N

N

Structure and Dynamics of Combustion Waves in
Premixed Gases

Paul Clavin

» To cite this version:

Paul Clavin. Structure and Dynamics of Combustion Waves in Premixed Gases. Doctoral. France.
2019. hal-03695656

HAL Id: hal-03695656
https://amu.hal.science/hal-03695656

Submitted on 15 Jun 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://amu.hal.science/hal-03695656
https://hal.archives-ouvertes.fr

Princeton Summer School on Combustion
June 20 - June 26, 2021

Structure and Dynamics
of
Combustion Waves in Premixed Gases

Paul Clavin

Aix-Marseille Université
ECM & CNRS (IRPHE)

Lecture XlI
Galloping detonations

Copyright 2021 by Paul Clavin
This material is not to be sold, reproduced or distributed
without permission of the owner, Paul Clavin



P.Clavin XII

12-1.

12-2.

12-3.

12-4.

Lecture 12 :  Galloping detonations

Physical mechanisms

Instability mechanism
Two limiting cases

(General formulation
Constitutive equations
Strong shock in the Newtonian approximation

Strongly overdriven regimes in the limit (y — 1) < 1
Distinguished limit
Integral-differential equation for the dynamics
Oscillatory instability

CJ detonations for small heat release

Reactive Euler equations in 1-D geometry

Near CJ regimes for small heat release. Transonic reacting flows

Slow time scale
Asymptotic model for CJ or near CJ regimes

Results for simplified chemical kinetics



P.Clavin XII

XIlI-1) Physical mechanisms

Detonation = inner shock followed by an exothermal reaction zone

Inner structure = uniform induction zone + zone of heat release
i

Galloping detonation = oscillatory instability : oscillation of the velocity of the lead shock - 1572
enr

oscillations
- 1.2 = -
2 —— D=3100mss, Ty =2027 K reference frame of the unperturbed detonation N\, ,
S10F oA e D=3000m/s, T =1925K acoustic wayes
“>-> -—-- D=2900m/s, Ty =1825K —_—
5. D ¢ rel
g os > L~ eat release
2 04 entropy wave
5 02 induction %
8 SZ a=0 «aft) x
=-0. 1 1
0 1 2 3 4 T ,
Relative distance oscillations DNS: Ficket Woods 1966
Instability mechanism  lina(TnN) |
lina(ITN)

0D = —déy # 0 = 0Ty = dl;,q motion of the heat release zone produces a piston like effect

\ feedback loop / the unstable character depends on the phase shift

) ) ) acoustic waves
Two different coupling mechanisms:
entropy wave

Two limiting cases

Strongly overdriven regimes for (v — 1) < 1 : quasi-isobaric flow, the delay by the acoustic waves is negligible

CJ regime for ¢,,/c, T, < 1 and (y —1) < 1: transonic flow, the entropy wave is negligible
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Reactive Euler equations in 1-D geometry

1
D/Dt = /0t + u.V @x a*=9p/p  1-D: DT /Dt=0/0t=+ (a+u)d/ox

1 Dp Du

2Dt —V.u, (pD_t = —Vp,) p=(cp — )T, — iDip n lDiu _ m _X
D_d 9| |bDy w IDT  (y=1)1Dp _ gm W + 1 Dp _ 4m W w Dt a Dt Tty
22 2 (B2 | [LDT 100 m W |y — = +Vu= - —
Dt ot Oz Dt 1 T Dt v pDt  ¢Tiy'| . 7p Dt Tty .

) entropy equation
w(y, T) 1 |0 0 10 0 Qm W
— | =+ (uxa)=—|pE— | = + (uLta)=— | u= —— ~_ : -
1-D Euler (compressible) egs. yYp ot ( ) ox a | Ot ( ) ox CpT t N generalized ?g;ftjpr%Z)

(useful form for the following)

Continuous set of feed back loops

upstream running acoustic wave

1[0 0 1[0 0 qm W < ,
Sl _ | = — Aim = acoustic waves
[&t - )(91:} p {at (= G)Gm] YT TIn

downstream running acoustic wave

entropy wave
119 +a)6 +1 O utra)yd|u=m ¥
Yp b oz t

815

entropy wave wave
oscillations

g2 ‘ downstream running acoustic wave < >
510F e D= 30 Ty=1925K
£ 05| direct o
& £ mjiuence
% o / f T~ L lheat release
g shock wave heat release
-§ z:z 3 /A e \feedback / induction .
€ loop _

