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Lecture 11: |nitiation of detonation
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Flow of burnt gas in spherical CJ detonations
Point blast explosions

Zeldovich criterion

Critical energy

11-2. Spontaneous initiation and quenching

Initiation at high temperature
Spontaneous quenching

11-3. Deflagration-to-detonation transition
Basic ingredients
Experiments
Runaway phenomenon

Mechanisms of DDT
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Detonability limits

Mixtures in which a planar CJ wave can propagate

Mixtures in whicl

n the temperature at the Neumann state

(just behind the

ead shock) of the CJ wave (controlled by

Gm) is larger than the crossover temperature (controlled by

the chemical kinetics)

COoI1n

(y—-1)M: >1=

ucJg

sk
position chemical kinetics

Tn., gqm/cp 1000 K < T" < 1350 K

|

heat release per unit mass of the deficient species (fuel or oxygen in lean and rich mixtures respectively)
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XI-1) Direct initiation of detonation

Flow of burnt gas in a spherical CJ detonation

(CJ detonation viewed as a hydrodynamic discontinuity)
Zeldovich (1942) Taylor (1950)

planar spherical
v A self-similar form AR AR RS RN
Z)CJ/(Y + 1) L — 0.8 —_T/TbCJ __—
u(r,t) = v(x) X =1/t ; ]
: . . 0.6 ~=1:25
rarefaftion flow velocity in the laboratory frame » P %7/ :
LT g 14 o rd xd R — '
0 Z)QJZ‘ — = ——, —:——2—:——— _/ — //
T I or tdx ot t° dx tdx  02pP/Pbcs
K I v/l:)bCJ ]
pl%nar # Spherl(iag 5 T 0z 04 06 08 1
a= a=t 0 (yﬂa_) £ =r/(t D)
r T T r
y—1
constant velocity Doy = entropy of burnt gas = cst. p/p’ =cst. = a(p) = (p/pPbcs) 2 b,
CJ condition: vyay = Doy — apc g, dm > CpTu = UpCJ — DC{]/("}/ —+ 1)
Gm > Ty 0 apcy/Deg =v/(y+1)
Planar detonation
10 o \ ( 1dp dv
__’0_|_E_p:() (v_X)_d +d =0 UV —X ° x dv
p Ot  por oy pax dx 1= —— =0
2 > 1 dp de a (Y dX
%+u%+_&_@zo 0’2__+(U_X)_:O
ot or p Or ) \_pdx dx
Riemann invariant: U — VpCJ X
— 11 :2[——1] & v=x-—a
2a/(y — 1) —v = 2ap0s /(v — 1) — vses (r+1) D¢y D¢y
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Spherical CJ detonation

spherical
10 N —————
self-similar form 0.8 [/ Toc, /7
U(X) X =1/t 061 ~=1.25 > :
flow velocity in the laboratory frame . -~ // ]
o 1d G, rd x d i —— /
-~ T T T, - = Y T = —— 0.2—p/pbcj /
or tdx ot t2 dx t dx ; .
0'oo' T 02 04 %06 'ol.al/' '@1
=r/(t
1@_{_9@ ig(ﬁu)_ow ’(_)ld,o+dv+2v_0 E=r/( cJ)
pot  por  r2or I N <” Modx T ax x| N xdv 2
@_l_u@__aj% CLQE@—F(U—X)@:O UdX B |:1_ <’U—X>2:|
ot or  p or) \ p dx dx a
self-similar solution of the first kind (Zeldovich-Barenblatt 1958) weak discontinuity
§=1/(Degt), v=up,UE), p=poc,R(E) p—
5 Ubey = Dey — Abe g
M;_ . >1 strong shock approximation: Dy, /Vbe, =7+ 1, a/vp,, = FRO=D/2 < A
1dR du 22U 1 dR du /éJ condition
U - 1)) = =0 R — U - 1)é] = = ; _
[ (v )f]Rdf +df+ ¢ Y Rd§+[ (v + 1)E] aé 0o — dU/d{dlverggiatg 1
E=1:U=1R=1. nm&1(1—m2:m(1—5)

start the numerical integration at £ =1

£=0: U=0,dU/d§ =0= stop the calculation at £, at which ¢/ = 0; uniform solution in 0 < & <&,

spherical kernel of burnt gas at rest whose radius increasing linearly with time
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Direct initiation of detonation ¢

Initiation by releasing an amount of energy E at a concentrated location in a short time (e.g. explosive charge)
Critical condition|E > E.| E.?

