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1. INTRODUCTION of the classical Chapman-Jouguet analysis. Consider-
able deviations from this analysis, connected with sin-
DETONATION waves form a complex aggregate of gularities of the compatibility of the physico-chemical
interrelated physical and chemical processes. The and hydrodynamic processes in gas media, have been
detonation problem has therefore, in addition to being noted long ago.
of technical importance, attracted the attention of many To investigate detonation phenomena it was neces-

researchers from different branches of knowledge. The sary to develop very precise microsecond pulse meth-
establishment of thermodynamic equilibrium behind the ods for measurements of different quantities: pressure,
detonation front, gas oscillations and spin detonation, density, temperature, emissivity and absorptivity of a
the transition from slow combustion to detonation, det- gas in different spectral regions, chemical composi-
onation limits, and combustion and detonation in super- tion, and concentration. Progress in the technigques

sonic gas streams—all are problems closely related of shock-wave measurements in tubes174] has made
to the singularities of shock waves, the rates and it possible to employ many of the developed methods
mechanisms of chemical reactions, turbulence, acous- to study ignition dynamics and to determine the state
tic oscillations, and other processes in gases. The of the gas behind the detonation front.

study of detonation was not limited to the development We consider in this article the most interesting re-
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sults on fast processes in detonation waves. The for-
eign reviews [5-1] cover the modern status of this prob-
lem far from completely, particularly with respect to
the analysis of the work of Soviet authors. In addition,
this subject is not always represented with sufficient
breadth in the programs of the international symposia
on combustion and detonation. For example, the prob-
lem of spin detonation, to which much recent research
has been devoted, is certainly not sufficiently dis-
cussed. Little attention is likewise paid to the study
of the kinetics of the chemical reactions at tempera-
tures corresponding to detonation conditions.

2. STRUCTURE OF DETONATION WAVE

A detonation wave is a modification of discontinuous
gas-dynamic flow. A self-maintaining shock disconti-
nuity is produced in a medium capable of exothermic
reaction, and a chemical reaction is continuously ini-
tiated behind its front as a result of the heating by
adiabatic compression. The detonation speed is con-
nected with that of the shock wave and amounts to sev-
eral kilometers per second, which is hundreds of times
faster than the velocity of a flame in gases as deter-
mined by the laws of heat front propagation. A detailed
analysis of the shock adiabat in a detonation and cal-
culations of detonation-wave velocities in different
gases are given, for example, in ["-%], We consider
here only some details of gas flow in a detonation wave.

2.1. Stationary chemical-reaction zone. The phys-
ical model of the detonation wave is still unclear in
many respects. This pertains most of all to the struc-~
ture of the chemical reaction zone. The simplest clas-
sical one-dimensional scheme was proposed for the
process by Chapman and Jouguet. According to this
scheme, the chemical reaction occurs in the shock
wave instantaneously, and the combustion products ex-
pand in the isentropic rarefaction wave that follows the
detonation front,

Although in many cases this assumption is sufficient
to determine the detonation velocity, many features of
detonation waves are connected precisely with the finite
rate of the chemical reaction. For example, if the
losses due to friction and the heat losses in the reac-
tion zone exceed the influx of energy due to the chem-
ical reaction, then the detonation wave becomes
damped; this is known as the ‘‘detonation limit.”’ The
question of a detonation with losses is analyzed in de-
tail in [8J on the basis of the assumption that the re-
action zone is stationary.

The existence of an extended chemical reaction
zone, as will be shown in what follows, leads to con-
siderable deviations from stationary and one-dimen-
sional gas flow behind the detonation front. Nonethe-
less, the one-dimensional model of a detonation wave
with a stationary chemical reaction zone behind the
shock front (Ya. B. Zel’dovich[!%8] and later [11-13])
make the pattern of the phenomenon much more pre-
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FIG. 1. Variation of pres-
sure and temperature behind
the detonation front (not to
scale).

cise and describe the structure of gas flow in many
cases.

The sequence of processes that develop in a deto-
nation wave is illustrated in Fig. 1, which shows sche-
matically the temperature and gas-pressure profiles.
The shock transition (1—2), which is completed after
several molecule collisions, is followed by rotational
and vibrational relaxation—energy exchange between
the translational, rotational, and vibrational degrees
of freedom of the gas molecules. In the relaxation
zone, the gas temperature corresponding to the energy
of translational motion decreases, while the pressure
and density of the gas increase to equilibrium values.

The relaxation processes occurring in gases at high
temperatures have been sufficiently well studied
through the use of shock-wave methods [1+4], Whereas
excitation of molecule rotation is complete after sev-
eral dozen collisions, the vibrational relaxation con-
tinues for 10°—10° collisions. At atmospheric pres-
sure and at 1500—3000°K, the vibrational relaxation
time of oxygen, for example, is 1.5 to 15 microseconds.

The vibrational relaxation processes, and also pos-
sible dissociation of the initial products, precede the
chemical reaction, which is completed after 102—101
collisions. The reaction zone (3—5) has its own pecu-
liarities. For chemical reactions with sufficiently high
activation energy (E = 20—40 kcal/mole), more than
90% of the total reaction time may be consumed in the
latent, induction reaction. [1%]

During the induction period the active centers of the
reaction accumulate, and the pressure, density and
temperature of the mixture change little. The induc-
tion stage of the reaction (3—4) ends with the explo-
sion (4—5). The relation between the induction and
explosion times is determined by the reaction mecha-
nism. Figure 2 shows the calculated changes in the
pressure behind the front of a one-dimensional sta-
tionary detonation in a 2H, + O, mixture, for different
variations of the reaction rate with the concentration
of the resultant product (zeroth, first, and second
order reactions )18, The theoretical variation of
the pressure and temperature in the intermediate state
of the reaction zone with the relative concentration of
the reaction products in the same mixture is shown in
Fig. 3.

