DETONATION WAVES IN GASES

A. A. Vasillev, V. V. Mitrofanov,
and M. E. Topchiyan

Gas detonation has attracted increased interest in the last decade because of tech-
nological problems, explosion hazards in mining, and other problems in technology and power
engineering, including nuclear. Although on the whole the one-dimensional theory describes
detonation-wave (DW) behavior quite satisfactorily, detailed studies have shown that the
front structure is always cellular (see bibliography in [1]).

Most current studies envisage these structures and transverse waves. The cell size
is a characteristic dimension used to scale the phenomena: reaction-zone sizes, detonation-
tube and free-charge diameters, channel dimensions, roughness and obstacle sizes, initiation
energy-distribution zones, turbulent-pulsation scales, etc.

A single journal paper cannot deal with all the problems and papers on gas detonation
and explosion. On the other hand, it is necessary to survey the physical results obtained
recently. Without striving for completeness, we consider mainly lines that have involved
the Siberian gas-detonation school, whose first researches were directly related to the
founding of the Siberian Division, Academy of Sciences of the USSR, 30 years ago.

1. AVERAGE MULTIFRONT DETONATION PARAMETERS

Since the one-dimensional DW model was completed in [2], tests have been made on it,
the most important parameters being: the detonation rate D, the extent, the maximum chemical
peak pressure pqp, and the pressure p, and the density p, at the Chapman—Jouguet point.
Various methods f3-6] have invariably given pressures and densities at the chemical peak
and the Jouguet point lower than those from the one-dimensional theory, although the point
position is determined rather arbitrarily. The observed detonation speeds D as a rule are
somewhat lower than the calculated D,, although elevated values have sometimes been observed.
The velocity deviation AD = D, — D and the dependence on tube diameter d (linear relation
between AD and 1/d) can be explained to a first approximation by wall loss. Pressure under-
estimation is due mainly to the inadequate spatial and time resolution.

Complex inhomogeneous wave structures have given the problem a new meaning. One now
has to consider the correspondence between the average wave parameters and the one-dimen-
sional theory, although it is often far from simple to interpret the measurements.

Pressure. The pressures have been measured [7, 8] with piezoelectric sensors having
sensing surfaces of size representing a considerable part of the expected chemical peak
size. The maximum pressures-at that peak are less than those predicted by the one-dimen-
sional theory, and a fit can be obtained only by extrapolating the data.

Improved resolving power gives hope for more accurate results. In [9], the average
p profiles were constructed from a large number of waveforms recorded with a circular sensor
whose size was less than the cell size by about a factor 20. The waveforms gave a relation
between pep and p.. The maximal peop in multifront detonation was 10-20% less than the theo-
retical one-dimensional value. The same study demonstrated a triangular profile on average
for the chemical peak.

In [10], systematic measurements were made on the pressures in the forward and reflected
waves by means of sensors whose resolving power was reduced to 0.1 psec for measurements
in the forward wave or 0.05 usec for the wave reflected from the ends. At low initial pres-
sures py, the results for the two waves agreed well with the one-dimensional theory, but
as p, increased, there were increasing deviations, with the measured values becoming less
and the resolving power becoming inadequate.
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Fig. 1. Speed of a weak perturbation behind a detonation front:
I and II) frozen and equilibrium values of (¢ = u)/D corre-
spondingly; 1) 2H, + O,; 2) 2H, + 0, + 3Ar; 3) C,H, + 2.50,;

4) C,H, + 2,50, + 10.5Ar; 5) CH, + O,; 6, 7) d = 80 and 21 mm.

Pressure interpretations require some caution, since pulsations may increase the measured
pressure above the static mean [11]. Averaging the pressure along the front for different
pulsation phases should [12] reduce the mean value by comparison with a smooth wave. Velocity
pulsations may explain the differences between [9] and [10] on the chemical peak, since one
of the pulsating velocity components was absent in {9], as measurements were made in channel
where one dimension was less than the cell size (the flow was virtually planar).

Chapman—Jouguet Surface. A constant mean detonation speed indicates that a multifront
wave has a physical analog of the Chapman—Jouguet plane, namely a flow surface or region
where there is a transition from subsonic flow in the front system to supersonic. Measure-
ments have been made {13, 14] to locate this surface. The studies involved DW in a tube
having acellophane wall. It was assumed that the distance of the Chapman—Jouguet surface
from the front was not less than the cross section at which the flow expanded because the
tube wall failed and thus led to a reduction in the wave velocity exceeding the error of
measurement. Measurements were also made on the instant of detachment for the shock wave
arising when it reached a thin knife edge, which corresponded to the gas speed u in the
laboratory frame of reference passing through the speed of sound ¢. In a planar wave, the
u = ¢ section represents a point limiting the approach of the Chapman—Jouguet surface to
the front. This surface in a multifront wave extends to distances from the front corre-
sponding to several cell diameters.

Quantitative checks have been made on the Chapman—Jouguet condition (selection rule)
by measuring the perturbation speed ¢ — u for upstream motion. It has been found [15] that
c —u deviated from the calculated value. Exact calculations [16] showed that ¢ = (c - u)/D
is very sensitive to deviations from the Chapman—Jouguet state. Measurements (Fig. 1) re-
vealed a single dependence of ¥ on d/a (a is cell size) for different mixtures and tube
diameters. For d/a small, § corresponds to states on the detonation adiabat lying below
the Jouguet point, while as d/a increases, ¥ approaches the value corresponding to the
Jouguet condition fot the frozen speed of sound [16].

Several attempts have been made to formulate the selection rule with allowance for
inhomogeneities and pulsations within the one-dimensional theory; the first examples em-
ployed homogeneous isotropic turbulence [17-19]. Introducing special formal variables enables
one [11] to reduce the treatment for a turbulent flow to one for a smooth wave.

In [20, 21], the selection rule was constructed for any equation of state and any de-
pendence of the square of the pulsation velocity € on p and p. In the particular case v =
const and a power-law dependence of € on p, formulas were obtained for the deviations in
wave speed and Chapman—Jouguet point parameters for the classical model. These formulas
show that the observed deviations can be explained by turbulent pulsations.
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2. EQUILIBRIUM CALCULATIONS ON DETONATION PARAMETERS
AND KINETIC SIMULATION

Steady-state DW measurements are usually compared with equilibrium-flow calculations
for chemically reacting gases. The first papers appeared in the early 1960s [22] giving
detailed information on Chapman—Jouguet states for mixtures of hydrocarbons with oxygen
and air. Extensive calculations have been given [20, 23] for mixtures containing C, H,

0, and N in the gaseous state and for various initial compositions not excessively enriched
in carbon atoms. The results relate not only to Chapman—Jouguet states but also to shock
and equilibrium detonation adiabats (overcompressed and undercompressed branches) as well
as closed-volume combustion parameters and direct reflection. The equilibrium adiabats

are similar for a wide velocity range, which gave simple approximate formulas for the basic
gas-dynamic parameters for various initial conditions. Exact values were obtained for

the reduced heat of reaction on overcompression. As the wave speed increased by not more
than a factor two in any gas mixture, the reaction heat passed through zero. Heat removal
also provided effective damping because the equilibrium was shifted.