At early times the energy liberated by the exothermal reaction is negligible in front of £
— initial condition for direct initiation of detonation: self-similar solution of point blast explosion in an inert gas

Blast wave (Point explosion in an inert gas)
(Taylor 1941 Sedov 1946)

0 0
Varying velocity D = entropy of shocked gas # cst. Dissiption neglected = 2 Euler eqs. + (E + va—> (
r

R
2 +1 2
Strong shock M, =D/a, >1 = vy = ﬁD(t), ON = Lpu, PN = m,oul)Q(t) where D(t) = dry

look for a self similar solution in the form £ = v=DE)V(E), p=pRE), p= Pup(t)QP(f)
= 3ode. for V(E), R(), P(E) with &=1: V=2/(y+1), R=(y+1)/(y-1), P=2/7+1,

r¢(t) ? 2 dimensional parameters £ and p, = a single non-dimensional parameter can be built with r and ¢ : 7(pu/ Bt

1/5 1/5
ri(8) = b() <p£u> 25| o | ey = s () = 220 (i) =35 | puD2® ~ (2/5)2E

ry(t) 2
b(y)? conservation of energy : 47r/ p %Z—? + %] r’dr=FE = b=1.0033.. fory=14
0 Y= 1p
1.0 R e
0.8 :
[ v/vy //
0.6 | pd

i ]

i )
p/pN/ :
ool -

0 02 04 06 08 1
6 §=r/ry
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Successful direct initiation: Transition between 2 self-similar solutions

{ point blast explosion { Dy(t)
E>FE.: Sedov-Taylor
o~ spherical CJ wave Do
Zeldovich-Taylor o0
: : ; /
point blast explosion D(t) rr(t)
E<E.: \ ~. Ay,

fluid at rest v =0

(Detonation = discontinuity) = no criticality !
no length scale no ignition failure

(Korobeinikov 1971, Linan et al. 2012)
Dy(t) Doy VE | atrp= ry and t ~ t* corresponding to pu’r;ﬁ3D%J ~E, t"~r}/Dcy

The inner structure of detonation, d¢ s, should play an essential role in ignition failure

Order of magnitude estimate: Zeldovich criterion (1956)

criticality : T(*;J:TNCJ ™Ng, = dcj/un., ~Doj/un., = (y+1)/(v—1)
the time of the blast wave velocity to reach D¢ ; = reaction time W state of the CJ wave, TNg
Iy 1/3 —5/3
760 2 (Bpu) " (Den) ™ = dos fune, ~ L2 ey (Dey)~!

+1 v—1
(Be/pu)'V* = - dosD
D%’J ~ 2(72 o I)Qm 1 4
strong CJ wave = E. ~ 2 Dulm (/7 + ) d%« ; Comparison with experimental data (Lee 1984) -
(v —1)° many orders of magnitude smaller 1077 - 107°

the critical energy is related to the chemical energy in a sphere of radius dcy 7

Curvature induced modifications to the structure of the planar CJ detonation is essential for estimating FE.
7
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Critical energy
He Clavin (1994)

- - - 1 9(r%j5) 95 2
Nonlinear curvature effect of a spherical CJ detonation v.j= 5 grj) ==+
reference frame of the lead shock r=rit)—r u=D—v dryt)/dt=D 0/0r — —0/0x 0/0t — 0/0t + D0 /0x
0 0 2
Euler egs. %+ (pu) + (D—u)=0
ox Tf— ) .
=0 oA op——aD %) d(pu® +p 2
—tu— |Ju=——"" 4 — X + + D — %
((‘% i u@x) " pOx  dt P= 0 Oz T —Xp( u)u
2 D
Conservation of energy [% + u%] (epT — qm) — % [% u%] p=0 = }%—I— u(%] (C};T;— % — qmw) —%% — %{z (
y—1p
: : : : — detonation thickness
Quasi-steady state approximation Large radiusfe = dgy/ry < 1 / curved detonation
Integration across the inner structure = 0: Neumann state, pyun = p,D, x = d: bunrt gas
First order approximation unperturbed planar solution : p(x)u(z) = p,D
(pyup, — puD) *(plx) dz
— ~—1I 11%26/( —1)— 2 2
puD o \ pu de,, (L@+%) ~ (L&+D_+qm)
] y—1py, 2 Yy—1pu 2 )
2 _ 2
(pous +pb)p 1D(§UD + Pu) ~—I ]2m2€/ (1_5@))% )
U 0 cJ
d =~ dinda
Square-wave model: thickness of the reaction zone < thickness of the induction zone d;,,q4, T o o edina/dc.
, _E - (D —Dcy) (P —-Dcy) _ 5 1y
Arrhenius law = By = T 1, | dina = dcyexp !—26ND—CJ_ Do, (1/6n) T
y -1 T (v—1) Ty D\’ d;
M1 = Pe T IV o2 : %(_> < ind
(’7 ) u ON v+ 1 T, Ty ('Y i 1)2 TN, Dc g T / reaction rate
4 d D-D .
(D) ~ — 7 eXp [_25N( CJ)] 5 I =~ i I lead shock
y—1 7y D¢y v+1 Y0 v
T —
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Small modification of the burnt gas state