In a steady-state detonation wave, the profile (1—5)




DETONATION WAVES IN GASES

FIG. 2. Pressure profile in
the reaction zone. 1— Zeroth-
order reaction; 2 —first-order re-
action; 3 - second-order reaction
(after [¢]),
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FIG. 3. Pressure and temperature in the reaction zone as
functions of the ratio of the running concentrations of the end
products to their equilibrium value[’].

is assumed stationary. The structure of the reaction
zone is determined by simultaneously solving the hy-
drodynamic equations of the conservation of mass,
momentum, and energy in stationary flow and the equa-
tions of chemical kinetics. We must point out immedi-
ately that a one-dimensional stationary reaction zone
is as a rule not realized in self-maintaining detona-
tion waves. More and more investigations, which will
be discussed later on, offer convincing evidence that
the gas flow in the reaction zone is far from one-
dimensional and is accompanied by intense transverse
perturbations. Particularly remarkable are the latest
data of D. Hornig[1"J, who observed deviations from
one-dimensionality even in detonation waves in hydro-
gen-oxygen mixtures at high initial pressures (up to
20 atm ). Considerable deviations from one-dimen-
sionality are observed also not only in gases but in
the detonation of liquid explosives{!8], The reaction
zone borders on a region of nonstationary flow—rare-
faction wave (5—6), the profile of which varies in time
in accordance with the boundary conditions for the flow
of the combustion products.

2.2. Rarefaction wave. The flow of the combusted
gas in a one-dimensional rarefaction wave is described
by the relations

z=(u+ta)t
and
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Uy —u= (aZ—a)f

y—1
where x denotes the coordinate of the gas particle, u
the flow velocity, and a the velocity of sound. The
subscript 2 denotes the state of the gas on the boundary
between the reaction zone and the rarefaction wave.
According to the well-known Chapman-Jouguet condi-
tion, the detonation velocity is D = uy + a;, (see Sec.
2.3), so that

zy=Dt = (az+u,)t.

Consequently
2 Ty—2
m-u =g (B )

If we neglect the gas pressure ahead of the detonation
front compared with the pressure behind the front, i.e.,
Pz > p;, then we obtain from the conservation laws

Ty —2 >
Ty .

Thus, in the case of detonation in a long tube, the ve-
locity of the combusted gas decreases linearly with the
distance from the front over a distance x. When x
=X,/2 we have u = 0, that is, starting with this point,
the gas in a tube with a closed end will be at rest rela-
tive to the walls of the tube. If the detonation wave is
initiated at the open end of the tube, the gas velocity
reverses its sign at'the point x = X, /2. The distribu-
tion of the gas pressure is determined in analogous
fashion:
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The solid lines in Fig. 4 show the variations of the
pressure and velocity along a detonation tube for a
detonation initiated at the open end (x = 0), The
dashed lines correspond to flow with the end of the
tube open. The calculation is for y = 1.2, which is
in close correspondence to the flow of the detonation
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FIG. 4. Structure of flow in a one-dimensional detonation
wave. Dashed —open-end tube, x,—coordinate of detonation
front, y = cp/cy = 1.2,
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products of a mixture of hydrogen with oxygen. An
experimental check on the variation of the density in
a rarefaction wave for a detonation in a tube is con-
tained in [19,

2.3. The Chapman-Jouguet condition. The border-
line between the stationary zone of the reaction and the
rarefaction wave is the state of gas defined by the so-
called Chapman-Jouguet condition. From the mass
and momentum conservation equations for one-dimen-
sional isentropic gas flow we can obtain, by introduc~
ing the variable ¢ = x/t, the following relation:

F 1= =0 Y

Consequently, the position of the boundary of the non-
stationary rarefaction wave (du/d¢ = 0) should be de-
termined from the condition

Efr =D=u+a,

that is, the detonation front should propagate at the
velocity of sound relative to the particles of the com-
busted gas. Thermodynamic considerations lead to
the same relation[8,13],

A few remarks must be made concerning the
Chapman-Jouguet condition. This relation serves as
the basis for the calculation of the detonation velocity
in different gases[®2%], o that it is important to define
precisely the velocity of sound in the combustion prod-
ucts. However, the velocity of sound is not a completely
unambiguous quantity, owing to the dispersion caused
by slowing down of the excitation of the molecule vi-
brations. There are all grounds for assuming that the
velocity of sound is larger for the high-frequency com-
ponents than for the low-~frequency components. In ad-
dition, the calculation of the thermodynamic state of
the reaction products from the conditions of chemical
equilibrium and the total heat release on the Chapman-
Jouguet boundary is not always correct. For example,
some reactions involving the dissociation of combus-
tion products can have a lower rate compared with re-
actions that determine the principal heat release. In
this case the Chapman-Jouguet boundary shifts towards
the zone of the principal chemical reactions, and the
slow reactions will no longer influence the parameters
of the stationary zone of chemical transformations.
The delay in the dissociation and the existence of non-
equilibrium concentrations of the final products on the
Chapman-Jouguet boundary are equivalent to a higher
heat release in the wave compared with the equilibrium
calculation. As a result, the detonation velocity may
turn out to be higher than the equilibrium value, and
the gas pressure in the Chapman-Jouguet state may
also increase. An increase in the pressure will con-
tribute to a suppression of dissociation and to a shift of
the Chapman-Jouguet boundary towards higher heat re-
lease within the limits of the stationary reaction zone
(Fig. 5). Thus, a correct choice of the detonation ve-
locity should take into account the shift of the boundary
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FIG. 5. Shift of heat-release curve in the reaction zone, due
to the delay of the dissociation and to the increase in the de-
tonation velocity. 1— Change in heat release behind the front of
the normal detonation wave with increasing distance from the
shock front; 2 —the same curve with account of the increase in
the detonation velocity and the pressure. The Chapman-Jouguet
state is close to the maximum point.

of the stationary zone of the reaction in accordance
with the increase in the total heat release and the
pressure in this zone. This interesting feature of the
detonation-wave structure was first pointed out by Ya.
B. Zel’dovicht®1%], There are also experimental data
which point to the possibility of the existence of such
combustion modes in a detonation wave [#1], However,
as was already noted, such an effect can be complicated
to some degree by deviations from the one-dimension-
ality of the gas flow in the vicinity of the detonation
front.