In [24] there are equilibrium calculations for other mixtures, including ones containing
free carbon in the products. In [25], the methods of [23] were used to analyze ternary
configurations involving spin detonation. In [26], equilibrium flows were calculated for
cryogenic initial conditions with a van der Waals equation of state for hydrogen—oxygen
mixtures.

The kinetic equations are cumbersome, which complicates flow analysis and makes it
impossible to employ an analytic approach. The dissociation energies are approximately
equal to the diatomic and triatomic molecules usually present in detonation products, so
a simple kinetic model is possible, where a single differential equation describes the energy
production and the molecular-mass change [27]. It is mentioned in {28] that such a descrip-
tion is possible, but in [27] the model was carried through to analytic formulas.

3. WALL EFFECTS AND DETONATION LIMITS

Detonation in Wide Tubes. The kinetic model [27] has been used in a detonation model
for wide tubes, which incorporates loss [29]. Tube diameter increase does not lead to
asymptotic transition to a state corresponding to lossless detonation. The relative loss
level persists as d increases, while the distance from the front to the Chapman—Jouguet
surface increases. This is confirmed qualitatively by measurements [13, 14] on ¢ (Fig.

1) and the Chapman—Jouguet surface (see above), but it does not agree with the results of
{30, 31], where it was found that the supersonic region indicated by stationary Mach lines
for d/a » 1 is at a distance of several cell diameters from the front. One clearly needs
a more careful analysis of the chemical factors, turbulence damping, energy and momentum
loss at the wall, and boundary-layer effects.

These factors are also decisive for another area: detonation limits.

Near-Limiting States. The limit mechanism is qualitatively clear [2, 32]: reaction=-
zone enlargement leads to heat and momentum loss from the region between the shock wave
(SW) and the Chapman—Jouguet surface, which reduces the wave speed and causes additional
reaction-zone expansion, etc. A critical situation arises, where self-maintaining wave
propagation becomes impossible.

Spin detonation with a unique transverse wave (TW) has been examined in detail for
circular tubes, where the wave moves in a spiral along the wall [18]. That state arises
in a tube having d = (0.5-0.3)a [33, 34]. 1In a rectangular channel, it corresponds to a
DW having one or more transverse waves, which move along the larger side. Quasispin also
occurs in a square tube [35]. It has been shown [36] that the state with a unique transverse
wave can occur in a rectangular channel only if the ratio of the larger and smaller sides
is H/h < 2, while if H/h > 2, the limiting state is one with several transverse waves.

Interest attaches to the spin diameter for a stoichiometric methane—air mixture, which
is the most difficult to detonate. It has been reported {37] that the detonation could
be excited in a 60 mm tube, but the result was not subsequently confirmed [34]. We have
found that stationary spin detonation with a single transverse wave can occur at Py = 1

atm in a tube having d = 100 mm, where the spiral pitch (the analog of the cell size) was
about 31 cm.
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Below the spin-detonation limit, a circular tube can show a nonstationary self-main-
tained (so-called galloping) detonation state [38, 39], which occurs for d < a/wv and has
periodic longitudinal pulsations having a step of the order of hundreds of times the di-
ameter, with repeating detonation halts and reinitiation. After reinitiation, an overcom-
pressed multifront wave is excited, and the front structure enlarges as this weakens, with
passage through a spin-detonation stage, which then is damped out, and the SW is detached
from the flame front. After a time, a flare-up occurs near the flame front and a DW forms
rapidly, which accelerates up to the shock front. Then the process repeats. This state
expands the limits for self-maintaining wave propagation beyond the spin-detonation region
in mixtures giving irregular cellular structures. A closed model has been proposed for
galloping detonation [39], which describes the main characteristics.

Free-Charge Detonation. One has to determine critical detonation diameters for free
explosive cylinders in various aspects of explosion physics, particularly explosion safety.
It has been shown [40, 41] that a detonation can propagate in the free gas column obtained
by retention in a stretched rubber tube, which indicated that all previous experiments
with weak walls had underestimated the critical diameter. Improvements in the method [42]
enabled one to detonate a jet of explosive gas embedded in an air flow. The diffuseness
at the boundary between the explosive gas and the air was much reduced, and the length of
the free gas column attained 20-25 times the diameter. Stoichiometric and equimolar
acetylene—oxygen mixtures were used to show that the ratio of the critical diameter to the
cell size as measured for detonations under these conditions in a strong tube is about 60,
where it was found that DW propagation in 2H, + O, (a = 1.5 mm) cannot occur in a layer
of thickness 35 mm above a solid surface, which is in contrast to calculations [43, 44].

A layer of a propane—butane mixture with oxygen of thickness up to 20 mm (a = 1 mm) would
not give stationary detonation [42]. The relation d$/a = 60 can be used to estimate the
sizes of free gas charges in other gas mixtures.

Channels Containing Obstacles: Porous Media. If the tube is free from roughness and
d ~ 1 cm or more, the wave speed at the detonation-propagation limit is reduced by not more
than 10-15% on account of wall loss [2].

If the.roughness is considerable, the detonation-speed range extends considerably down
to about 0.5D, or less [45, 46]. In many industrial gas and gas-dust explosions, such as
methane in mines, the velocities are highly nonideal (about 1 km/sec), and the extended
shock-compressed gas plug at the head of the wave may mean that the destructive effects
are no less than those in ideal detonation [47].

Artificial periodic obstacles have been used as contractions in a flat channel [48,

49] or ring inserts and Shchelkin spirals in tubes [47, 50-52], which have shown that there
are two states of supersonic explosion-wave propagation: high speeds (D 2 1000 m/sec) and
low speeds (D = 500-800 m/sec, sometimes less), with a step transition between them (dashed
line in Fig. 2).

