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Abstract
The basic results of experimental investigations on reinitiation processes in diffracting multifront deto-

nation wave (DW) are discussed in connection with problem of practical application of new ecological
technology for worn-out tire destruction, where the cooled worn-out tire destroys with the help of gaseous
detonation. The experimental results for various fuel-oxygen and fuel-air mixtures are presented at wide
range of mixture compositions, initial pressure and temperature, geometrical sizes of experimental equipment,
symmetry types, dilution of inert gases, etc. Classical and nontraditional schema of DW-diffraction are
investigated, such as multipointed initiation, DW-excitation by circular charge, initiation space-oriented
longitudinal charges, initiation by circular charge, diffraction on concave boundary, diffraction on contact
surface of different mixtures, flame diffraction, etc. The main characteristic parameters are identified for each
diffraction schema. The physical processes taking place directly in the DW-front plays the governing role in
reinitiation. The most important among these processes are collisions of transverse waves, which stick out
as microscopic initiators. The optimization problem of DW-initiation from spatial and temporary distribution
of energy is discussed carefully. This data can be used at hazard estimation also.

Introduction

The new method of worn-out tire destruction [1]
is based on drastic pressure increase at the explosion
of detonable gas mixture inside the tire. It can pro-
vide a separation of rubber from metal cord with the
small pieces. The pulse detonation device (PDD) for
worn-out tire destruction (Fig. 1) consists of the deto-
nation tube (3) connected to the tire destruction cham-
ber (4), injection (2) and ignition (1) systems. A tire
(5) is cooled down to a fragile state. At such PDD
the DW-transition from tube to tire is typical diffrac-
tion process of multifront detonation.

Diffraction of multifront detonation (MFD) wave
is a complex nonsteady gasdynamic phenomenon
comprising destruction and recovering of the ordered
structure of multifront DW, which arise at change of
the geometric size of the gas charge. Previous inves-
tigations [2-6] revealed two qualitatively different
propagation modes of DW-diffraction by a convex
angle (expansion), depending on the ratio of charac-

Fig. 1. Schema of PDD for utilization of worn-out tires
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teristic sizes of the initial charge (e.g., its diameter
d) and on the physicochemical parameters of the
explosive mixture (cell size a). These modes are: (i)
initially self-sustaining DW decays after beginning of
interaction with the expansion angle and degenerates
to form a nonsteady three-dimensional complex com-
prising an attenuating shock wave and trailing turbu-
lent flame, and (ii) after interaction and a quasi steady
transition period DW reinitiation is observed (Fig. 2).

junction with hypothesis on the key role of the cellu-
lar front structure in DW-initiation and propagation
and with the possibility of assessment through a of a
great many critical parameters characterizing MFD,
namely, the initiation energy for various flow sym-
metries, geometrical sizes critical for DW propaga-
tion and transformations in channels of different con-
figurations, size of a projectile capable of detonation
excitation in the mixture, critical sizes of unconfined
gaseous charges, critical constants characterizing the
induction period, and so on [7-16]. It was established
that relation (1) could be used only for approximate
estimation of critical diffraction diameter, d∗∗/a value
for different mixtures is not constant and varies at
least within a factor 2 [17].

Numerical modeling of DW-diffraction in the rig-
orous multidimensional formulation is an extremely
complicated problem. Some Codes for DW-diffrac-
tion are known (for example, [18-20]), but the criti-
cal d∗∗/a value consisting with experimental data not
calculated yet.

This work presents the basic results of experi-
mental investigation of MFD-diffraction for various
symmetries and fuel-oxygen and fuel-air mixtures (in-
cluding diluted with inert gases).

Typical Schema of Experiments

When multifront DW propagates in a rectangular
channel of small depth the luminosity of DW exhibits
a characteristic rhomb-like pattern similar to smoked-
foil prints. The two methods for recording detonation
front cells (soot prints and luminosity) use the fact
that the gas parameters behind transverse waves in
DW are enhanced: the soot prints use high pressures
in these zones and luminosity technique records high
temperature zones. We emphasize that mixture burn-
ing shows no characteristic structure on a smoked
foil or luminosity records, which enables one to sim-
ply and unequivocally discriminate between detona-
tion and burning processes.