R P a=0 o) x

Relaive distance upstream running acoustic wave el tions
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Galloping detonation = pulsating instability of the 1-D solution

212 oscillations
% 10f <t >
50 velocity of the shock oscillates B
gg: [ NG ] D(t) =D — (jét LD induction |heat release
o reaction rate oscillates

o ! Hezlative distaﬁce ¢ —

a=0 «ft) x
<+—>

oscillations

Reduced equations

Reactive Fuler equations

D/Dt =0/0t+u.V « pcDT/Dt = Dp/Dt + pgp, W
1 Dp Du IDT (y—1)1Dp  gm W Dy iy, T) _ _
et LS VY Uy, —(cy—e)pT e O ZJIZP_Am W DY WW, D) tn = 7(T
» Dt Y P p=(gp—a)p T Dt v pDt  ¢Tin Dt iy v =7 (TN)

Reduced mass weighted distance from the shock (useful for unsteady 1-D problems)

1 v t _ _
= —/ p(:{,’/,t)da’;,, b= =—, tn = TT(TN)
a tN

z= PuDlN Ja(t) . |
instantaneous shock position 7 reaction time at the Neumann state of the unperturbed solution
) 1 9 o 0 ) ) (2, )[u(z, ) — a/dtzda/dt
p - plx,t)|ulx,t) — oy t
5w et v tum) mamg e mi= [BROERIES] =13

pn (Hun () = pu(D = )

{ Ulx=0(t) — é = un(t)
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Dfpuy_0(uy D pn\_29 (U>
D 8 9 Dt\p/) Ox\D Dt \ p ox \uy )’
5 = 7 T 5 D<u>2_8< P ) p= (6 o)T
m(t) =1— A DEAD O \p.D) ’ 7 m(t) unknow
D IDT (y-1)1Dp  gum . Dy | -
TDt 7 pDt &I Dt ¢y /D =1-mlt)
BOUTLdary conditions adiabatic compression

Neumann state x=0: p=pn(t), p=pn(t), T=Tn(t) pn(t)(u—ds)=p,Dm(t) ¢=0
expressed in terms of m(t) by the RH conditions

uy _ pu _ (Y= 1)M7 42 pN _ 2yM7 — (v —1)
D pv  (yEDLMZ pe  OFD Ty m()
Ty _ [2Mi-(=D][6-DMF+2] (=DM +2
T, (v +1)2M ’ YoM (- 1)
Burnt gas X — 00 : {overdriven regimes: u = Uy
CJ regime: p — P, = pap(u —uwp)  i.e. outgoing acoustic waves (radiation condition)

Analytical solutions are obtained in limiting cases

Strong shock in the Newtonian approximation
_ — -1 1
M,>1, (1-1)<1 = My~ -+ <1

2 M

u

Distinguished limit: M1, (v—1)M2=0(1)

=My <1, M, = 0(1/é), (v - 1) = O(?)

small parameter

— —2 = _ —2
un/D=7,/Pn =€, Pn/Pu®M,=0(1/¢"), an/Dme,  (an/a)' ~[2+ (y-1)M,])/2=

pu—pyun =0
dp du O} and a?\,/’y =pN/pN = (]_9/]_)N — 1) = —¢? (ﬂ/ﬂN — 1) , Quasi-isobaric approximation of the shocked gas
dx dx

7
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Strongly overdriven detonations in the limit (v—1) <1

(Clavin He 1996)
Distinguished limit
=My <1, M. =0(1/e2), (v —1) = O(&)

qN = qm/c,Tn = O(1) | &  strongly overdriven regime )
My, =VO++vQ+1 where Q= %Cq’;
pLu
Tn/T,=0(1) = My, =0(1) = M, > M,,

negligible adiabatic compression

| (0T or m .
100 Wby | S m) 5 = T, D),
T Dt v/ pDt cpT 7 = 8w 8;2 Cp
op/p = O(e*) i W _
S +mlt) 5 =W, T)

x=0: =0, T=Tn()
T /Ty~ [(y — 1) M2 +2]/2 where M2 = N.(1 — dy/D)>

The solution yields T(x,t) and ¥ (x,t) in terms of m(t) = 1 — é&;/D
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Distinguished limat (y=1)Bn=0(1) <& By =0(1/¢)