In the high-speed state, the ignition is provided by an SW in the forward direction
reflected from the obstacles, where there are periodic interruptions in the shock-wave igni-
tion, which is replaced by convective flame transport and then reverse transition to shock-
wave ignition. In the low-speed state, the shock-wave mechanism is eliminated completely,
and the ignition is transferred convectively by hot product jets. The state is dependent
on the channel parameters and the mixture composition and pressure. There is a narrow ini-
tial-pressure range in which the state is dependent on the initiation conditions [49]. The
low-speed state also exists [53] in narrow channels without artificial obstacles, but the
mechanism requires additional research. The low-speed state has been called (48, 49] the
low-speed gas-detonation state or [47, 52] explosive combustion. It has detonation features
(supersonic velocity, pressure and density increase at the front) as well as ordinary convec-
tive-burning ones (as regards propagation mechanism), and it is an intermediate state not
envisaged in the classification.

The high-speed state goes over continuously to the low-speed one on gas-mixture deto-
nation in inert porous media (sand, gravel, metal filings, balls, etc.) if the pressure
is reduced as shown by the solid lines in Fig. 2 (various mixtures and pore sizes). The
measurements have been made for particle size of 30 um to 12 mm and pressures of 10%-107
Pa [48, 54-57]1. There is no sharp boundary between the states because the pores vary in
shape and size, and the ignition mechanisms alter at different times in these. Stationary
subsonic burning waves can exist only in not very active mixtures such as fuel—air ones
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Fig. 2. Gas detonation speeds
in channels of periodically
varying cross section (dashed
line) and in porous media.

Fig. 3. Trace imprint of
transverse-wave fine structure.

below the lower limit for low-speed detonation (as regards pressure, concentration, or parti-
cle size). Slow burning of a stoichiometric fuel-oxygen mixture in such a medium is unstable
and goes over rapidly to detonation.

The lower bound to the low-speed state in certain cases is displaced below the speed
of sound in a profiled channel [49] and in a porous medium [57], which shows that SW are
unimportant in that state.

4, CELLULAR STRUCTURE

Soon after the phenomenon of cellular multifront detonation was discovered, detailed
studies were made on it [18, 58]. Subsequent research has been concerned, on the one hand,
with defining the effects on the characteristic cell size and on the other with detailed
research on the structure to provide information on the phenomenon. Cellular structures
occur at initial pressures up to 10 atm [59], while the improved resolving power from the
trace method enables one to detect cells of characteristic scale down to 0.02 mm. Such
small cells are formed in particular in transverse spin-detonation waves in methane—oxygen
mixtures (Fig. 3 [60]).

The transverse cell size a usually has a power-law relationship to the pressure [18,
58-631, i.e., a = ao(p,/p)S, where a, and s are mixture constants (s z 1). A U-shaped curve
having its minimum between the stoichiometric and equimolar compositions applies for any
given fuel for the relation between cell size and fuel-oxidant ratio [34, 63, 64]. Measure-
ments have been made on initial-temperature effects [65], and on the simultaneous effects
of temperature and pressure [66], where cell-size measurements were made for DW propagating
in a gas previously compressed and heated by an SW. It has been shown [62, 67] that small
amounts of inhibitors affect multifront-wave characteristics.

609



Fig.'4. 'bW'emerging from a narrow channel into a wide one:
a) DW damping; b) detonation reinitiation.

The structure scale increases [68-75] on wave attenuation by flow around a convex surface
or a corner, on emergence from a narrow channel into a wide one (Fig. 4), and on going from
one mixture to another. The cell size is reduced on compression. In {76], an overcompressed
wave occurred on transition from a large-diameter tube to a small-diameter one via conical
junction, while in [77], the cell structure was examined for a Mach detonation front arising
on irregular reflection at a wedge.

Stability and the relation between energy release and wave speed are aspects closely
related to the speed dependence of the cell size. In [78] it was shown that an initially
smooth front in a highly overcompressed wave gives rise to small-scale inhomogeneities at
a certain stage in the attenuation, which occurs at speeds such that the transition from
the state behind the SW to complete chemical equilibrium occurs without pressure change.
The cells cease to be identified not because of inadequate resolution but because the front
becomes smooth. It is not found that there is a correlation between the limit for the struc-
ture to occur and the E,/RT parameter: the boundary is correlated with zero energy produc+
tion. As the degree of overcompression decreases and the wave approaches the stationary
state, the cells enlarge up to the mean size. There is similarity between mixtures in the
overcompression dependence for the cell size [76, 77].

The evidence shows that cell structures in impressions differ in regularity, where
there are three classes: regular, irregular, and intermediate (quasiregular). The first
occurs in mixtures containing considerable amounts of argon. Irregular structures are typi-
cal of fuel-air mixtures, and intermediates ones of most fuel—oxygen ones. Although the
boundaries between the states are fairly nominal, the extreme situations are prominent.
Measurements and estimates [60, 78-80] show that E,/RT is the parameter governing the regu-
larity, where E; is the activation energy for the main reaction in the induction period and
T is the temperature in the induction zone behind the planar stationary wave moving with
the detonation speed. Small E,/RT correspond to more regular structures. The argon effect
shows that the DW energy and y can affect the regularity. Also, the regularity is related
to DW stability, which is affected by the activation energy and the energy production [81].
It has been confirmed [82] that E./RT is basic to DW stability, where it was found that E,/RT
above 6.2 correspond to a fine structure (small cells) within the basic ones.

Mixtures with large-scale regular structures have provided relations between the kine-
matic parameters [18, 58, 67, 83-86]. In the time between two successive collisions t, =
b/D, where b is the longitudinal cell size and D is the mean detonation speed, the leading
front changes in velocity from (1.8-1.4)D at the start of the cell to (0.6-0.85)D at the
end. The form of leading front in. a regular cell is close to an arc of a circle, whose
radius is about 1.3 times the distance from the cell start. Transverse waves also have
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variable velocities. There are no such detailed data for irregular cells, since the events
are to some extent chaotic, but here one still finds the main characteristic features of
the nonstationary motion in ordered structures.

Measurements have been made [12, 87] on the contributions from structure elements during
combustion; part of the mixture (not less than half) burns after single shock compression
by the leading front, while the rest enters the transverse waves. Cases occur where the
mixture does not burn completely even after double shock-wave passage (initially the leading
SW and then the transverse one), and there are initial-mixture islands in the reaction zone,
which burn up much later. It has proved possible to trace stages in transverse-wave colli-
sion, where an interesting but unexpected effect is that cumulative jets are formed [88].
The fronts in the various phases are nonstationary, so one gets a large variety of inter-
action forms [89].

The contributions from the elements alter with p, and composition, which implies lack
of geometrical similarity [12, 87]}. The changes are more pronounced at low p,-.

In spite of the obvious progress in the picture of multifront detonation, there are
unsolved problems concerning transverse-wave multiplication at divergent cylindrical or
spherical fronts, particularly stability loss and the production of new ignition foci [11].