2.4. Diverging and converging detonation waves.

By considering three-dimensional detonation waves
with spherical or cylindrical symmetry, we can obtain
a clear idea of the wide range of applicability of the
Chapman-Jouguet analysis (plane and diverging waves),
as well as of the existence of physically motivated de-
viations from this scheme (‘‘focusing’’ or converging
waves). For three~dimensional non-plane waves Eq.
() has a right-hand part, which is in itself evidence of
the possibility that the wave distribution may not be
stationary. An analysis of gas flow in diverging deto-
nation waves #2223 hag shown that in diverging flow
behind the front only the law governing the expansion
of the gas in the rarefaction wave adjacent to the re-
action zone changes. The motion of the wave remains
stationary, as is confirmed by experiments in which
undamped spherically[m and cylindrically[m diverg-
ing detonation waves were observed. We must point
out as a curious fact that, according to (I), large
gradients of the velocity and of the other parameters
of the gas behind the detonation front should exist for
a stationary diverging wave in the Chapman-Jouguet
state. This circumstance has raised at one time
doubts concerning the possible existence of diverging
waves without damping (Jouguet).

Whereas a change in the law of expansion of the
combustion products behind the detonation front has
no effect on the wave velocity, this holds true only up
to certain limits when it comes to the additional com-
pression. By artificially increasing the compression
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behind the detonation front, say with the aid of a piston
inserted in the tube behind the wave, it is possible to
compensate partially or fully for the pressure drop in
the rarefaction wave that follows the reaction zone (%],
In this case the stationary nature and the detonation
velocity remain unchanged. However, if the piston ve-
locity is made larger than the velocity of the gas par-
ticle stream in the Chapman-Jouguet state, then the
velocity of the detonation front increases, in accord-
ance with the conservation laws on the shock disconti-
nuity, and will depend on the piston velocity. This
gives rise to a so-called ‘‘overcompressed’’ detona-
tion (271,

As shown by Ya. B. Zel’dovich, in a converging det-
onation wave the overcompression occurs spontane-
ously as a result of the decrease in compression in the
focusing stream. Using the tendency of the detonation
to remain stationary, we can calculate the change in
pressure in the wave front during the course of its fo-
cusing 81, In the limit, for very small converging-
front radii, the behavior of the detonation wave will
differ little from the focusing of a shock wave, that is,
the released chemical energy can be neglected com-
pared with the work of compression in the converging
stream. The asymptotic law of increase in pressure
in the wave front can be determined from the known
solutions [#%1,

3. EXPERIMENTAL METHODS FOR THE STUDY OF
THE STATE OF THE GAS BEHIND THE DETONA-
TION FRONT

The chemical reaction behind the detonation front
is completed within a very short time interval. For
example, in the detonation of a mixture of hydrogen
with oxygen, the period of induction of the reaction
behind the shock front is approximately 2 microsec-
onds at atmospheric pressure. Consequently, the res-
olution in the measurements of the time variation of
the different physical guantities in a detonation wave
should be at least less than 107% sec. Let us consider
briefly some methods for such measurements (a more
detailed description is found in [3J),

3.1. Measurement of pressure (piezoelectric pulse
transducers). The most accurate and convenient
method of measuring pressure behind a shock wave

front is to use pulse transducers made of piezoelectric

ceramics[4:30-32], Transducers of tourmaline, quartz,
Rochelle salt, and other natural piezoelectric materials
are less sensitive, unreliable in operation, and are
more prone to parasitic oscillation inside the piezo-
electric element.

The pressure-measuring accuracy and the resolu-
tion time of the transducers can be improved in essen-
tially two different ways. One is to reduce to a mini-
mum the linear dimensions of the element and the other
is to attempt to create in an element of finite dimen-
sions conditions that are suitable for the propagation
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of an elastic wave and permit exact determination of
the pressure acting on the sensing surface.

The construction of a piezoelectric pulse transducer
for the measurement of gas pressure on a tube wall is
shown in Fig. 6. The cylindrical element of barium
titanate ceramic is soldered to a long zinc rod which
absorbs without reflection the elastic wave propagating
in the element whenever the gas pressure changes
abruptly. The acoustic impedances of zinc and barium
titanate are nearly equal in magnitude 3", To elimi-
nate the acoustic coupling between the element and the
walls of the tube, the space between the case and the
rod is filled with beeswax or some other ‘‘decoupling’’
filler. Samples of pressure records in a detonation of
the mixtures 2H, + O,, 2CO + Oy, and ethyl alcohol
with oxygen in a shock tube are shown in Fig. 7. The
diameter of the element in such a construction can be
reduced to 1—1.5 mm with the sensitivity maintained
at ~ 10 V-pF/atm. The resolution of the transducer
can reach 0.5 microsecond.

In [31] ig described the operation of a piezoelectric
pulse transducer which results in high time resolution
with a large element. In this case the pressure p(t)
acting on the sensing surface is determined from the
recorded rise time of the charge q(t) in the element

l/ 2
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FIG. 6. Pulsed piezoelectric transducer for pressure. 1—
Piezoelectric-element; 2 — zinc slug; 3 — wax layer.
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FIG. 7. Oscillograms of pressure behind a maintained de-
tonation in a shock wave of square cross section. a) Mixture of
carbon monoxide with oxygen, b) mixture of ethyl alcohol vapor

with oxygen, ¢) mixture of hydrogen with oxygen. Initial gas
pressure 0.1 atm.
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as the elastic compression wave propagates in it:

!
g)=4{ pyar.

)
The pressure under normal reflection of a detonation
wave from a rigid wall was measured by this method
accurate to 0.5 microsecond, and the existence of an
increased-pressure region corresponding to the chem-
ical-reaction zone was demonstrated thereby.

3.2. Measurement of gas density. The Schlieren
method(3,4,3%] and the interferometer method [34-36]
are extensively used to measure the gas density behind
the shock wave front. Both methods are based on the
registration of the change in the refractive index of the
gas, and are very sensitive (changes up to 0.1% p; are
registered). Figure 8 shows an interference pattern
of the structure of the stream behind the detonation
front in the mixture 2H; + O, + 0.92 Xe (py = 40 mm
Hg). The vertical displacement of the interference
fringes is proportional to the change in the gas density.

FIG. 8. Interference pattern of the
propagation of a detonation in the
mixture 2H; + O3 + 0.92 Xe.