Fast shadowgraph framing photography (IAB-461
Schlieren apparatus in combination with SFR fram-
ing camera), soot-print technique, and open-shutter
photography [5] were employed. The typical schema
of experimental conditions of diffraction and reini-
tiation of spherical DW and optimization of this pro-
cesses is illustrated on Fig. 3: diffraction at variation
of expansion angle (with rectilinear y = x tgα or cur-
vilinear y = f(x) boundary; diffraction of overdriven
DW produced by flow compression in conical nozzle;

Fig. 2. Self-luminosity photographs of MFD-diffraction: a
– DW-decay, b – reinitiation

Based on the first stage results of diffraction in-
vestigation the following relation was suggested:

d∗∗ = 13a = const
for estimating the critical diameter d∗∗ of DW-tran-
sition from a channel to unconfined space, that is,
such a diameter of the gas charge at which a self-
sustaining DW exiting from a tube into an uncon-
fined mixture volume (diffraction by angle α = 90°)
equiprobably decays or is transformed into a spheri-
cal detonation wave; a is the characteristic cell size
of MFD.

Equation of type (1) was checked carefully in con-

(1)

a

b
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at transformation of symmetrical initiator for initia-
tion of spherical DW up to linear initiator for initia-
tion of cylindrical DW. Schema of spatially distrib-
uted ring or multi-pointed initiators and schema of
DW-diffraction on boundary of different combustible
mixtures were investigated also (Fig. 4).

cal mixture volume − α = 90° (vessel of much larger
cross section in compare with tube; it is axial-sym-
metry initiator likely equivalent charge for half-space
in the form of a flat disc). On Fig. 5 the dependences
of critical diffraction diameter (mm) on initial mix-
ture pressure (atm) for typical fuel-oxygen mixtures
are illustrated. Such dependences are similar also for
fuel-air mixtures (Fig. 6).

It has been found out at comparison of the d∗∗(P0)
dependence (diffraction angle α = 90°, d = 2-80 mm)
that the critical reinitiation mode is observed at the
same pressure P∗ of the mixture when both the clas-
sical (initiator tube (IT) of constant-diameter (d∗∗))
schema and its modification (IT of a larger diameter
d0 > d∗∗ and thin metal diaphragms with an axial ori-
fice of diameter d∗∗ at the exit plane) were used.
This means that the physical processes taking place
at the DW front play the governing role in reinitiation.
The most important of these processes are collisions
of the transverse waves, which are likely as micro-
scopic reaction initiators.

The governing parameters of α = 90° schema are
the critical diameter of detonation reinitiation d∗∗ and
cell size a.
(b) Reinitiation at various diffraction angles

As the diffraction angle α varies (transition of the
initiating DW from IT into volume through divergent
cone, α = 0-90°, d = 8-40 mm), the detonation-failure
phenomena in diffracting DW are enhanced with in-
creasing α until a certain limiting value α∗ is attained
(e.g., for C2H2 + 2.5O2 mixture α∗ ≈ 30° at v = 3 and
α∗  ≈ 45° at ν = 2); at α ≥ α∗ the failure phenomena
are virtually independent of the cone divergence angle
– Fig. 7. At the same time, diffracting wave is very
sensitive to artificial reinitiation, e.g., due to interac-
tion of the wave with various ''obstacles'' of the ex-
perimental equipment (gaps, crevices, screw heads,
steps, etc.). Induced reinitiation leads to reduction of
the critical diffraction parameters.

Experimental modeling of DW-transition from a
narrow tube of diameter dl into a wider one d2 have
shown that for correct determination of d∗∗ (or l∗∗ at
v = 2) one should satisfy the following condition d2  ≥
5d1, the governing parameters in this case are d∗∗,
a, and α. At lower d2 the reinitiation occurs due to
wave reflection from the walls being the more effi-
cient, the higher the d1/d2 ratio (dl  = 5-60 mm and d2

varied up to 250 mm). That is, the d1/d2 ratio must be
added to the above governing parameters under these
conditions.

Fig. 3. Typical schema of experimental conditions on dif-
fraction and reinitiation of spherical DW: d – tube diam-
eter, d∗∗ – critical diffraction diameter, l and L – sizes of
rectangular initiator, α – diffraction angle

Fig. 4. Typical schema of experiments on diffracted initia-
tion of spherical DW with help of ring (radius R1 and R2) or
multi-pointed initiator (located on circle of radius R) – up-
per schema. Lower – schema of diffracted initiation on con-
tact surface of different combustible mixtures (1 and 2).