Theoretical Cell Models. The first attempt [58] to relate the cell size to mixture
properties was based on an idealized two-front DW model having an induction zone and instan-
taneous reaction, where the parameter was the induction zone length A behind a planar sta-
tionary SW moving with speed D,. There is direct proportionality between a and A = (D, ~ u)t
only when the induction zone 1is much longer than the recombination (energy-release)
one [61]. If the two are comparable, the relationship is much more complicated. The A
were calculated from a complete system of tested kinetic equations and were compared with
the measured a in [90]. An approximately linear relation of the form a = kA was obtained,
where k = 20-35.

In [91], a geometrical-acoustics model was used to consider perturbation simulating
a transverse wave; the quantitative results from this model and subsequent forms of it re-
mained inexact, although better agreement was obtained in the later studies {92]. A de-
ficiency of the acoustic approach is that real shock-wave interactions are neglected.

In [87], the relation between cell size and mixture characteristics was derived from
the condition for ignition halt behind an expanding cylindrical front having a decreasing
speed. The empirical law for the speed D(r) was used with the additional assumption that
the breakaway occurs at the point where D = D,, which gave the longitudinal cell size:

E
b 25 Dyt (1)

where 1, is the induction time behind the planar SW moving at a constant speed Dy, while
£ = 1 (it varies from about 0.5 to 2 in accordance with the adiabatic parameter and the
choice of termination conditions [124]).

A closed model has been given [93] for a two-dimensional cell, which incorporates the
actual processes and enables one to calculate all the main parameters without resort to
experiment; this was supplemented in [76, 94]. 1In it, a gas detonation front propagates
with periodic TW collisions (Fig. 5), each of which is equivalent to a local microexplosion,
which generates a cylindrical DW, whose speed gradually falls below D. At the initial stage,
the ignition delays are very short, and the flame front adjoins the SW; as the wave weakens,
the induction time increases catastrophically at r = r%, and the flame becomes detached
from the SW and almost ceases to be displaced. A layer of compressed unburned gas accumu-
lates between the SW and the flame front, in which the TW collide and start a new cycle.

Two stages represent the leading-wave motion: with instantaneous combustion as the wave
propagates on the part up to r$§ and with no energy supply after r%. The speed is described
via the TW collision energy and the heat production in the gas burning behind the leading
wave, where one can employ interpolation formulas that in limiting cases give the wave speed
for a strong point explosion or the Chapman—Jouguet speed. On the assumption that the in-
duction period ends when the TW collide, the model provides formulas for the basic cell
parameters, namely
2(%—1) D,s L,
O e s (2)
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Fig. 5. Scheme for a two-dimen-
sional DW cellular structure:

solid line shock and detonation
front; dashed line combustion

fronts; close-dashed line traces
of transverse waves; the circle
shows transverse-wave collision.

and the detonation initiation energy for a cell
E,. = 0,22 p,D3b?, (3)

where y, and p, are the adiabatic parameter and density for the initial mixture, ¢ is the
degree of compression, and 7 is the induction period behind a rectangular SW. The asterisk
denotes a parameter at r = rf.

The model shows that (2) can be represented approximately in a simpler form:
b == GoDuTo (4)
where the subscript 0 denotes the parameters behind an SW moving with speed D,.

Formulas (2) enables one to use the cell measurements to determine the ignition delay
and effective activation energy for the conditions corresponding to the detonation tempera-
tures and densities. Comparisons show that the model gives a good fit to a multifront cellu-
lar structure. As Doty = 04X and b = 1.6a, (4) agrees well with the empirical relation
a = 29X [90].

The cell size can be derived from the wavelength of the most rapidly growing perturba-
tion, which can be derived from the linear instability treatment for a two-front model [95].
The order of magnitude could be predicted. The best theoretical models involve nonlinear
stability analysis, which enables one to determine the main cellular-structure character-
istics [96].

A cellular structure has been obtained for a gas detonation from a nonstationary two-
dimensional treatment of a weak initial perturbation at a planar front [97-99], which illus-
trates the scope for simulating detonation by means of the hydrodynamic and chemical-kinetic
equations alone (usually simplified). It is possible to trace how weak perturbations grow
into transverse waves and generate new waves, as well as to establish the quasiperiodic
regular or irregular structure, the formation of unburned gas islands, etc. The calculated
structures are very similar to observed ones. The transverse cell size has been calculated
[99] for a 2H, + 0, + 607ZAr mixture, whichagreed very closely with the measured value (a =
8.5 cm for p, = 65 mm Hg), although the b/a differed appreciably (2.3 instead of the typical
1.6). The value obtained for b/Dyt, in [97] was close to that predicted by (4).
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5. INITIATION

A gas detonation is initiated by means of a comparatively low-power source (hot body,
weak spark, etc.), with subsequent spontaneous transition to detonation, or else by a source
of explosive type (explosive charge, fairly high-power discharge, etc.), which produces
an SW that goes over to a self-maintaining detonation (direct initiation). Detonation in
a large volume is often excited by a DW emerging from a tube, where the initiation is much
easier (detonation emergence). Much attention has recently been given to these phenomena.

Combustion-Detonation Transition. This has been examined in tubes since gas detonation
was discovered. The transition occurs because the flame accelerates and impels and compresses
the mixture ahead of it, the transition occurring at the critical point, where the conditions
for adiabatic self-ignition occur ahead of the front [100-102]. The ignition focus (thermal
or chain-thermalexplosion) develops with the very rapid formation of a DW in the compressed
gas. This wave catches up with the leading shock front and decomposes to give initially
an overcompressed DW and then, after weakening, a self-maintaining wave in the unperturbed
mixture.

Although the picture as a whole is clear, the main limiting process (predetonation
flame acceleration) does not yet have an adequate theoretical description for one to calcu-
late the transition length. The difficulties here are basic and are no less than those
for turbulence, which also has a direct bearing on this, since turbulence in the fresh mix-
ture ahead of the flame front is one of the reasons for the acceleration [45]. Flame-surface
stretching as a result of a transverse mass-velocity profile in the impelled gas is also
important in increasing the combustion rate [2]. Photographs [100, 101] and our observa-
tions show that this profile often differs considerably from stationary turbulent flow in
a tube: for example, the flame is elongated forward on one side of the channel as a long
tongue, which increases the combustion surface considerably. The compressed gas impelled
by the less dense combustion products gives rise to a Rayleigh—Taylor instability. The
process is complicated by mass transfer through the separating surfaces, which maintains
the acceleration as a result of the pressure increase in the products. This effect appears
to be decisive in: the closing stages, particularly in slow-burning mixtures.

An adiabatic-ignition focus (or foci [100]) in a medium with'an induction-time dis-
tribution leads to a divergent reaction front; the pressure wave accelerates the ignition
and becomes a DW under suitable conditions. The DW dynamics arising from these foci may
be examined for a medium containing a temperature or concentration gradient in a one-dimen-
sional treatment by numerical analysis [103, 104].