The minute details of the flow registered with the in-
terference instrument may make it difficult to obtain
data on the average density near the detonation front,
Consequently the most convenient method of measuring
density in detonations is by absorption of a thin beam of
x-rays perpendicular to the motion of the front of the
wave [1%:21,37-3] T4 increase the absorbing ability of
the gas it is necessary to add in this case an inert gas,
usually xenon, to the investigated mixture. The change
in radiation intensity is registered with a photomulti-
plier equipped with a scintillator. Figure 9 shows a
comparison of the calculated and measured profiles of
the detonation-wave density in a 2H, + Oy + 0.92Xe
mixture with an initial mixture pressure of 44 mm Hg.
The observed discrepancy cannot be attributed merely
to the limited resolution of the density -measuring
method. The detonation waves registered in Figs. 8
and 9 have been obtained under practically identical
conditions [36:38] Ag can be seen from Fig. 8, the det-
onation shock front is not a plane surface and is
strongly disturbed by transverse waves (see Sec. 6.2
below ). Therefore density measurements by x-~ray
absorption define not a one-dimensional chemical-
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FIG. 9. Results of experiments on the measurement of the
density behind a detonation front (x-ray absorption).

reaction zone, but some profile of density variation
which is averaged over the front.

In the experiments of D. Hornig [17] the change in
the gas density behind the detonation front was regis-
tered by reflecting light from the surface of the front.
This method has made it possible at one time to deter-
mine with high resolution (on the order of the wave-
length of light) the structure of the shock wave in or-
dinary gases[4], Measurements in detonation waves
have shown that the jump of the gas density on the front
corresponds to a shock transition without a chemical
reaction. However, the effective width of the reaction
zone has turned out to be much larger than expected.
For example, in a 2H, + O, mixture with initial pres-
sure of 20 atm, the width of the transition region
amounts to approximately 2.5 mm, which is hundreds
of times larger than the width of the one-dimensional
reaction zone obtained from kinetic data. These re-
sults offer evidence of considerable deviations from
one-dimensionality even at high mixture pressures.

3.3. Measurement of gas temperature (generalized
method of spectral line inversion). This method has
turned out to be the most convenient in the study of the
state of a gas behind a shock-wave front(41-4], Where-
as to determine the gas temperature in the detonation
of condensed substances it is sufficient to measure
with a pyrometer the emissivity in two sections of the
continuous emission spectrum 4547 in the detonation
of a gas it is necessary to determine independently
both the emissivity and the absorption of the light in
the spectral regions of the intense emission of the gas
or of the impurities contained in it. If the emission
spectral lines of the impurities are used to measure
the gas temperature (see [41:42] and also the reviews
[1,48]y the resolution is limited by the time necessary
to heat, evaporate, dissociate, and excite the impuri-
ties (for example, sodium salts) within the volume of
the gas behind the shock wave. By the same token, the
possibility of measurements near the shock front is
excluded. Thus, for the sodium D-line emission behind
the front of a shock wave in air, the delay in thermal
equilibrium can amount to several times ten micro-
seconds 27,

In (493 an attempt was made to measure the tem-
perature behind the detonation front in an acetylene-
oxygen mixture, using the inversion of the emission
lines of the gas proper. Such measurements were
made possible by the high concentration of the inter-
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FIG. 10. Oscillograms of the emission of gas bghind a de-
tonation front in the mixture CoHg + Oy, A = 5165 A.

mediate radical C, in the chemical-reaction zone.
Figure 10 shows oscillograms of the emission of the
gas (1) and of the gas with additional illumination from
a standard light source {2). The comparison source
used in these experiments was a krypton-xenon flash
lamp, the color temperature of which can reach
5000°K. The resolving power of such measurements
amounts to 0.5 x 10~7 sec. The gas temperature meas-
ured at different concentrations of the acetylene-oxygen
mixture components is close to the theoretical equi-
librium value.

3.4. Determination of the chemical composition and
concentrations of individual mixture components. Spec-
tral methods are used extensively here, too. For ex-
ample, a method for determining the concentration of
molecular oxygen by measuring its absorption in the
ultraviolet region has been thoroughly developed (1,50,
If the dependence of the absorptivity of molecular oxy-
gen on the temperature and concentration is deter-
mined by experiment, then the change in absorption
behind the shock front will determine uniquely the
change in the absolute concentration of the oxygen in
the mixture. As indicated in (%11, an oxygen layer
1 cm thick at room temperature and at a pressure of
1 mm Hg absorbs approximately 30% of the transmitted
light in the A = 1470 A region. The method of absorp-
tion spectroscopy in the ultraviolet is successfully used
for the determination of the dissociation rate of pure
oxygen and of oxygen in air in strong shock waves [s0],

In analogy with research carried out in flames
[15,52]  the kinetics of the chemical reactions behind
the front of shock and detonation waves can be investi-
gated by observing the time variation of the absorptiv-
ity of some intermediate reaction products. For ex-
ample, in %3] a study was made of the reaction of de-
composition of water vapor behind a shock wave front.
The measurements were carried out at 2400—3200°K
in the hydroxyl absorption region A = 3064 A.

Non-equilibrium concentrations of the carbon mon-
oxide and atomic oxygen were observed in the reaction
zone behind the front of a detonation in a 2H, + O,

+ 2CO mixture. The emissivity of the gas in individual
spectral portions of the visible region was found to be
proportional to the product of the concentrations (CO) x
(0) (381, The amplitude of the emission in the reaction
zone corresponded in these experiments to the reac-
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tion-product concentration calculated without account
of the slow recombination reactions occurring in triple
collisions. The reaction-zone length registered in this
manner amounted to several millimeters at an initial
gas pressure py = 0.1—0.3 atm. Measurements have
shown that data on the reaction-zone parameters are
closest to the results of the one-dimensional calcula-
tions only in the ‘‘overcompressed’’ waves, while self-
maintaining detonation waves exhibit strong deviations
from one-dimensionality.

Thus, while having sufficiently well developed meth-
ods for physical measurements of detonation waves,
we have so far no reliable data on the state of the gas
directly behind the detonation front. The difficulties
arising here are not methodological but of principal
character, since the existing limitations are connected
primarily with the appreciable deviations of the gas
flow behind the detonation front from one-dimension-
ality. The causes of these deviations will be consid~
ered in the sections that follow.

