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Gaseous detonations are not easy to initiate

What minimum energy should be deposited
by an external source
to initiate a gaseous detonation in an open space 7



Background in compressible fluids

Planar shock waves and detonations
1860-1940



Detonations = combustion supersonic waves

inert shock followed by an exothermal reaction zone
in gas at ordinary conditions: 1800—3400 m/s, 15—30 bar, 2500—3700 K

X

Deflagration = combustion subsonic waves
reaction-diffusion waves

Old scientific topic (end of 19th - extensively studied since the mid 20th)

Comprehensible explanation of the multidimensional geometry and complex dynamics of the wave fronts has
been elusive. Understanding is recent (nonlinear analyses)

Reactive Euler equations
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OVERDRIVEN DETONATION
REACTING GAS
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Abel 1870, Berthelot et Vielle 1881, Mallard et Le Chatelier 1881, Mikhel’son 1893, Chapman 1899, Jouguet 1904,

Vielle 1900, Zel’dovich 1940, von Neumann|942, Doring 1943,



Planar detonation
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supersc;nic without shock
non physical
under ordinary conditions

Sonic condition

Re = aitr/y ~ t, [teonn > 1 = reactive Euler egs.



Selection mechanism of the self sustained propagation (CJ wave)
by the rarefaction wave in the burnt gas
(planar geometry and inner structure of the detonation in steady state)

Levin & Chernyi (1967), Linan, Kurdyumov & Sanchez (2012), P.C. Denet (2018)
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What minimum energy should be released
by an external source
to initiate a gaseous detonation in open space (3D) ?



Numerics in spherical geometry

Korobeinikov (1971)
Detonation = discontinuity

(zero detonation thickness)
No critical energy !

propagation velocity
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Conclusion: the critical energy is due to modifications of the inner structure



What minimum energy should be released
by an external source
to initiate a gaseous detonation in open space (3D) ?

Zeldovich criterion (1956)

chemical ener
Y« (detonation thickness)”

critical energy = :
unit volume

Wrong ! Under estimated by a factor 10°—108

Experiments (1975)-(1980)



Curvature effect (steady state approximation)

L. He & P.C (1994)

Marginal CJ condition in the parameter space «radius-velocity »
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Curvature effect (steady state approximation)

Turning point

— attractor
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critical radius

~ 102 — critical energy
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Role of unsteadiness of the inner structure ?
Dynamics close to the critical radius ?
L. He (1995-1996), Lee & Higgins (1999)

DNS show sensitivity to details

Direct initiation of gaseous detonations by an energy source

1.5_ LIRS

unsteadiness promotes failure
trajectory 2

200 400 600 800 1000

unsteadiness promotes re-ignition
trajectory 3

0 500 1000 1500 2000

« the primary failure mechanism is found to be unsteadiness »
Eckert, Quirk & Shepherd (2000)



Problem under investigation
not yet fully resolved:

THEORETICAL STUDY OF THE UNSTEADINESS
OF THE INNER DETONATION STRUCTURE
DURING THE DIRECT INITIATION

GENERAL FORMULATION OF THE PROBLEM



Formulation of the problem of unsteadiness in direct initiation
(spherical geometry)

REACTIVE EULER EQUATIONS
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Formulation of the problem of unsteadiness in direct initiation
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Formulation of the problem of unsteadiness in direct initiation
(spherical geometry)
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SIMPLIFICATIONS

ASYMPTOTIC ANALYSIS



Analytical study of unsteadiness in direct initiation
(spherical geometry)

The problem is too complicated for a general analytical solution

1st simplification: L
Taylor approximation
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4

The dynamics of the inner structure o> 1 Yh=la=00
is fully controlled by the upstream running acoustic mode detonation thickness




Analytical study of unsteadiness in direct initiation
(spherical geometry)

Limit of small heat release
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Spherical CJ detonations in steady-state.
CJ peninsula
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Analytical study of unsteadiness in direct initiation
(spherical geometry)

Driving mechanism: The rarefaction wave
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Analytical study of unsteadiness in direct initiation
(spherical geometry)

Quasi-steady trajectories near the turning point
phase space « velocity-radius »
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Direct initiation of gaseous detonations by an energy source

Quasi-steady result for small heat release (2019)
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Analytical study of unsteadiness for small heat release
in the limit of high thermal sensitivity 0> 1
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propagation velocity y(7) or y(z)?
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Analytical study of unsteadiness in direct initiation
(spherical geometry)

Very difficult problem

The asymptotic analysis is not yet fully completed after 2 years of work
and many fruitful discussions with Amable.

Preliminary results are now presented (not yet published)



Xbuo(f,T)

Analytical study of unsteadiness for small heat release
in the limit of high thermal sensitivity ©>1

/ zeroth-order solution
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Stability analysis of the planar detonation
PC & FA Williams (2002) (2009), PC & B Denet (2018)
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Decay of a planar detonation when the piston is arrested suddenly

PC & B Denet (2018)
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Analytical study of unsteadiness for small heat release
in the limit of high thermal sensitivity o >1
/ zeroth-order solution
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Zeroth-order solution:
Planar overdriven detonation decaying to CJ in the quasi-steady approximation
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Zeroth-order solution:
Planar overdriven detonation decaying to CJ in the quasi-steady approximation
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Approximate results using the assumption
of a flame structure in quasi-steady state.

This assumption is not justified but the results
are encouraging for further theoretical works
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PRELIMINARY NUMERICAL RESULTS
OF THE INTEGRAL EQUATION

Denet 2019
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CONCLUSION

The preliminary results of the theoretical analysis of unsteadiness
in the direct initiation of gaseous detonations are encouraging

The long-range memory effects exhibited in the limit of small heat
release are found to be responsible for the main unsteadiness effects

Work is in progress for treating the hot boundary difficulty in a
systematic way through an asymptotic limit