The distance from the ignition point to the DW point (the transition length) is de-
pendent on the source position and characteristics, as well as on tube roughness and mixture
parameters; it can vary widely. The least length (a few times the tube diameter) occurs
for fuel-oxygen mixtures in tubes containing large obstacles or roughness such as Shchelkin
spirals [45]. Transition lengths of tens of diameters are characteristic of fuel—oxygen
mixtures in smooth tubes and fuel—air ones in tubes containing obstacles [2, 50]. At present
it is not clear whether there is a finite transition distance for any mixture in a tube
whose diameter is greater than the critical value for detonation.

A spherical flame front in a homogeneous unbounded gas can also go over to a detonation.
Such a transition has been observed [105] for a CyHy + 50, ignited by a wire heated by a
current at the center of a spherical volume (V0 z 1 m3, thin rubber shell). However, care-
ful experiments [106] with extremely active mixtures such as C,H, + 0,, C,H, + 2.50,,
CsHg + 50, and 2H, + H, or CH, + 20, at p, = 2.0; 4.0; 7.5; 7.7 MPa gave a different result:
chambers of diameter 80 and 200 mm with mild ignition at the center from thin electrodes
(0.12 mm) did not show the transition outside the zone where the compression wave was re-
flected form the walls. Obstacles on the path or thicker electrodes (1-2 mm) altered the
situation for the acetylene~oxygen mixtures, with the transition occurring before the com-
pression wave reached the wall. In [107], the transition occurred in an ethylene—oxygen
mixture at p, = 10% Pa after the spherical flame passed through a metal grid.

This indicates that the transition requires marked distortion in the one-dimensional
velocity profile ahead of the flame on account of external factors (tube wall, obstacles,
etc.). It is insufficient to have small-scale distortions related to turbulence or cellular
flame structure [58].
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Visible spherical-flame velocities up to 250 m/sec have been attained in fuel=—air mix-
tures after special turbulence-inducing structures [108] or about 100 m/sec in large=scale
experiments with free charges [109], but transitions to detonation did not occur.

Detonation Emerging from a Tube into a Large Volume. A planar gas-detonation wave
emerging from the end of a tube initiates an undamped detonation in a large volume if the
tube diameter exceeds a critical value d, [110]. This d, characterizes the detonation ca-
pacity. In {18, 711, the mixtures C,H, + 2.50,, C,H, + 2.5 O, + 1.25N,, C,H, + 2.50, +
2,5N,, 2H, + 0, and CH, + 20, were used to demonstrate the relation

d*/a ~ 10 = 13. (5)

Constant d*/a involves geometrical similarity in the emergence for different mixtures,
where the characteristic length scale is the cell size in the stationary detonation wave.
However, exact similarity is excluded because the decisive parameters involve several lengths,
which correspond in particular to the characteristic reaction-zone sizes, and several in-
dependent dimensionless quantities such as y, Q/cZ, and E,/Q, whichcharacterize the individual
mixture features. One expects only approximate similarity if all these paraemters have

slight effects apart from one having the dimensions of length (for example, the induction-
zone width in the DW), which determines the cell size and the critical emergence diameter.

The problem can be- elucidated only by experiment.

Measurements have been made on d, and a for mixtures of the commoner gases over wide
concentration ranges, where the maximum tube diameter was 1.83 m [110-117]. Table 1 gives
some data for combustible gases mixed with oxygen and air; o is the exponent in the pressure
dependence of the critical diameter:

dy = du; (pi/D)>. (6)

Table 1 shows that (5) is met in most cases, but there are deviations from the average
of 13 by almost factors of two in both senses.

Caution is needed in drawing conclusions, where two points need to be remembered.
Firstly, d, and a are not always measured simultaneously, as for example for fuel-oxygen
mixtures {112, 113]. Secondly, the cell dimensions are ambiguous in an irregular structure,
" particularly in methane and fuel—air mixtures. Even’the-acetylene—oxygen mixtures commonly
used in the ldboratory give a differing by factors of 1.5-2 with different approaches to
cell size determination (average size or dominant size, or else mainone aclose tomaximal).
This applies even more so to irregular cells. Our experiments show that fine structures
in the imprints are dependent on the soot-layer quality: if the coating is friable, many
structure lines are not identified and the cells appear larger. There is thus some uncer-
tainty in the results, which explains the different d,/a obtained for a given mixture under
comparable conditions. The d, themselves differ little. The most substantial evidence for
large deviations from (5) occurs with acetylene—oxygen mixtures having 70-757 Ar added,
where the structure is very regular and d*/a = 25 [117].

When a DW is incident normally on a baffle containing a rectangular or circular hole,
the critical size for emergence into the volume is the same as that for emergence from a
tube with the -same cross section [114], so bulk initiation is provided by a narrow region
near the front, which is not affected by the elevated pressure arising on baffle reflection.

The critical hole size can be reduced if the center is blocked off to give a ring [1l7,
118]. The most pronounced effects occur with irregular-cell mixtures for ratios of the
inside to outside diameters of the ring d,/d, = 0.6-0.7, where the critical emergence pres-
sure is reduced by a factor two for d, = const. This is equivalent to approximately the
same reduction in d, or in the area by an order of magnitude for p = const. More regular-
structure mixtures give less effect, as does an annular gap between long coaxial tubes.

Elliptical, triangular, and rectangular holes have been used in [114]; the mixtures
were 2H, + O, + BN, and CzH. + 3(0, + BN,) at p, =1 atm and 1 < B < 3.76, where it was
found that these holes are equivalent to circular ones with the following diameter as regards
critical conditions:

dy = 0,5 (dy + dy). (7)

where the quantities in parentheses are the diameters of the circumscribed and inscribed
circles. Similar measurements with C,H, + 2.50, [119] gave (7) replaced by the more accurate
relation
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TABLE 1. Critical Conditions for Tube Detonation Emergence