doy/ry =0(1/6n) Iy =0(1/8n)
B = = oup(D)/ave, = O(1/Bn),  6pu(D)/poe, = O(L/Bn),  0pe(D) /Do, = O(1/PBn)
0D/Dcs = (D = Dey)/Pes = O(1/By) I =0(1/Bw) Oup = Up — Apg s 0pb = Pb — Pbeys OPb = Pb — Dbcy
Small variations of the continuity eq, the Euler eqs and the energy eq yield
5 5 5D 1 D D ?
P, Oup _ s 1 dpy n 0Pb +25ub _ ( CJ) (2 0 —12> 1 opp 1 opy N oup (DCJ> oD
Poc;  Qbey Dcy Y Poos  Pbcy by b g Dey Y=1poe, V= 1ppos, Qb b 5 Dcy
. . e . ) ) ou (ppup — puD)
Sonic condition in the burnt gas : up =pe/py = Po P 5% _ By it
Pbe Ppcs Abe 5 (pvui +po) — (puD? + pu) _ I
D? T
v+1 v—1(Dcs\’ Doy | 0D ~v+1 Dcy " D
7T _9 — L(D) — =< 1D o w) (e D
{ g - v+1 (a'bCJ e, | Doy Y i Abe g (D) <7—1Pb 2) <7—1Pu+ 2 1 >
cs ,at1
acy v

- B _ 2
(D) = _4 doy exp |:—2ﬂN G ch)] ; Iy Z—k 111 = 2ﬁN (%15]—_D) e_2ﬂN (DgéJD> — 167 6]\7 dCJ
cJ

Dcy—D dcy . . . . ., l6en? 1
( Doy ) oo 18 C-shaped curve with a turning point at | " = 55— Bndcy, D (1 - 27N> Dcy
1.2 . ——
D \ / b ] . . . 1.2 T
Doy 10| A ¢l |there is no spherical CJ detonation| P~ = 1 SN
T 3 with a radius r¢ < r* Des 104 PN A
[ 3 ""'~.,P__ 1 08l \ =~/ \
0.6 | § AN | T;kc Jdoy ~ 10° : \reenlD \\\
04l inert_blasg_wave 3 061 AN “a
O E = E>~o_ : 04l Se ~
0.2} e A ] : E/p,)? ! ~~>__
L e =7  inert blast wave D o % 02l .
O'Oo‘ 200 400 600 '800}} 1000 . {Ec/pu>1/2 005 L He C}almln (1994> ]
dey marginal blast wave Dcy a3 0 200 400 600 800 ., 1000
dcg
Ec~ (5/2)2,0uD%J7”*3 = (52/2)(7* = Dmpur™ ~ 10° - 10° x Zeldovich value ok with DNS of He Clavin (1994)
(1956) ok with the experiments of Lee (1984)

Limitations of the analysis: Square-wave model. Quasi-steady state

No change in order of magnitude

9
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XI-2) Spontaneous initiation and quenching

Spontaneous initiation of detonation at high temperature
Zeldovich (1970-1980) Lee (1978)

Gaseous detonations are difficult to ignite: a large increase of pressure is required py., ~ 30 — 50atm

Not possible with an homogeneous explosion of a gaseous pocket at constant volume PN - %

é 1 Do |- Hugoniot after
p p < heat release
Michelson-
/Rayleigh line

CJ Michelson-
Rayleigh line

Possible with gradients of T°

N¢.