4. FEATURES OF IGNITION OF GAS BEHIND A
SHOCK WAVE

The thermodynamic state of a gas behind a detona-
tion shock wave is determined by the rate of its prop-
agation and the initial pressure of the mixture. The
gas temperature is usually 1500—2000°K, which at
pressures on the order of atmospheric corresponds
to an ignition delay of approximately 1 microsecond.
The kinetics of the chemical reactions under such con-
ditions have been little investigated, so that the applic-
ability of any known reaction mechanism to the high-
temperature interval must be specially checked by
experiment. To study the kinetics of the emission at
microwave delays, effective use is made of shock
waves (%621 The shock wave method has many ad-
vantages over other chemical-kinetics methods, for
in fact it excludes the thermal influence of the vessel
walls. In addition, the temperature interval of the
shock-wave investigations is much broader than that
of ordinary methods.

4.1. The induction period. To study the dependence
of the mixture induction period on the temperature and
on the pressure, we can use the method of reflected
waves. The mixture ignition conditions are governed
in this case by the state of the gas behind the wave
front in the tube following its reflection from the
closed end. Figure 11 shows a time sweep of the ig-
nition process in an H, + O, mixture, obtained by the
Schlieren method.

The initial mixture was compressed twice—behind
the incident wave 1 and behind the reflected wave 2.
The state of the gas behind the front of these waves is
homogeneous, and the gas particles behind the wave
front 2 are at rest relative to the tube walls. The pres-
sure, density, and temperature of the gas are usually
determined by gas-dynamic calculations. A check on
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FIG. 11. Schlieren photograph of delayed ignition in
an Hy + Og mixture.

the validity of such a calculation, made by independ-
ently measuring the pressure with piezoelectric trans-
ducers and the density with an interferometer and by
the Schlieren method, has led to a deviation not ex-
ceeding 1—2%. Thus, for example, Fig. 12 shows the
gas flow velocity behind wave 1 in a 2CO + O, mixture,
obtained by measuring the slope of the contact lines on
the Schlieren photographs (3], The experimental points
usually lie somewhat above the calculated curve, and
this serves as a measure of the deviation from the
one-dimensionality in the shock tubes[3:631,

A chemical reaction develops inside the volume of
gas heated by the shock wave. In order not to exclude
the effect of gas heating in the incident wave 1, the ig-
nition induction period is usually measured with re-
spect to gas layers that are adjacent to the reflecting
wall. Since the gas ignition occurs immediately at
several points of the gas volume 3, the values of 7
(see Fig. 11) are extrapolated to 7, 9%, Centered
ignition of the gas, which begins in the form of com-
bustion from individual centers, ends with explosion
and formation of the detonation wave 4.

Figure 13 shows the results of measurements of the
delays in the ignition in an H, + O, mixture at atmos-
pheric pressure in the temperature interval from 1000
to 1600°K. The reaction kinetics of this mixture at
lower pressures and temperatures is sufficiently well
known, so that the data obtained can be compared with
the delays determined by the chain mechanism of this

reaction[1%:881  During the induction period, at not
m/sec i .
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too high concentration of the reaction products, its ve-
locity is determined by the branching velocity
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The velocity constant of this reaction is determined
in (84851 The activation energy ranges from 18 to
16 kcal/mole. The calculated temperature dependence
of the induction period is shown by the line of Fig. 13
(E = 18 kcal/mole). As can be seen from the plot, at
high temperatures there is good agreement between
experiment and calculation, in accordance with the
chain theory. Analogous results have been obtained
also in dilute mixtures, where the measurements are
less reliable, owing to the presence of the diluents [5%:61],
At low temperatures the delays increase more
rapidly than can be expected from calculation. A sim-
ilar conclusion was obtained in %] from a comparison
of the measurements made by several workers. We
present the summary data on the ignition of a hydrogen-~
oxygen mixture taken from [ and supplement them
with our own results (%] (in [%8] there is reference
only to the experiments of [59] in incident shock waves).
As seen from Fig. 14, the kinetic curve has a charac-
teristic bend near T ~ 1100°K. The change of the re-
action rate is connected in this case with the approxi-
mation to the limit owing to the formation of the HO,
radical and the suppression of the branching. In this
case the character of the explosion in the gas also
changes qualitatively: whereas the detonation away
from the limit is initiated as a rule at the first center,
a relatively slow development of a series of ignition
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centers is always observed near the limit. In the re-
gion where the velocity of the leading reaction changes,
it is incorrect to estimate the effective activation en-
ergy from the slope of the kinetic curve so that the
value 90 kcal/mole obtained in [66] for the low tem-
perature region should be congidered too high.

It must be noted that during the induction period
(see Fig. 11) the change in density of the reacting
mixture is less than 1%. This shows clearly that the
accumulation of active reaction centers occurs with
negligible heat release (the thermal effect of the gross
reaction goes into formation of high non-equilibrium
hydrogen atom concentrations).

Thus, the data obtained confirm the correctness of
the chain theory up to the pressures and temperatures
that prevail in detonations. It is therefore natural to
expect the limiting kinetic phenomena also to be con-
nected with some hydrodynamic features of the deto-
nation waves (see Sec. 6.4).

4.2. Determination of kinetic reaction parameters.
By using experimental data on the temperature depend-
ence of the induction period we can obtain the effective
activation energy of the leading reaction from the slope
of the log 1/7 vs. 1/T line. For many reactions, the
experimental curve is nearly a straight line, and the
obtained activation energy agrees with the values de-
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termined by other methods (for example, reactions
of hydrogen with chlorine, bromine, and iodine[¢7J).
In some cases, however, for example in the ignition
of mixtures of hydrogen, carbon monoxide, and some
hydrocarbons with oxygen, the dependence is more
complicated, as we have seen with hydrogen as an ex-
ample. Consequently the determination of the activa-
tion energy for such reactions is difficult.

If the reaction mechanism is known, the experimen-
tal values of the induction period can be used also to
determine the pre-exponential factor in the Arrhenius
law for the temperature dependence of the rate of the
regulating reaction. From the data given above on the
ignition of a mixture of hydrogen and oxygen, for ex-
ample, we get k, = 1.8 x 1071% ¢cm3/sec, which agrees
with [64] and [65], The table lists experimental values
of the activation energy for some mixtures, and indi-
cates the range of the thermodynamic parameters of
the gas state, for which the ignition was investigated.