The Main Experimental Results

The following schema were studied at v = 3 (in-
dex of spherical symmetry):
(a) Classical [2-4] diffraction at DW transition from
a straight constant-diameter tube into a hemispheri-
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Fig. 5. Critical diffraction diameter (mm) on initial pressure P0 (atm) for stoichiometric fuel-oxygen mixtures
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Fig. 6. Critical diffraction diameter (mm) on molar fuel concentration
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(c) Reinitiation of overdriven multifront DW
As established in investigations of MDW diffrac-

tion in a converging cone (the wave was overdriven
in a cone with angle α at constant entrance (d = 100
mm) and variable exit (d = 8-20 mm) diameters with
subsequent abrupt expansion of the DW (transition
to unconfined mixture volume), the governing param-
eters are α and exit diameter d∗∗ (or the overdrive
amount): at a fixed d∗∗ and variable α the efficiency
of reinitiation by overdriven waves is the highest at α
≈ 20° and does not differ from that observed in ex-
periments with self-sustained DW at α ≈ 0o and α ≥
60° - see Fig. 8 (its dependence on cross section ar-
eas at the cone entrance and exit being weak). The
criterial reinitiation parameter d∗∗/a in experiments
with overdriven DW differs from its counterpart for
self-sustained DW at small overdrive amounts β (the
velocity ratio) by no more than 10%, as β increases
further, d∗∗la rises appreciably – Fig. 9.
(d) Asymmetric initiation (equivalent plane charges
in the form of an ellipse, square, triangle, and rect-
angle), the governing parameters are the small and
large ellipse semiaxes, side of a regular triangle, length
L and width l of a rectangular charge [21-25]. For
this case the effective critical diameter was defined

as 21 ddd ⋅=∗∗ . The results of experiments are
presented on Fig. 10.

Transformation of the charge shape from a circle
to rectangle with k = Lll >> 1 (schema on Fig. 4)
allows one to change continuously the spherical ini-
tiation to cylindrical one (results - see Fig. 11) and to
assess the ratio between the characteristic sizes d∗∗

for the spherical and l∗∗ for the cylindrical symmetry
[16].

Fig. 7. Dimensionless critical pressure (divided on critical pressure at α=90°) on diffraction angle for spherical initiation
(left). Critical initial pressure P0 (atm) on diffraction angle for cylindrical initiation (right)

Fig. 8. Dimensionless critical pressure (Self-Sustaining
Detonation (ssd) and Over-Driven Detonation (odd) on
diffraction angle

Fig. 9. Dimensionless cell numbers for initiation of spheri-
cal DW on over-driven ratio of DW-velocity
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(e) Ring initiator, the governing parameters are radii
R1 (inner) and R2 (outer) of the charge and a [26-
28]. There is an optimal ratio between R1, R2, and a
at which the efficiency of ring reinitiation is about an
order of magnitude higher than in runs with a full
circle (see the areas below dotted horizontal line on
Figs. 11-12).
(f) Multiple spot reinitiation scheme, the governing
parameters are the number of individual microscopic
initiators n of a representative size d and of their spa-
tial orientation with respect to each other [29]. The
results and conclusions are similar to those in para-
graph (e).
(g) Combined diffraction version, when the plane of
the sudden change in the tube section is at the same
time an interface between explosive mixtures of dif-
ferent activity [29].

The chemical composition effect, when DW goes
from one gaseous mixture into another, is often used
in practice at determination of the concentration lim-
its of gaseous detonations (a steady DW enters the
tested mixture and then either is transformed into DW
inherent in the new mixture or decays). A certain
volume of a chemically active mixture can be used
as an initiator for normally detonating mixtures. Typi-
cal situations are the next: 1) direct contact between
reacting gases; 2) gases are separated by a layer of
an inert gas. The latter case is similar to the well-
known gap test for solid explosives.

Mixtures significantly differing in their reactivity,
2H2 + O2 and C2H2 + 2.5O2 in various combinations
were investigated. The experimental results support
the idea that collisions of transverse waves play a

key role in reinitiation of multifront detonations (Fig.
13).

At v = 2 (cylindrical symmetry) the following situ-
ations were explored:
(1) Diffraction of DW when it enters from a tube
into a gap between flat discs at the center of one of
them and spreads there in the form of a diverging
quasi-cylindrical DW, the governing parameters are
the initiator tube diameter d∗∗, the gap thickness ∆z,
and cell size a.
(2) Reinitiation of DW when it passes from a narrow
channel into a wide one (at a constant depth), the
governing parameters are the width ∆y ≡ l and height
∆x of the initiator (narrow) channel, and diffraction

Fig. 10. Equivalent critical diameter for spherical initiation
on critical pressure (different shape of initiator)

Fig. 11. Critical pressure of reinitiation of spherical DW by
ring initiator (divided on critical pressure at R1=0 and
d∗∗=2R2) on ratio of inner (r = R1) and outer (R = R2) radius

