

6-2. Basic concepts in chemical kinetics

Combustion of hydrogen
Two-step model. Crossover temperature

One-step model with temperature cutoff

6-3. Flame speed near flammability limits




reawinvi V|- ) Extinction through thermal loss

a small heat loss can quench the flame

Formulation (volumetric heat loss in a planar flame) ‘

Davy 1830

slope= O(1/p) de d20 TL dw 1 dz,w

peo - —w— g, Yo =S
.e d¢  d¢ Teool d¢  Le d¢

fE.’L‘/dL ,LL:UL/ULadia 1/7-0001%1)7"/R2 &-

Y e — > - D 2 Zeldovich 1941
T, R DT/U% = LIS ( T ) R = tube radius
Tcool R UL

o E=—-00 : 0=0,¢v=1, =400 : 0=0,9=0

Asymptotic analysis for small heat release and a one step reaction
(Joulin Clavin 1976)

ﬁ — OO 7_L/Tcool — h/ﬁ h = 0(1) 5(1 - ef) = 0(1) w(07¢) = (62/2)¢exp[_6(1 - 9)]
unknown flame temperature < adiabatic flame temperature : 6y <1

jumps across the thin reaction zone : {d@ 1 dqﬂ 0+
=0

de d — —B(l—af)/2 had I _
[Bleo- = i " Ted |,

external solutions : w =10

0_(&) = Gfe[,uﬂ-h/(ﬁﬂ)]f’ 0.(6) = er—[h/(ﬁli)]S,
0: 0:
°s {w-(f) =1—ebenrt, < Vi (&) =0,

3 up to first order O(1/3)
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_ 9 olnth/(B)e = e~ [n/(Bwle
0=0r<1 ooy &V {i((?) = fff elens, - {ii((?) = gie |
:5():,«_1 — ¢ 04

/?om li_ZjLi%L ~ 0 = —(h/Bu)0s — (n+h/Bu)0s +p =0
I m— - 0 —1=0(1/B8) = |B(1—0) = 2h/1

>X = 3¢ d‘g/dﬂg:o_ — ¢ B(1=05)/2

= = exp(—h/p?)

1 Inp? = —2h

C-shaped curve: no solution for 2h > 1/e

quenching at finite flame velocity Uy, /Upadgia = 1/1/€
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VI-2) Basic concepts in chemical kinetics  wvaw 200

Combustion of hydrogen Sanchez Williams 2014

units: moles/cm®, s~ and Kelvin Label Reaction k; B Vj Ta; shuffle reactions
~ deij/dt = —w; ) . 0+ H e OH 4 O iy 352x10  -0.7 8590 (hlf) ff)’ (}?;,f)
wj = kjeije0; or wj = kjc1jca s, 2 - ki, T.04x 102 -0.264 72 clalm pralcung
& T ) o+ OH — 1.0+ [ For L1TXx10° 13 1825 Oz + 3H, — 2H,0 + 2H
kj = BT 2 OF =10+ Fop 129 % 1010 1.196 9412 rate: wiy = cuco,kis
1. 4
S M40 OHYH B T e
3b JJ X : (4f) chain breaking
4f O+ H+M — HOz + M kiy 579x 107 -14 0 M1 H+ O, — M+ HO,
5f H+H+M—Hy +M ks 1.30x10% -1 0 rate : wis = cucognkay
6f H+OH-+M— H,O+M k‘Gf 4.00 x 1022 -2 0 Kar = Bas
7f HO, + H— OH + OH  k;y T7.08x10"% 0 148 R
8 HO; + H—Hy + 0y kgy 166x10% 0 414 (8b) initiation
9f HO; + OH — Hy0 + 02 koy 2.89 x 10'3 0 -250 Hy + O — HO2 + H
. —E/kgT . .
, crbine Simplified two-step model: crossover temperature
Zeldovich 1961, Linan 1971, Peters Williams 1987, Peters 1997
"B E/kpT
(B) R+X—>2X, wB:cRcXBBe_ /kp 5 E>>I{JBT
/ (R) M+X—-P+Q, wrp=cxnBr, Fr=0
no reaction Arrhenius law OK .
: _ —E1 /kpT*
hydrogen combustion:  ki17(T*) =[Byje B/*eT" = By,

Flammability limit

Tb:T*i

qrY, =c,(T" - T,)
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PClavin VI Pwo-step model for rich hydrogen flames near the flammability limit

(consumption of hydroperoxide included)
wif = CHCOlef(T), k‘lf(T) = Blfe_

d
H+ H-— H2 + Q, en [BlfefEl/kBT — nBM} CO,CH — nB5fc§J
2
wap +wsp = neuco, Bay Hney Bsy

(Bype B /*eT _nBys)/nBys < 1|  tri molecular recombination reaction|(5f)| = |H in quasi-steady state

[B]_fe_El/kBT_nBéLf] T < T* - cg = 0
nB5f

T>T": |ea = co,

One-step model

nByy = Blfe_El/kBT* /% = (nBszBQu)/Bg)f
do a0
= _ Kl Ty. _ B (1_
Mg~ PPT g ~ ) T>T": J(T) = e tp (17 )
d’(ﬂ d2¢ P o —E L_%) T<T*: J(T)=0
m—— = pDo, T & — e T T T(T) - J(T)
r=—-o00: 0=0, r=40c0: 6=1
reaction of order 2 with a temperature cutoff
T, —T* T* _ B (1_ 1 E 1 1
very close to the lammability limit bT* < kBE = e re(F—7e) _ 1] ~ E(F _ T) <1
de a6 25
mo——pDro5 —w J(T) T, E T-T
dx dz? T>T: JT)~—
P 2 "
— —pD ~——Y J(T : =
dl’ POy 7 dx2 ’T*/(p ( ) r<T J(T)
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(T - Tu) (T* - T )
0= -— = €|[0",1 g = * >
(Ty —To) [ ] T, —T,) Ty, >T" = |0 <1 but close to 1
do 4’0 py 5.

ma—prT—dez ~ (o) 0>0": j(0)~0b"(0—0%) ._T. E T,-T,

dy d*ey Pb o <0 : j(0)=0 - T kpT* T+

— = — - )

Mas ~ PO g2 T*¢ (9)
d’0  Le’v*
reaction zone: ¢ = Le(1—6), DTd 5 = © — (1 —0)?[(0—-1)—(0* —1)] Le = Dr/Do,
x T
de ! : de b* | Dr pu UL b* 2
— df + matching = Dy —| = Ley/—(1 — 6%)? ————r~Ley/ (1 -6")
deJr/* ¢ g ek A S Py /Dr/T* 6
Tb—T* Pu UL b* Tb—T* 2
0< 1 = —_—— =
Tb — Tu < p* DT/T* € 6 <T* — Tu) Peters 1997
the flame velocity decreases smoothly to zero when approaching the flammability limit 7, — T*
i 1 (T =T,\"

the flame thickness dj diverges, T, — T : é o 7 (W) , __Methane-air flame

40|

Flame speed
N
o

_
o
T

O Bosschaart & de Goey
[0 Vagelopoulos

Divergence of the thermal sensitivity: Thermal quenching £}

T, dU, 2T, /OO
Up d1y N Ty, — T

the least heat loss quenches the flame at a non zero velocity o L |——GriVlch chemical scheme

0.60 0.80 1.0 1.2 1.4 1.6
Equivalence ratio
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Methane flames
Peters Williams 1987 Peters 1997

H, — O, flames
Sanchez Williams 2014