4.3. Formation of the detonation front. As can be
seen from Fig. 11, a detonation wave is formed follow-~
ing the occurrence of an ignition center inside an adia-
batically heated gas mixture. Depending on the gas
temperature and pressure, the time of formation of
the detonation front varies from several microseconds
to a value on the order of 100 microseconds. It must
be noted that in undiluted actively reacting mixtures
the detonation wave is produced within the compressed
mixture independently of the shock wave front that
causes the heating of the gas. In dilute mixtures, a
gradual acceleration of the reflected shock wave to
detonation velocity is observed after the region of gas
ignition coalesces with its front (58611,

When mixtures are ignited under low temperature
conditions, the detonation is formed in two stages: the
expanding combustion products are first compressed
adiabatically and heat a certain volume of the non-
combusted mixture adjacent to the flame front, fol-
lowed by explosion of the compressed gas and forma-
tion of a detonation front, analogous to the ignition in
shock tubes. This type of ignition in shock tubes is

Composition of Hy+0, |2C0+0, (CH,+20, |C,H;0H |CiH+110, | C3Hg
mixture + 30, +97%Ar |+ air
Temperature of gas
in experiments on | yon0— | 4200— | 1050— | 1100— | 1500—2400 |880—1030
ignition, °K 1540 1400 1200 1300
Gas pressure, at-

’ 14+0.2 | 440.5 | 740.2 |3.840.3 3—20 14
mosphere ‘ * +0.5 * +
Effective activation
energy for the in-
duction period, 17.341.5 Varies (27.44-2,5{11.54-2,0 30 19
kcal/mole
Bibliography 55 . 3, 56 3 56 58 54
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called in the literature transition from slow combus-
tion to detonation,

5. TRANSITION FROM COMBUSTION TO DETONA-
TION IN GASES

The formation of detonation waves as a result of ac-
celeration of a flame in tubes is the subject of an ex-
tensive literature. Most papers explain the causes of
the acceleration of the visible motion of the flame rela-
tive to the tube walls(8-"5] and attempt to construct
a most complete gas-dynamic scheme for the process
[7,%6-83]  Of greatest interest is the work by K. I.
Shchelkin, in which the influence of turbulence on the
change in the flame propagation conditions is ex-
plained (68,891 without going into details of the his-~
tory of the question, we describe here the sequence
of the individual stages of this complicated nonstation-
ary process. We note that a detailed analysis of the
phenomenon has become possible only through appli-
cation of shadow methods, supplemented by pulsed
measurements of the gas pressure (3,4,26,83]

5.1. Gas-dynamic scheme of formation of detona-
tion in a tube. When the mixture is first ignited, a
laminar flame is formed, with a normal propagation
velocity on the order of 1—10 meters per second rela-
tive to the particles of the uncombusted gas, depend-
ing on the mixture. If the mixture is first ignited near
the closed end of the tube, the combustion products
can expand only towards the uncombusted mixture.
This results in a gas flow similar to the expansion
of a compressed gas in shock tubes. The expansion
of the combusted gas produces in the uncombusted
mixture a compression wave in which the gas particles
are set into motion with velocities of several hundred
meters per second. The flame is also part of this
stream, so that its visible velocity increases notice-
ably.

It must be noted that the arising flow has a compli-
cated character, and the state of the combusted gas is
the result first of the transition from the unperturbed
gas to the compressed state, followed by combustion
in the flame front. Therefore a simplified analysis
of the phenomenon, for example by replacing the flame
with an impermeable piston moving with the visible
velocity of the flame [76:78] is not sufficiently rigorous.

Depending on the specific flow conditions (trans-
verse tube dimensions, roughness of the walls) and
on the density and viscosity of the gas, turbulization
appears in the mixture stream, which results in turn
in a change of the flame profile and an increase in its
surface. The Reynolds numbers for the flow ahead of
the flame are usually one order of magnitude larger
than the critical values, and the length of the region
over which turbulization of the mixture flow is notice-
able amounts to several dozen tube diameters for
smooth walls.
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An increase in the flame surface corresponds to an
increase in the compression and to a higher flow ve-
locity, which in turn leads to an increase in turbuliza-
tion. Heating of the mixture by compression also leads
to an increase in the normal velocity of the flame. The
process develops until the conditions necessary for
adiabatic volume self-ignition of the gas are produced
in the compression wave ahead of the flame (55331, The
development of turbulence can be accelerated by intro-
ducing special obstacles in the form of spirals, grids,
ete. (8071 and also by the action of the compression
waves, reflected from the closed opposite end of the
tube, on the flame (see Sec. 5.3).

In Fig. 15 the Schlieren picture of the described
process in a CyH, + O, mixture is aligned with the
pressure oscillograms, recorded by a piezoelectric
transducer at two points along the tube. The volume
character of the explosion of the mixture ahead of the
flame is evidenced by the form of the backward com-
pression wave (detonation wave ), which consists of
several perturbations [8], It can be noted that the
gas explosion develops in a compression wave that has
had no time to change into a shock wave.

5.2. Calculation of the state of the mixture ahead of
the flame front. The existing calculation procedures
are based on a simultaneous solution of the conserva-
tion equations on two discontinuities—on the flame
front and on the shock wave that forms ahead of the
flamel® ], The simplest procedure for calculating
the process is described in [83], Ag can be seen from
Fig. 15, the pressure jump in the compression-wave
front ahead of the flame is small, and the main in-
crease in pressure occurs in the region of the contin-
uous adiabatic compression. Under such conditions it
is advantageous to confine the computations to the sim-
plified system: adiabatic wave—flame—combustion
products at rest relative to the tube walls.

The state of the gas in the compression wave is de-
termined by the flame velocity
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FIG. 15. Schlieren picture and oscillograms of the pressure in

the transition from combustion to detonation in a tube.