Mixture 108°Pa d,CM | @ a, cm dy/a
oo o [sg p |~ o g e
. 2 45 ( 3,
0.4 |53 [142 }1.08| 0} {59, 113] | 133
1,06 |3.2 mg} — | 0203 {gg 63 % 10-13
CH, + 20 1.0 |53 112 0,25--0.3 [59. 6 24
2T o1 |57 (2] }1,05 4% [113] 13
C,H,—+ 0, o4 |10 [12)] 1,071 000  [13] 12,2
1,06 |0.25 {1101 | 1,07] 0.017 (59 14,5
10 |02 [115] [\ g9 | 0018 (59, 115] | 11
o1 |16 (1151 /%9 Jo23  (50.115] | 7
C.H, + 2,30, 024 | 0.5 [112 }“3 0.086 1‘?2931 16
o1 |17 11121 }1.43] 0
003853 [112 05 [13] 10
CoH,+ 2350, 75%Ar | 0,3 |52 1117] | 1.43]0,23--0.3 [117] 1723
C,H,; -+ 30, 1,0 | 0.65 |112 }109 -
w . 043 |53 (112] 1199 03s (113 13,8
CoHy + 3.50, 1.0 |1.45 (1127 | 1.03]  —
C,Hs + 50, 10 (12 [3] (1,07 —
- - 043 |10 [12] | 0.8 [113] 12,5
CyH, g - 6,50, 10 |13 (113]| — -
29,69 H, - air 10 |20 (u31| — [1.5 (113 13
17.59%H, - air Lo {121 (13] | — |12 1113 10
5605 H, - ‘air 0 (120 [13] | — |10 1113] 12
7.75%C,H, - air 10 |12 3] | — |0.9=1,0 [63, 113] |12543
12.5%C,H; — air 10 |8 (2| — =
6.54%C, 11, + air 0.92 |45 113 — | 24+33 143, 116] [13+-21
4.3%Cotty - air 10 |436 [U3] | — | G787 |113,416] 1521
4% CyHe - air 1,0 |9 [16] ] — |5=7 113.116] |13+18
9,5%CH, - air 10 | — — |28=3 (6] —
dy = ledz- (8)

One can use (7) and (8) for rectangular holes with side ratios H/h < 7. If H/h > 7 (lorng
slot), the emergence becomes two-dimensional and is governed only by the smaller dimension
h, whose critical value is

h,'a= 3. (9)
Two-dimensional DW expansion in a planar channel of small depth H gives [18, 71, 120]
hy/a 2~ 10. (10)
These measurements were made for H/h ~ 0.3-0.5 (C,H, + 0,, p, = 10 kPa).

Naturally, increasing E in such channels brings h*/a close to the value corresponding
to free emergence from a long slot. When the wall effects governing H vanish [75], it is
found for 2H, + O, and C,H, + 2,50, + 70% Ar mixtures that

hyla =5 < 6. (1D)

We have obtained the same result for C,H, + 2.50, if a is measured as the mean for all cells
(the imprint is used with the length of the line parallel to the front divided by the number
of the oblique lines in one direction intersecting it), and the result coincides with (9)

if a is determined as the size fo the predominant large cells almost equal in size and of
almost regular rhomb shape. As (9) was derived in [114] for mixtures giving irregular cells,
the measurements of a there were ambiguous, and it is evident [116] that h,/a and d,/a may
vary with the method.

For H/a < 0.3, the detonation propagation conditions in a channel approach the limiting
ones, and the wave becomes unstable without change in h, so h, becomes meaningless. The
rapid reduction in H,/a near H/a 2 0.5 is evidently due not only to reduced relative wall
loss but also to the transition from two-dimensional cell structures to three-dimensional.

Mechanism research has been performed on DW emergence from a narrow channel to a large
volume [71, 120-122]; Fig. 4 shows the main points. The wave flanks weaken immediately
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Fig. 6. DW velocity behavior on
initiation; the points represent
damping, while the lines are for
the transcritical state.

Fig. 7. Impressions from detonation initiation.

beyond the end, with approximately self-similar expansion. Ignition behind them ceases,

and the transverse waves emerging from the central zone do not collide and decay rapidly.

If the channel dimensions are subcritical, the central region, which has a cellular struc-
ture, contracts to zero and the detonation terminates. With supercritical ones, this con-
traction is replaced by expansion. There are definitely two mechanisms for this. The first
is that a self-maintaining transverse DW is formed, which propagates in the shock-compressed
gas along the flank of the diffracting front away from the center. That wave initiates

an overcompressed but gradually attenuating oblique detonation front in the adjacent unper-
turbed mixture. As the latter decays, the process may.repeat. The second mechanism is

that new transverse waves are generated at the flanks, which move towards the center, and
which may arise from self-ignition foci and interactions with these or with other inhomo-
geneities in the damped colliding waves.

With critical dimensions, the detonation region in the initial front contracts almost
to zero, but then the detonation structure recovers, usually by the first mechanism on colli-
sion in the shock-compressed layer (above the vertex of the vanishing detonation cone) by
collision between two already attenuated new transverse waves generated at the opposite
flanks, or else of such a wave with one of the later transverse waves in the initial family.

Several theoretical methods of estimating d,/a or h,/a exist, which give results close
to experiment. All are based on the ignition termination condition behind a convex shock
front in some form. For example, in [71, 123], the condition was for critical temperature
drop along the radius, while in [121, 122] it was the same along the curved shock front,
and in [124, 125] it was the condition for critical curvature in a quasistationary one-di-
mensional detonation wave. In the last case, the result for the critical radius of curvature
was ror = (3-4)b for a cylindrical front or ro, = (6-8)b for a spherical one. If it is
assumed that the critical-curvature state corresponds to a region behind the collision point
for the transverse waves reflected from the channel edges (ro,p z d,), the results d,/a =
1.6ro./b agree satisfactorily with the measurements.

Direct Initiation. The methods here are with condensed explosives, explosion of another
gas mixture, electrical wire explosion, high-voltage sparks, and laser sparks.

The conditions are characterized by the critical (minimal) energy E,, required to produce
an SW going over to a self-maintaining detonation; v = 1, 2, 3 denotes planar, cylindrical,
and spherical waves correspondingly. In general, E,., is dependent on the energy distribu-
tions in time and space, which can be characterized from the effective time At and size AR.
The latter in particular is indicated as having a marked effect for detonation emergence
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from circular and annular holes. The characteristic length and time scales for a front,
which can be compared with AR and At, are b or a and t. = b/D.

Careful time-factor measurements were made in [126] for cylindrical initiation by a
line spark in a C,H, + 2.502 mixture (p, = 13 kPa). A current-interruption circuit was
used to show that a periodic current produces an effect only from the first quarter period.
The point condition (AR < b) and the instantaneous one (At s tg) are certainly met with criti-
cal-mass explosive charges.

With AR < b and At < t;, the initiation is similar in general features as regards
symmetry for all mixtures; this may be considered from the variable wave speed D(r) (Fig.
6) and the cellular structure (Fig. 7) recorded for acetylene—oxygen with cylindrical dis-
charge initiation in a flat gap under transcritical conditions [80, 115, 127]. The initial
stage is analogous to that of a strong explosion in a nonreacting gas, with the wave param-
eters decreasing. Before the speed has fallen to D,, small cells appear at the front and
then larger ones. At the same time, the velocity fall becomes slower and local pulsations
arise in connection with the cell structure. For E, > E,,, the mean velocity has a minimum
at a certain radius, while the cell size is maximal, after which the two tend gradually
to their stationary mean values. When E, » E,,, the turning points in D and b become
inappreciable.