_ F@_""’]
N A\woT |y,
or 0T  q, .
_ _ o | ox ¢ Wy, T),
m(t) =1-d;/D, /D =0(1/6n)= ! x=0: T=Tyn(t), v=0
aw 8w . 9 9
2,\,2_1_& _+_:W(¢7T)
Dt~ ot ' ox ot Ox

(T —Tx)/Tw = 0(1/6x) = | On(t) = Bn (T (t) — Tw)/Tn = 0(1)] W —w = 0(1)

Steady state solutions i_T _ D ), T = st +Ty
O x=0: T="Ty, =0,
dy T _
dx w(©,T) Oy =fBn(Tn —Tn)/TN

Unsteady solution (retarded functions)

T(x,t) =T (On(t —x),x), P(xt)=V(On(t—x),x), Ww=QOnN(-x),Xx)
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Distinguished limit (v=1py=0(1) <&  By=0(1/e)

0 0 0 0
m(t) =1+ O(1/8n) {g + m(ﬂg] ~ {& i &]
Rankine-Hugonziot un Ay
v Ty
Ty [29M7 — (v = 1)) [(v = )M + 2] On(t)
_ (6% N

T, (v +1)2M3 } = (It -Tw)/Tx ~ —(y-Vanfix <1, = oL
M2 =131"(1 - /D)

Quasi-isobaric approximation in the shocked gas + Continuity
HEESOEL R
ot 0x| Ty ot  o0x| p Ox \un

Energy

{g 4+ 2] _T = I ijdb - gN _ Im / w(x, t)dx
ot Ox|Tn TN uny  un  cpI'n Jo
w=Q(On(t —x),x)

Nonlinear integral-equation

/1+b@N(t):/O QON(t —x),x)dx, bl = B (v — 1) - — 0(1)

/ QOnN,x)dx =1 (Clavin He 1996)
0 I




strongly overdriven detonations in the Newtonian limit

quasi-isobaric approximation in the shocked gases
+ energy eq. for T

heat release per unit mass

progress variable
o 9 (v q‘/u';(T Y o 0 W(T,Y)
e -~ . _ 4m ) e — Y =
(815 i u@r) llnT lnp] Tty at “or ty
w : non-dimensional reaction rate chemical kinetics
mass
1@_1_@:0 pT = cst.
0 12 ! —_ D=3100m/s, Ty =2027K p 81: 81:
5 10f R ooy
¢ unsteady / steady distribution of the rate of heat release
ox () = =T
Q(@N(t—x),x) 1 e N
Relative distance X
steady state
Q (@ N> X)

— pdx t = t
trpuD a(t) 28

_|_

conservation of mass and boundary conditions
D(t) — D
Rankine-Hugoniot at x =0 : ()

— 5 & On(t) U x — 00 : boundedness

integral equation for © y (t)

1+00N(t) = /OO QON(t — x),x)dx,

_ dm
b1 = —1
B (v )cpTN




strongly overdriven detonations in the Newtonian limit
quasi-isobaric approximation in the shocked gas

oscillations

- 12
g entropy wave =
€ 1ol
2 o0sf direct
= ) _
g influence
T 06F
Py / T~ —(>D heat release]
et shock wave heat release
go2 ' feedback inducti
T A mauction
S g0l Lot ]
5 \ loop / B
025 1 2 3 p .. . a=0 a(t) T
Relative distance quasi-instantaneous acoustic a—d

oscillations q

1+00nN(1) :/o QON(t —x),x)dx, bl =Bn(y — 1)C T
P

Arrhenius

QOnN,x) =~ e@Nﬁ(e@NX), l/Z — e On Q(@N,X) =~ eGNﬁ(e@Nx) /0 QON,x)dx =1

~  Dimensionless
linear growth rate

Linearization. Normal mode analysis I
b<b
ot _ o0 °
On(t) xe ‘ /N(X) = d[XQ(X)]/dX b= QE\T (X)e_UXdX e . Dimensionless
oc=35+iw 0 * e, W frequency
N | - -
| = > w=0(1) & w=0(tN) Poincaré-Andronov (Hopf) bifurcation
\[ frequence of oscillation m— —
of order of the transit time
) MMAAANVV\AAMAAAANV\N ,{’ VAVAVAVAVAVAVAVAVAVAVAVA\IA\IAUA\IAVAVAVJV Y
hlgh thermal SenSItIVIty’ /BN promOte the inSta’bility 0 50 00 150 200 50 00 150 200

and /or
stiffness of the distribution of heat release 2(On,x)

intermittency

p 100

nonlinear effects: stochasticity + dynamical quenching o e S T rE D |
OK with DNS
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Reactive Euler equations in 1-D geometry