Hugoniot
of shock”

Induction delay (Ignition time) Tina(T,p) is highly sensitive to T [Tind \ T —

pu ; H : R (%
0 uUNY Doe Dy
t = 0: initial gradient of T' = gradient of 7;,4 g e 1o [T SOOK ot
5 10¢ 50 atm 1925 K
2 osl Tind [\ ~ b =z 1L
5 084 -\ -
Q 3 = T
1000 K \ Tind (:C> § 0.45 / / é 1072
T é 0.0 : Rt -5 L -
> -0.26 — ; — > —— 3 — 4 (Sanchez Williams 2013)
Time (Relative units) o4 = 1=O
1-D : hot slides ignite before cold slides ¢, = q,@ (t — Tinq(x)) (rate of heat release per unit volume) ¢

. . . _ . . f — . . —1
= propagation of an induction front at a speed =~ (d7nq/dz) ™" dimension of & = (reaction time)

Mechanism spontaneous initiation: combustion = pressure pulses that propagate with about the speed of sound a

synchronisation : | (d7j,q/ d:z:)_1 —a \

dring/dr =~ cst. = Tipq(x) = 77 4 + 2(dTing/dx) G = quw (t — 704 — x(dTing/dx)) =~ quw (t — 75, — x/a)
0*p/ot* — a*0%*p/0x* = (v — 1)0¢, /Ot simple wave : %5]9 + a%dp = (y = Dgw (t =75, —x/a)

run away (secular solution) dp=1t(y—1)qw (t — 75,4 — x/a)

The amplitude of the pressure pulse increases linearly with time at the rate of the reaction rate
10
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(dTing/dz) ™ = a

Zeldovich & Lee criterion for spontaneous initiation (1970-1980) has been observed in numerics and experiments
Zeldovich et al. (1970), Kapila et al. (2002) Lee (1978)

1350 K

360 K

30.0

pN/po

Spontaneous quenching
(He Clavin 1992-1994)

Initiation in a uniform cold mixture from a nonuniform hot pocket
before reaching the uniform cold mixture
Spontaneous ignition at high T" may be followed by sudden quenching at lower T T
Iy
L Theoretical analysi olimde
{ Tu / reaction rate
0.5 1 1.5 2 Square_wave mo del lead shock ﬂ
x(cm) o 5 .
) . . ‘ — _9gy (P=D) s z=0 T
""""""" o= -steady induction zone : d;nq/ding ~ € D S B RN ;
’ i : : 3_ ™ \poat release _;
200} /\{';;'ﬁ | ddind /dt # 0 = mass flux in reaction zone # p, D ! |
X/ 10.0 [ ]
. Theory X (SDc J 0T, d _ -1 dD [ _ ]
X\ M2 )1t ) S g e T [ e |
_ _ Dey T, |dt da ;
0.0 _Irlitla_tign__I_-—""Propagation . Qué{{ching [ . ] \ - ]
0 0.5 1 1.5 z(ey) 2 : : . 0'Oo'”‘o.sl"‘1”"15""2
geometrical construction: polp

difference of mass flux = difference of slopes of UN and NB < (D —D)/D ((y-1)M2>1)

(’}/ — 1)M5 > 1: %dznd XX ﬂN@ K*=1/e
C-shaped curve D vs dT,,/dz with a turning point y <DCJ_D>
N D¢y
Doy — D\ —28y (22i= dD
ng( Cg )e 208 (%6557) _ K where K =48%7ina(Tne,) (_ d”) =0(1)
CJ L
critical condition for sudden quenching K*=1/e <DC;);JD*> = 25% ok with DNS\
A CJ detonation cannot survive to a strong temperature gradient at low temperature (K > 1/e) T <0
The non-uniform pocket of hot gas should hax hape for initiating a detonation !
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XI-3) Deflagration-to-detonation transition (DDT)

DDT is not observed in free space (without confinement or obstacle). Supernovae ?
explosions # detonations

Basic ingredients for DDT in tubes

Usur = sUy D
-1) Piston effect: fresh gas put in motion ahead of the lame . _ g
-2) Flame acceleration through an increase of the flame surface area ot g Tb§ G N
-3) Heating of the fresh mixture by compressible effects b -
(through a shock wave or a compression wave and/or viscous dissipation) flame brush shock wave

Experiments
Shchelelkin, Troshin (1965), Oppenheim et al (1966-1973), Lee et al (1977-2008),..