CoH, + Og mixture[**],
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S = Sn‘G‘ ’
where Sy is the normal combustion velocity, o the
transverse area of the detonation tube, and % the ef-
fective surface of the flame. For example, for a round
tube, replacing the surface of the flame by a hemi-
sphere, we have Z/0 = 2. If we denote the state of the
unperturbed gas by the index zero, the gas ahead of the
flame front by 1, and the combusted gas by 2, then the
state of the compressed uncombusted mixture at the
maximum of the adiabatic compression wave 1 is de-
termined in the assumed scheme from the following
conservation laws:

0,8 =02 (S —u)
05U = Py~ Py,
2
e (¢, —co)
L2 ATy =~ ¢onst

Q2 s

Here u is the stream velocity, c the velocity of
sound, and T, and u, the temperature and molecular
weight of the combustion products, which do not change
much with variation of p;. Confining ourselves to the
approximation T, = T¢ (combustion temperature of
the mixture ), we can find the dependence of u and T,
on the effective flame velocity S. Figure 16 shows the
results of such approximate calculations for the mix-
tures C,H, + O, (D (%] and H, + O, (II). Thus, condi-
tions for an adiabatic explosion are produced in the
first mixture even when S/Sp = 4.5, but for the second
only when 8/Sp = 20—25. It is characteristic that the
length of the pre-detonation section in the hydrogen-
oxygen mixture is larger than in the acetylene-oxygen
mixture by precisely the same ratiol4],

5.3. Compression wave and adiabatic self-ignition.
The described mechanism of the formation of detona-
tion in the explosion of an adiabatically heated gas mix-
ture is the most general and is particularly pronounced
in stoichiometric active mixtures. In this case the
shock front of the wave ahead of the flame does not have
time to form during the time of transition, so that the
adiabatic calculation scheme is the most valid here.
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FIG. 16. Approximate calculation of the state of the gas ahead
of the flame for the mixtures CoHy + Oy (I) and Hp + O (II).
1) Temperature, 2) Gas flow velocity u/cy.
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Comparison with experiment for the C,H, + O, mixture
shows that the local inhomogeneities in the vicinity of
the flame, and particularly near the walls, cause the
explosion of the gas to occur usually at flame veloci-
ties 20—30% below critical (temperature difference
near 100°)[83],

In mixtures with lower reaction rates and with
smaller heat release a shock front of a compression
wave can be formed during the pre-detonation stage,
but in this case the maximum pressure and tempera-
ture will be attained near the surface of the acceler-
ated flame. In this case the procedure for calculating
the gas state needs to be refined to account for the ap-
pearance of the shock transition. This does not mean
that the principal role in the detonation should be as-~
signed to the formation of the shock wave ahead of the
front. As already noted, the detonation wave occurs as
the result of explosion of the compressed mixture, and
not after the coalescence of the flame with the shock
wave, as is sometimes assumed ™17 1f is interest-
ing to note that in some cases the accelerating combus-
tion region can overtake the compression wave front
and travel together with it for some time in the form
of a single complex, without a detonationl™3, A
Schlieren photograph of such a process in a CyH, + O,
mixture is shown in Fig. 17.

5.4. Interaction of flame with shock wave. Investi-
gations along this line are connected with the peculiar-
ities of the transition from combustion to detonation
in limited volumes. The compression wave produced
by the flame in a tube of finite length experiences sev-
eral refractions through the combustion region, caus-
ing additional deformations of the flame surface and
increasing the normal combustion velocity due to the
increase in the temperature (both effects increase the
velocity S). The increase in the flame velocity is con-
nected with the appearance of an additional compression
of the gas, which is manifest in the experiments by an
intensification of the refracted wavest8-8]  For a
relative estimate of the effect of different factors on
the increase in the flame velocity, investigations of the
interaction between shock waves and the flame are best
carried out in shock tubes (87881 when the state behind
the front of the shock wave is established independently
and is well known. Figure 18 shows a Schlieren photo-
graph of a collision between a shock wave and a flame
in a CyH, + O, mixture. The flow past the first colli-
sion of the wave with the flame is in good agreement
with the one-dimensional gas-dynamic calculation of
the decay of an arbitrary explosion, in which the flame
after the collision is regarded as a contact surface.
The main intensification of the shock wave is observed
after it is reflected from the end of the tube and re-
fracted again through the combustion region (explosion
of gas and formation of detonation behind the reflected
wave). The intensification of the reflected wave de-
pends essentially on the deformation of the contour of
the flame, which increases the combustion surface.
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FIG. 17. Schlieren photograph of flame motion in the case of
formation of a compression wave—flame complex. Mixture
CoHy + O9; p1 =30 mm Hg,

FIG. 18. Schlieren photograph of the
refraction of a shock wave on the flame
front (sweep). 1— Shock wave front; 2 —
flame prior to collision, 3 — refracted
wave. Still photographs of the shape of
the flame front before and after the
collision are shown alongside.
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For low-amplitude shock waves the increase in the
normal velocity of the flame plays a lesser role. This
is clearly manifest in the sharp decrease of the inten-
sification of the shock wave following its double refrac-
tion through the flame when the place of collision is
shifted to the reflecting wall, where the possibility of
non-one-dimensional deformations of the flame sur-
face is practically excluded (%], The peculiarities in
the intensification of the compression waves in the
turbulent combustion zone are considered in (891,

It is typical that only the change in the normal com-
bustion velocity with temperature is taken into account
in calculations of the intensification of acoustic and
shock waves interacting with a flame [85:86,90]  while
the effect of flame deformation is not considered. At
the same time, the role of flame front instability in
processes where the combustion goes over into deto-
nation[88:89] ig sufficiently well known. Thus, in the
propagation of a spherical flame [24] or of flames in
tubes of large cross section, the increase in the flame
surface due to the appearance of its internal Landau
instability 1] g apparently the main cause of the in-
creased flame velocity.

6. OSCILLATIONS OF GAS BEHIND THE DETONA-
TION FRONT

The one-dimensionality of the flow behind a plane
detonation front is usually violated by the occurrence
of oscillations in the gas. Numerous observations
[92-103] sefer evidence that the oscillating or ““spin’’

]
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detonation mode is the most widespread form of deto-
nation combustion. It has also been ascertained that
the amplitude and frequency of the oscillations are
not only determined by the pressure and the chemical
composition of the mixture, but depend also on the gas
flow conditions behind the detonation front. For ex-
ample, in the case of detonation in shock tubes, addi-
tional compression of the combusted gas leads to an
intensification of the oscillation[?] and to the appear-
ance of secondary pressure waves*J, In addition, it
is well known that the oscillation frequencies can co-
incide in many cases with the natural frequency of the
oscillations of the volume of the combusted gas. We
must emphasize immediately that the source of the
oscillations in the gas are layers adjacent to the deto-
nation front, that is, the reaction zone, so that the
causes of the oscillations must not be sought in the
singularities of the flow of the combusted gas. In the
case of ‘‘radiation’’ of oscillations by the detonation
front, the parameters of the radiated waves may some-
times be matched to the frequencies of oscillations in
the combusted gas. In such cases the acoustical phe-
nomena are most clearly pronounced, owing to the ap-
pearance of self-oscillating systems. We shall dis-
cuss this in detail in Sec. 6.3.