D/Dt =0/0t + u.V %x a® =p/p 1-D: D*/Dt=0/0t+ (a+u)d/dx
1 Dp Du
Dt =—-V.u, (Pﬁ = —Vp,) p=(¢p — cu)pT, iDip lDiu _ m W
; — : 1D W Dt Dt Tt
REQHLQ %:l, 1DT (v 1)1%:@_ﬁ, N i(__p+v_u:q_l) P a T tn
Dt ~ Ot Oz Dt iy T Dt v pDt  ¢Tiy'| . vp Dt Tty .
) entropy equation
w(y,T) 1 |0 0 1[0 0 Qm W
— =+ (uta)=—|prt— | = +(vta)—|u= —F=—| ~—_ i tic eqs
1-D Euler (compressible) eqs. Yp ot ( ) ox a | Ot ( ) ox CpT N generalized (a (SC; u:tjlf pZ%Z)

(useful form for the following)

CJ detonations for Sma” heat release (Clavin Williams 2002)

Near CJ regimes for small heat release. Transonic reacting flows

CJ and overdriven regimes <M M_1>2
_ / _(v+1) gm — v
Mucj_\/é+ Q‘I‘l Q: 2 CpTu f_ 4Q

CJ regime: f =1, overdriven regime: f > 1

Small heat release approrimation (transonic regimes)

0k

small parameter: 2 = Q < 1 M2 ~142¢ overdriven regime near CJ: |f = O(1)

ucyg

—32 - —2 _ 2 - B
Aeinp.Q;&einpb MuN1+2€\/} Mu MchNQG(\/? 1)




P.Clavin XTI N = g/, Tiv = O(2) f=0(1)

Rankine-Hugoniot conditions (M2 -1) <1
see p.6 lecture X
TN 2 PN PN 2
— =1+ (y-1)(M;-1), —~ — =1+ (M, -1), =0
D1+ (- ) - D 2 O L (M2 - ) !
—2 — 9
Steady state (M, —1)~ (1 —My)~2e\/f
heat release / compressible effect
T-T —2
Y - (7~ eIl - VI- @I (1-103) ~ 20T~ 1
W+ E-p) _ (1+1)52(D—7) =
= M — = M, 1 1— ,
A crossover temperature : T, < T* < Ty separation of scale: Tooy/tn < (My — 1) = e B/k8IN « ¢
Distinguished limat (y=1)=0(e)| = (T — Tn)/Ty = O(e?)
. . . t 1 v T—-1T,
Non-dimensional equations t=-—, x= e (ﬂ) , 0= ( _ )
tn autN Ay Y Pu Tu
anticipating 6 = O(¢?) a/ay =1+ 0(?) 1—4=0(e) 7= 0O(e)
1 [0 0 1[0 m W
the variation of a is negligible in — [a + (Uia)@} pE- [@ + (uia)%} u= Z)_TE
=
[ a o a ] N oy 2. [ a N a > vl 2
_a—k(l—ku)&_ (77 + 1) = €W, a—ku& 0 — (v — D)#] = €W
K N N 0 0],
_a—(l—u)&_ (7 —u) = e*w, a#—u&_w—w,
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Slow time scale

M? —1=0(e) = transonic flow: u/a =1+ O(e)