For turbulent flames in energetic mixtures (Uy, ~ 10 m/s) DDT is observed in tubes of few 10 cm” CTOSS
section when the turbulent flame speed approaches sufficiently large values Uy, 2 300 m/s Y

(Leef\1J977)
Obstacles facilitate DDT

Obstacles may also generate turbulent chocked regime, Uy, &~ 600—1000, m/s without DDT
(Lee Berman 1997) bu i
DDT may result from localized explosions (Zeldovich mechanism) ahead of a fast turbulent flame =~ ™ i
(Oppenheim et al 1966-1973)

In fuel-air mixture (Ur =~ 40 cm/s), DDT is not observed in tubes at laboratory scale
it is observed in large scale experiments (coal mines) (Oran et al. 2014)

DDT is observed in energetic mixtures (Uy ~ 10 m/s) in smooth-walled capillary tube
(Wu et al 2007-2011)

12
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Clavin Runaway phenomenon (Deshaies Joulin 1989)

1-D self-similar solution of a shock wave generated by a flame brush
propagating at a constant velocity Uy, ,rp from the closed end of a tube

Usury = sU, s degree of folding

f . in the laboratory frame
7 Utur — SUb D
7’ §> >
b T —————
) e . hot gas v=D—-Uyn cold gas
/‘7 ofShonk . . at rest b§ Tn | Tu at rest
L L . Flame = semi-permeable piston L < .
Ug‘i%ﬁéfw\ atron v — S(Ub - UL) flame brush shock wave
Fluid velocit
|upy| in the reference frame of the wave
. sUy sUp, U D
: < -« <—N <
Look for the nonlinear relation D — Ugyrp (D — ) v = s(Uy — Uy) v =D U
___E Ty Uy L
key relations: U b / a, x e 2¢5Ty (_ _ 1) X §—2 flow velocity in the lab frame
- fu A Xt
v=sU,—UL)=D—-Uyn and (Tp —Tpo) =~ (Tn —Ty) [ S — . / unstable branch
Xe=X — K K o s(Upy/ay) X = K(Uy/Up,) stable branch ——
K is linear in the folding s >
1 X = K (Up/Upyo)

No solution for K > 1/e i.e when the folding is too large s > s™

If s,/s* : runaway at the critical condition s = s* DDT !
|3
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Runaway phenomenon (Deshaies Joulin 1989)

1-D self-similar solution of a shock wave generated by a flame brush propagating from the closed end of a tube
look for the solution of this nonlinear problem D — Upyrp

Utyr = sUp @ subsonic velocity (/ lab frame) of the turbulent flame brush <« supersonic shock velocity D

s = (95) /S, |is the degree of folding sUp/a, < 1 = weak shock : (M, —1) < 1 where M, =D/a, > 1

p and T weakly modified (T — Ty)/T, = O(M, — 1)
Large activation energy E/kpT > 1, (M, — 1) = O(kgTy/E) = U, /Uy, = O(1)

— Uin the lgboratory frame
—Ty, ur = S
Up e T, = Up/Upo = ¢ 5 T ( Ty ) Upo and Tho : without shock S b
Conservation of mass across the waves: zztrgezst b§ RN | T Caotliegis
Pb
ppUp = p U = v =s(U,—Upr) = (1 — —) sUy oo\ .. | Ty
Pu D—-Un=|1- ,0_ sUs flame brush shock wave
pnUN =p D =v=D Uy in the reference frame of the wave
SUb SUL
D — 2 T 2(y — 1 < < Un D
Weak shock : Un ~ (M? - 1), LR PN S )(Mi —1) ) i‘ ) -
Qo v+ 1 Ty v+ 1
- v=sUy~Uy) v=D-U
T_N_lg(fy_l)(p UN) :(7_1) (1—&>8%<<1 and Tb%TN—qu/Cp TbO%Tu—I—qm/Cp N ’ v A N
T, Qy Pu ay, (Tb . Tbo) ~ (TN . Tu) flow velocity in the lab frame
Ty, — T, U E Ty, — T U, E U
b - (122 ) s = ( o) _ where |K=(y—-1) <1—@>3—L
Tu Pu Ay 2kBTbO Tbo Ubo Uy W — sz_Tb Pu % Ay
equation for Uy /Up, in terms of s (Ubo/UL = Tyo/Tu) K 1is linear in the folding s
_ — A X~
(Up/Upo) = exp|K (Up/Uso)] Xe X =K where X =K (Uy/Us) K —1/e |- ? ..... : , unstable branch
Two solutions for K < K* =1/e: one is unstable the other stable stable branch =7 :
>
No solution for K > 1/e i.e when the folding is too large s > s~ . X = K (Uy/Up,)
Assume that the degree of folding increases with time (instability, fingering, development of tU_I‘bl_J.lleIlCG )
If s/s* : runaway at the critical condition s = s* DDT ! §* = [(’y —1) <1 - Z—b) %ET %e]
U BLb Uy