If E, = E,,, the wave excited by an explosion shows a critical stage in the region
Ter = (5-8)b: the combustion zone is separated from the SW [35, 102], while the cellular
structure vanishes and is replaced by a quasi-one-dimensional one; the adiabatic ignition
temporarily ceases. Then the leading edge increases in speed to D > D,, and after a few
oscillations reaches the state corresponding to a stationary DW; sometimes, there are two
or three large oscillations with deep velocity dips. Schlieren pictures show that the front
begins to accelerate usually with increased local convexity, which then extends to the entire
front, and the shock-compressed gas shows a transverse DW [35]. This can be seen on impres-
sions analogous to those of Fig. 7. Cases also occur where a large part of the front
accelerates almost simultaneously.

Detonation reinitiation after front decay in the critical stage does not differ essen-
tially from that-observed in the final stage of combustion-detonation transition or in DW
recovery on exit to a large volume from a critical channel: the detonation begins in the
gas compressed by the SW because an adiabatic ignition focus develops, which is usually
stimulated by perturbation waves. If E, < E,,, the ignition halts at a point r < rg.
where D < D,, and the shock wave is detached from the flame and gradually decays (dotted
curve in Fig. 6).

Similar speed variations occur in spherical initiation with various mixtures, including
large-scale experiments, where radio interferometry was used to record the ignition zone
[128-130]. 1In the spherical case (v = 3), the wave passes through a critical stage at
a distance ro, = (8-12)b from the center. In the planar case (v = 1), there is indirect
evidence [131] that rop = (2-4)b in the case of fuel—air mixtures initiated by sheet explo-
sive charges. The measurements for all cases together satisfy

T = (2+4)v b (12)

Near-stationary detonation parameters occur for r = 2ty [115, 127]. The minimum shock-wave
speed Dpjn for critical initiation conditions shows no obvious dependence on v or on mixture
composition and is (0.5-0.6)D, [127-132]. This very low Dp;, does not determine however

the critical ignition delays in the induction zone behind a nonstationary wave: when the
minimum velocity is attained, the shock front is strengthened by a compression wave or DW
formed in the induction zone by collisions between old attenuated transverse waves or by
self-ignition in the parts of the gas intersected by the front much earlier.

When the initiation is by a wave with approximately constant parameters in a shock
tube [132] or is by an electric spark [126], the SW parameters in the region At 2 2to do
not have an initial falling part, so there is no preliminary adiabatic ignition, transverse-
wave generation, or. ignition termination, although the other processes are analogous to
the above. The electrode shape affects spark initiation; conditions have been defined under
which cylindrical initiation is replaced by spherical; and excitation by wire explosion
or laser spark shows no essential difference from electrical spark initiation [102]. With
a laser spark, a solid target (tip of a metal needle) was used to reduce the breakdown

617



TABLE 2. Stoichiometric-Mixture Critical Initiation Ener-

gies
Egvr | (Equipadl/?
Mixture mgg;a v Inmitiator s Eav/Pd | Ref,
Jem dy
0.024| 2 |Wire explosion| 270 3.8 [127]
0.052 2 " 100 3.7 {127}
C,H, 1 2,50, 0.066 | 2 Spark 22 2, (133]
0.13 2 » 11.5 2,3 [133]
027 | 2 » 6.3 2.7 {433]
0.4 2 » 4.5 2.9 [133]
2H, - O, 0.5 2 Spatk 300 1.8 {1021
05 2 |wire explosion| 460 2,3 [127]
1 2 |Solid explosive] 2,3.10% 4.0 [115]
C,I1, -+ air 1 3 » 4.6-10% 3.0 130]
1 3 |Solid explosive| 4.6.10°% 1.8 1143]
H, - air 1 3 » 6,3.103 2.0 {130}
C.Hy -+ air 1 3 |Solid explosive| 4.4-10? 1,7 {130
C,H; —+ air i 3 » 1,6.10% 1130
C,H, -+ air 1 3 » 34108 1,7 {130
CyH ;o -+air 1 3 » 3.4-10 {130
CH,p +air 1 3 » 4,2.108 [130
1 1 21, + 0, 108* | 25T {132
CH, + air 1 1 |Solid explosive] ~4u° {131
{ 3 » 9.107* 2,47 {130

%R extrapolation for the following mixtures: CH, + 2(0, +
gN,) and CH, + RC,Hg + air.
+For d, = 13a = 4 m,

threshold in an acetylene—oxygen mixture. The critical pulse energy was then several times
higher than in electric spark initiation [133]. This is ascribed to some of the pulse energy
being dissipated in the target and by reflection from the breakdown region. There is also

a terminal decaying part to a laser pulse, as usually also for an electrical one. It is

not always clear whether this contributes to the effects if the pulse length is short. It
has been asserted [126] that the initiation is provided only by the rising part, but this

is of restricted application, since it implies in particular that a square pulse of any
energy or length cannot initiate the detonation if the energy in the rising part is less

than E,.

Table 2 gives the measured E,, for common stoichiometric mixtures. The initiation
energy for the solid explosives has been taken as the product of the mass by the standard
heat of explosion, i.e., it is assumed that the detonation is complete. With charges of
mass about 1 g or less, there is no certainty of this, so the E,,; for the acetylene—air
mixture is probably overestimated. A more objective method of determining the energy for
small explosive charges is based on comparing the r—t diagram for the SW inan inert gas
with theoretical diagrams for point explosions [127, 132]. The methane—air mixture shows
the highest detonation resistance, but no direct measurements have been made on E.3, in
spite of the great practical interest, because of the excessive scale required (it is
necessary to record the spherical front up to a radius of ~10 m). The initiation energy
is dependent on the oxidant—fuel ratio, and this is U-shaped, as for the rleation between
a and d,, with a minimum at the stoichiometric composition or slightly on the enriched side
{34].