oscillations
— >

<+

acoustic waves

D
~ > eat release
time scale of thedownstreampropagating acoustic wave : lipg/a =ty entropy wave
170 9 1 To 9 P induction ‘
%[a (uta)5s }“ {at W*”%}“‘%m a=0 at) T
<—>
time scale of theupstreampropagating acoustic wave : ling/(a —u) ~ ty/e oscillations _
1[0 a1 179 01  gm W lina=atn
5 e [ e o= S
longest delay in the feed back loop =ty /€
Scaling Period of oscillation = O(ty /€)
: : : : t -
non dimensional time of order unity T = P = et — t=t/tn
N
instantaneous position of the lead shock wave x = a(et/ty) = a(7)/(aytn) < non dimensional position
non dimensional variable of order unitylu, m, 6 :| o= 2 +ep, T= 1 In (3) =em, 0= (T - T) =,
Qy Y, \Pu 1
forence frame of the moving shock : 7 =et,  f=x—a(r), =2 2 9 _; 9
. T = €L, =X — T), — = =, — € ;—
reference frame of the moving shoc ox o€ 5t 5 5e
A u and p are flow velocities in the lab frame x = z/(ayuty)
O(m + ) 0 0(0 — hr — 1) 0
[gt +(1 +ﬂ>§1] (F + 1) = W, {gt i aax] 6~ (v — 1)) = & 3 o¢ ’
9 01, o 9], . = 2+(M 3)3 (7 — p) = % _ .
R LR R A R PR o~ ) 3¢ -
] . h=(y-1)je=0()
Arrhenius law @ w(1),0) = (1 — ¢)eP=) with|3, = e =0(1) ar =da(r)/dr
17 kBTN
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e =qm/c,Tu <1, (y—1)=0(), E/kpTy =0(1/€) (Clavin Williams 2002)
8(7r+,u)_0 8(9—h7r—¢)_0 _
—ag pr— 85 = 3 _— o neat release
0 9 e W _ o a=daln)fdr o0 o0
87_ —|_ (Iu' aT) ag <7T /’L> - W? a_é. =W - __ oscillations .

Boundary conditions at the Neumann state h=(1—1je=O(1) f= overdrive factor

T
T_fzzw(v—l)(MZ—l), B £=0: 0=0y=2h(\/f—4,), m=nay=20L/f—4,)
PN PN g (M2 - 1) M? -1~ 2(M, 1) —2a, On — hn =0
Pu  Pu “ T 1)~ :
pu(D = 1) = p (tlz=a — 1) Mo mymevt §=0: p=px=—Vf+2 and ¥ =0,
A u and p are flow velocities in the lab frame UN + TN = \/?

> p+r=+f  O=h/f—hu+

The problem is reduced to solve two ations for p and
9 a] W oy A

E"‘(N_aT)a_g “:_57 8—€2W(¢,0)

E=0: u:—\/?+2aT and v =0,

Boundary condition in the burnt gas

§_>OO: wzla H=fp = — f_l

yields an integral equation for a,(7)
I8
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vip =1) =0
Nonlinear equation for a transonic reacting flow Wy =1)
J 2] =¥ o _
E—'_(lu_aﬂ')a_g M= 9’ 8€ (¢7)
0 =hy/f—huty
§=0: p=—/f+24 and ¢ =0, Cmoo: =1, =T =—Jf—-1

Result for simplified chemical kinetics L e

Simplification:

The reaction rate depends only on T (t)

The stability analysis is similar to that of strongly overdriven regimes !

Similar integral equation but with a delay controlled by the upstream running acoustic wave

< d
NG
o |u(&)
_ >l 1 :
o) = [ | 7%+ 6O artr - At
Wi 0 4\/_ T x
Instabilj#y due to thermal sensitivity Stabilizing term due to residual compressible effects

Reduced propagation velocity of the shock front 19



GENERAL CONCLUSION

Galloping detonations are due to a phase shift in the loop between the lead shock and

the heat release, controlled by the entropy wave and the upstream running acoustic wave

entropy wave

;b downstream running acoustic wave o
& 12 ‘ direct j\_< oscillations
£ — D=3100mls, T =2027 K /inﬂuence >
10F A e D=3000 m/s, Ty = 1925 K \
; ) —.— D=2900 ms, Ty = 1825 K —/f\ S
= 08F T entropy wavq
R shock wave heat release D by
T 06} a y
eedback _— : heat release
% 04Ff \f / acoustic wayes
£ o2 loop
2 / ) ) induction -
e - 1 upstream running acoustic wave >
-0.2 I I L N —
0 1 2 3 4 o = 0 &(t) L
Relative distance <
oscillations

Strongly overdriven detonation in the Newtonian limit (P.C. & L. He 1996)

quasi-isobaric flow
dominant mechanism: ENtTOPY WaAVE e

CJ (or near CJ) conditions close to the instability threshold ( P.C. & F.A. Williams 2002)

transonic flow
dominant mechanism: acoustic wave @ ————

Comparison with DNS
Tofaili, Lodato, Vervisch and Clavin Combustion and Flame (2021) Vol. 232 111535