14 rury = S Up =500 m/s| OK with experiments
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Constant flame velocity # accelerating flame

self-similar solution no self similar solution
f ’ multiple chocs formation
Trajectory At
of piston
. flow velocity in the lab frame D ‘
ok’ N _ -
Shook e hot gas Tb§ \v = D__> Un Tw | T, cold gas I;ag?sit)or?/\
- at rest at rest
Uniform row\ﬂ Fluid C
at piston atrest 00 e—— — +
speed
Fluid velocity flame brush shock wave /
|up| x>
0 x

Reasoning for the run away is easily extended
to the case of simple waves emitted from an accelerating front

without considering the shock formation | |
Deshaies-Joulin (1989)

dx dx
Riemann invariants Cy: — =v+a, C_.: —=v—a transient regime # standing wave
dt d far upstream from the flame the gas is at rest
2 2 2 2
Jy = a+v = cstsur C; J_ = a—v= cstsur C_. => a—v= o
v —1 v—1 v—1 v—1
value at the flame front for a simple (compression) wave:
2 T \%
7_1(af—ao):Vf ar/a, =\/T¢/Ty — T_£%1+(7_1)a_£
vifao x Up/as o Ve E/kT;
same nonlinear solution for Uy as in the self-similar case . —
piston effect chemical kinetics
No solution for Uy above a critical value Ur = sU,

|5
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Ut
_>
T /Ty =14 (y—1)vy/a, D
AV4 . . Y= U —L
. f | simple compression wave - U, / Upy,=¢ 2 Tboao
simple compression wave 5 Tr—Tu
Ty — Ty, :Tf—Tu = Ub/UbO —e2 Ty

fresh mixture
flame brush

— s B(y=1) _ Pb U_ U_
V= /1 — Zb ) : Ly = sUj, — Ub/Ubo = 65(72 . (1_5_2)5_3% = e[ 7 ( pZ) o 8] Tho
u

mass conservation across the flame brush wrinkling nonlinear relation Ub / Ubo _ eK (Up /Upo)

chemical kinetics

Response involving time-delay

Delay due to the propagation of acoustic waves in the burned gas: pb(uiﬂ) —Uys) = pu(vy —Uys) = ppsUs
Delay due to the transit time across the flamelets g Tp(t)—Tu
Up(t + At)/Upo = €2 Too

Both delays are of the same order...

Dynamical model of runaway when the folding increases linearly with time

s =1t/T. + cst.

Neglecting acoustic for simplicity Riccati equation P |
Fast response At < 7, Up(t+ At) = Up(t) + (At)dU,/dt . |
| | dZ/dr =2 +1 | . |

Near the turning point |
A xaX ZxUr 1ot k :

G 7 — — .« unstable branch . ) . .
stable branch >/ Singularity after a finite time /
1 o I;(Ub/Ubo) 6 Clavin (2016)
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Mechanisms of DDT

Acceleration mechanisms of the flame brush leading to DDT 7

Turbulence induced DDT  (Shchelkin 1940-1945)
turbulent flow of fresh mixture = = Uy, = flow velocity /= turbulence intensity /= §/"= U,

(positive feedback)
Acceleration of an elongated flame (Clanet Searby 1996, Bychkov 2006)

A

e O

TTube ‘ Flame front

lateral combustion

stick condtion at the wall

} = velocity of the tip oc exp(t/7a), 1/7a =2(pu/pp)UL/R = induced flow velocity o et/Ta

(runaway or positive feedback)

DDT induced by local explosions

(Oppenheim’s experiments 1966-1973)

2 possibilities for heating: compression waves and viscous dissipation in the boundary layer at the wall
heating + boundary layer = VT #0 = 1/|V74| =a:
local explosion by the spontaneous initiation mechanism of Zeldovich

ignition: T > T* ~ 1000 K = vitesse de flamme/labo > 300 m/s
this is also the typical velocity of the flame brush for the runaway mechanism of Deshaies Joulin !!

Preheating by compression and viscous dissipation in narrow insulated tube
Kagan Sivashinsky (2003-2014)

piston like effect = precursor flow = compression+viscous dissipation = 1}, / Uy, / = piston effect /'
runaway mechanism similar to that of Deshaies Joulin (1989) (but folding is not necessary)

|7