Fig. 12. Critical diffraction ratio for initiation of cylindrical
DW on degree of transformation of initiator (from square
form to rectangular)
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angle α.
Investigations of diffraction of DW passing from

a narrow channel to a wider one (v = 2) [28-31] have
demonstrated that the critical reinitiation modes de-
pend on the two sizes of the initiator (narrow) chan-
nel − width ∆y ≡ l∗∗ and height ∆x (the experimental
range of ∆x and ∆y is 2-30 mm) – schema of experi-
ments and results are presented on Fig. 14. This re-
sult differs significantly from the conclusions drawn
in [32,14] according to which the criterial reinitiation
parameter for cylindric waves l∗∗/a ≡ 10 for various
mixtures and experimental conditions. The effect of
∆x vanishes at ∆x/l ≈ 1, that is, for MFD-experiments

Fig. 13. Critical diffraction diameter on initial pressure for
case of fiffraction phenomena on contact surface of dif-
ferent mixtures

with a square (or elongated along the x axis) section
of the initiator channel with a minimum l∗∗/a value
correspond to the strictly cylindrical diffraction pat-
tern (i.e. the flow pattern is independent of the charge
height). As ∆x/l → 0, parameter l∗∗/a increases, this
increase is most prominent at ∆x < a.
(3). Diffraction by a curvilinear surface, the govern-
ing parameters are the width ∆y ≡ l∗∗ and height ∆x
of the imitator (narrow) channel and also the y = y(x)
dependence for the curvilinear generatrix of the
boundary perturbation. Self-luminosity photographs
of MFD-diffraction with destruction and reinitiation
are demonstrated on Fig. 15. Points A mark the reini-
tiation centers in expanding wave. For circle sector
boundary the radius R become the governing param-
eter instead of the y = y(x) dependence. The results
of investigations are presented on Fig. 16.

At plane initiation (v = 1) the experimental setup
is a constant-section tube or channel, the governing
parameter is the length ∆z∗∗ of the zone occupied by
the initiator gas.

Investigations revealed independence of the pro-
cess of MFD-reinitiation from the initial pressure of
the mixture when the zone of initiator gas exceeds
the von Neumann spike length (at a given P0) – Fig.
17. The dependence shows up when part of the frontal
DW zone efficiently contributing to initiation is ''con-
sumed'' [33].

The Effect of Inert Diluent

Diffraction experiments with various mixtures di-

Fig. 14. Schema of diffraction investigation of cylindrical DW and experimental data of critical channel depth: a) at variation
of depth δ (mm) at channel width L = const; b) at constant channel depth by variation of its width. Critical depth on initial
pressure – right graph
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luted by Ar or He (to 90%) have demonstrated that
the critical values of parameters l∗∗/a and d∗∗/a
change as the inert gas concentration rises, their varia-
tion is most appreciable at high concentrations. Ni-
trogen influences the process in a similar way. The
results of experiments are demonstrated on Fig. 18,
critical diffraction diameter – in mm. Symbols on all
graphs correspond to experimental data, the lines –
calculated data with the help of Code SAFETY for
estimation of detonation hazards of different com-
bustible mixtures [34-35].

Conclusions

Extensive experimental investigations of DW-dif-
fraction were carried out for different fuel-oxygen
and fuel-air mixtures in wide variation of the main
parameters – pressure, temperature, stoichiometric
ratio, dilution degree by inert gases… The great bank

of experimental data is created.
The traditional criteria of DW-reinitiation d∗∗/a =

const was analyzed carefully. It was established that
such criteria can used for rough estimation only. Value
d∗∗/a varies at least within a factor of 2 for different
mixtures from traditional value, and especially for
high-diluted mixtures and over-driven DW.

It was established that the efficiency of reinitiation
processes can be increased and optimized by many
ways: change of symmetry type, use of ring initiator,
multi-pointed initiation, reflection from wall, … At
optimal space and spatial ratio the critical initiation
energy can be reduced up to order.

Experimental data are well predicted by calcula-
tions.

The presented experimental and calculated data
can be used at optimization of PDD for utilization of
worn-out tires.

Fig. 15. Self-luminosity photographs of DW-diffraction on concave surface: left – decay; right – reinitiation in A-points

Fig. 16. Critical conditions of DW-reinitiation on initial pres-
sure: l – channel width, R – curvature's radius of boundary

Fig. 17. Summary graph of critical conditions of DW-
reinitiation on initial pressure for spherical (d-line), cylin-
drical (l-line) and plane (x-lines) symmetries
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Fig. 18. Critical diffraction diameter (mm) on molar numbers of nitrogen.
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