Stoichiometric and lean mixtures give [90]

E*S =A7“37 (13)

where A = const. This relation resembles (5)-(12) in reflecting the approximate similarity.
For rich mixtures such as C,H, in air, there are substantial deviations from (13), i.e.,
similarity deviations [34]. Formula (13) is suitable for estimating initiation energies

for a mixture when data are available on A. The form corresponds to the conclusion of [110].
A can be determined without resort to experiment from several model approaches, some of
which are considered in [134].
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The one-dimensional closed model of [80, 135] reflects the main features correctly;
this assumes that the initiated DW propagates via two processes: 1) instantaneous shock-
compressed gas combustion and corresponding increase in the front speed at the end of the
induction period behind the rear layer edge, and 2) SW motion without ignition at a falling
rate, where the corrected interpolation formulas of [94] can be used. The critical explesion
energy is taken as the minimum value for which ignition occurs in a finite time after termi-
nation at any distance from the center, or in fact at the most hazardous critical value
defined in the model. The final general expressions for the critical parameters are

E \v
E,y 0,2 (R—;) puD3", ri=0,2v 2, (14)

where r,,, is the eritical termination point, which is about three times closer to the center
than the minimum-velocity one.

The critical energy is always related to a certain wave radius, beyond which the wave
is capable of self-maintaining propagation. In [136, 137], the relationship was d?rived
from the condition D(r,) = D, for a strong point explosion in a reacting gas, while r, was
estimated from a condition for cellular-structure reproduction in an expanding front. Then

' pu2 r P 4 3
E*3=(0,31—2-+ 0,59\,—;-—1—.00—?011)'—3':[7‘*, (15)
40
Te & ?—:——1 DDTOUD’
where the unsubscripted quantities relate to the Chapman—Jouguet state behind the stationary

wave.

In [125], use was made of the relation between E,v and the wave radius rpi, at the mini~
mum velocity, which was fitted to numerical experiments on gas-droplet systems, with the
result taken as universal, while rpi, was equated to the minimum radius of curvature for a
stationary two-front wave. This gave formulas for E, in the cylindrical and spherical
cases:

A 8 \\Y
Eov=aypyro= avp, ('v— rmm) s

E
T'min 2 4 (\v —_ '1) Y.-‘ (0-0 + ’1/'00 —_— 2) 1-2—1-‘21 }\,’ (16)

where a,, is a factor of the order of one, dependenton vyand v, derived from point-explosion
theory [138]. The factor v — 1 in the latter expression does not allow one to calculate
E,1, but incorporating nonstationary effects should lead to v — 1 being replaced by v [139]
in accordance with (12) and (14). Then (16) agrees with the following apart from the factor
ay:

ry={E +/p, 1Y ~ const, 17>

which was derived in [102] by comparing measurements for different v. If the initiation
energy is known for one symmetry case, one can estimate E,,, for other v from (17).

The following expression has been derived [139] from simulation and extrapolation to
zero droplet size:

150 ,\v .
Ewanp(gRb], s=1+2. (18)
From (5), this can be put in the simplest form:
, 2
E,v>~py(Bd,), B= o (19)

1]
which agrees well with experiment (Table 2).
The model of [140, 141)] is based on the cellular structure directly, and it implies
E>n-04p,D0b,  E,, =2,30,D3b*,  E,5 > 9,D2b5. (20)

Here allowance is made for the energy in the transverse-wave collision region of (3), which
initiates leading-front motion within a cell, as well as the critical number of cells at
the surface, which is determined from experiments on detonation emergence from a slot or
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tube. Here n = 1 or 2 if there are transverse waves in one or two mutually perpendicular
planes correspondingly. If the initiation source is not a point and not instantaneous,
and AR + DAt > b, it has been suggested that E,, should be increased by the factor (aR/b +
DAt/b)V™t, which incorporates the initiating-wave surface growth. The possible variations
in d*/a with the mixture and pressure have been incorporated [115] on modifving this model:

Evv20,4p,D% (dy/a) ™' 5", v=2; 3. (21)

In [34, 113], the initiation criterion for a strong point explosion was that the area
of a spherical shock wave front at the instant when its velocity falls to D, is equal to
the area of a planar DW front in a tube of diameter d,. Then

E, 3 = 4nlp,Dj (dy/4)® o 500,D2b° (22)

(the factor 50 is obtained if d, = 13a = 8.5b). It has been shown [134] that (21) and (22)
give a description better than the other models considered there, which are not quoted in
this review.

The model of [140, 141] is the only one in which E,, ~ dy™*!, i.e., is proportional
to the critical-radius front area. At present, appropriate measurements are inadequate
for identical mixtures with different v for one to conclude whether E,, ~ dY or E,, ~ dy™*
is better. The various models and formulas given here give initiation energies of the same

order of magnitude.

Practical E,, estimates can be derived from (19) with £ = 1 and d, = 13a = 803X =
80,DeTy, as well as from (21) and (22).

Detonation initiation simulation in a one-dimensional formulation (2H, + 0,) [142]
gave the main qualitative characteristics correctly; however, the initial conditions for
a self-similar point explosion resulted in very much overestimated initiation energies, pri-
marily because the one-dimensional model has limitations related to detonation-front insta-
bility. The initial conditions for a finite region (H, + Cl,) gave initiation energies
of the measured order [143].

6. CONCLUSIONS

Although an actual detonation-front structure in a gas is always in more than one di-
mension (cellular or spin), the one-dimensional theory gives good predictions not only fot
the speed but also for certain internal characteristics, in particular the peak in the mean
pressure acting at the wall in the forward and reflected waves. There are some wave param-
eters where the predictions from the theory deviate from experiment, although some of them
such as ¥ tend to approach the theoretical values as d/a increases, while other differ sub-
stantially from the predictions but their scales are correlated with the cell-structure
size, such as parameter profiles, effective front thickness, and distance to the Chapman—
Jouguet surface.

There are macrokinetic effects from the inhomogeneous structure; these are of two types.
On the one hand, the effective induction time is reduced, with the reaction starting directly
at the front, while on the other, the inhomogeneities lengthen the energy-deposition zone,
which is found to be larger by an order of magnitude than that envisaged in the one-dimen-
sional theory. Consequently, the parameter profiles deviate from the almost rectangular
form corresponding to the one-dimenisonal theory and becomes triangular, even for high acti-
vation energies.

Extremely detailed experiments have been performed on major inhomogeneous-structure
elements in stationary DW, as well as on certain transient phenomena such as emergence from
a tube into a large volume or direct initiation. The theoretical and numerical descriptions
sometimes fit the observations well, but sometimes they lead us to desire better. Semi-
empirical models appear to be the most effective in some cases, such as for the initiation
energy.

Current topics are: stationary and nonstationary flame propagation in the speed range
101-103% m/sec, which is a range intermediate for classical combustion and detonation, par-
ticularly in channels, encumbered spaces, and in free volumes; spin’ and cellularDW stability
in long tubes; detonation limits, in particular for spin and galloping modes; the effects
of scale factors on DW initiation and propagation in large explosions; and the physical
and chemical processes in DW interaction with suspended particles, obstacles, and walls,
including explosion safety and engineering gas-detonation applications.
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