6.1. Causes of the oscillating combustion mode. The
flow of gas behind the detonation front is hydrodynam-
ically unstable[1%#-107]  Thig instability is connected
with the existence of a finite chemical reaction zone
and with the induction period of the ignition. As shown
by K. I. Shchelkint'%], the boundaries for the appear-
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ance of oscillations behind the shock front can be esti-
mated in the following manner.

The combustion in the detonation wave may become
nonstationary if the change in the induction period of
the mixture, brought about by the change in the tem-
perature in the arising perturbations, is of the same
order as the induction period itself. The range of vari-
ation of the pressure behind the detonation front can be
estimated by the difference pgy —pgq between the pres-
sure of the uncombusted gas and the Chapman-Jouguet
pressure. Therefore a criterion for the loss of stabil-
ity can be expressed in the form

Y=t
g [1-(52) " ]t

where E —effective activation energy for the leading
reaction of the induction period. This condition is suf-
ficiently well satisfied for E > 15—20 kecal/mole, that
is, for the majority of mixtures used in laboratory
practice. The stability of the detonation front against
small perturbations was investigated in [1%1, The
structure of the reaction zone in this investigation
differed little from the simplified scheme of K. L.
Shehelkin[1%], v, v, Pukhnachev [1%] considered the
question of the stability of a Chapman-Jouguet wave
with a one-dimensional finite reaction zone. In these
investigations, instability was obtained for all the det-
onation cases of practical interest.

6.2. Properties of transverse waves. The chemical
reaction zone in the detonation wave is deformed and
breaks up into a series of perturbations which move
over the surface of the shock front. For mixtures with
large reaction rates, the produced oscillations have the
largest amplitude and a high frequency, while in slowly
reacting mixtures and near the concentration or pres-
sure limits, the amplitude of the oscillations increases
appreciably and their frequency decreases.

The characteristic dimension determining the fre-
quency of the oscillations is connected with the size of
the chemical-reaction zone. The linear dimensions of
the vessel in which the detonation wave propagates in-
fluence the frequency and character of the produced
oscillations only if the average distance between two
successive perturbations becomes comparable with the
smallest dimension of the vessel, for example with the
tube diameter[*8], Such a condition is satisfied, for
example, by spin detonation, which will be considered
separately.

The oscillation frequency and the average dimen-
sion of the ‘‘cells’’ into which the detonation front
breaks up depend essentially on the properties of the
mixture. This is most convincingly evidenced by the
results of experiments with diverging detonation front
(25, in which there are no reflecting boundaries in two
or three dimensions. In the experiment illustrated in
Fig. 19, the detonation wave is produced in a tube and
then goes out to the center of a flat round shallow

arv
ar

(Ty,—Ten)»T OT

535

b)

FIG. 19. Experimental setup (a) and sweep photograph (b) in
a diverging detonation wave.

channel. The plane of the channel is focused on a sta-
tionary photographic film. A series of light spots
moves over the detonation front in a transverse direc-
tion, and the tracks of the spots trace on the film tra-
jectories in the form of logarithmic spirals

do
rd—t =_C.

The glowing spots are the points of intersection of the
transverse waves with the detonation front.

The tangential velocity of the perturbations is in the
mean constant and exceeds somewhat the velocity of
sound in the combusted gas. The average number of
transverse waves per unit length of front periphery,
with the exception of the vicinity of the center of the
channel, remains constant and depends only on the
composition and the initial pressure of the mixture.
Track prints obtained by reflection of spherically di-
vergent detonation waves from a wall coated with
lampblack also offer evidence of the ‘‘cellular’’ struc-
ture of the detonation-front surface.

Let us consider now the condition for the existence
of an undamped detonation with intermittent ignition
behind the front. The combustion of the gas behind the
shock front of such a wave is essentially localized in
the region where the transverse compression wave
joins the shock front. The transverse wave forms with
the ignition region a stable self-oscillating system, in
which the thermal energy released in the gas is used
partially to maintain the transverse wave in accord-
ance with the known Rayleigh principle, which stipu-
lates that in order for acoustic oscillations to be ex-
cited in the gas the heat must be released in phase with
the compression.

If the average velocity of the ignition region is
higher than the velocity of sound in the combusted gas,
it “breaks away’’ from the acoustic wave and loses the
support on the flank. If, to the contrary, the ignition
has a smaller transverse velocity, the compression
wave, leading the region of ignition, loses its source
of energy and becomes attenuated. Thus, a self-main-
taining mode is possible only if the average velocity of
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the transverse waves, with account of their mutual col-
lisions, is equal to the velocity of sound in the com-
busted gas [3,108],

The connection between the acoustic phenomena and
the singularities of the ignition behind the detonation-
wave front is most clearly manifest in the case of spin
detonation in round tubes. Unlike the waves in flat
channels, a self-oscillating system is produced, con-~
nected with the phase wave of the acoustic oscillations.
It is interesting to note that the transverse velocity of
the phase wave with a compression antinode near the
wall is almost double the velocity of sound in the com-
busted gas.

6.3. Acoustic theory of spin detonation. The trans-
verse velocity of the ignition section is determined
experimentally in the case of spin detonation in round
tubes from the angle between the generatrix and the
spiral track left by the wave on the side surface of a
lamp-black coated tube. For most mixtures in which
stable rotation of a single transverse wave is observed
(‘‘single-head’’ detonation), the angle is close to 45°,
that is, the transverse velocity is close to the detona-
tion velocity [*2), This fact is explained by the acous-
tic theory of spin detonation, proposed by N. Manson
[108,107,1107 | 1t must be noted that the acoustic treat-
ment of spin detonation’in the form developed in [107,109]
indicates only a quantitative connection between the
transverse velocities of the ignition zone with the pa-
rameters of the acoustic waves in the combusted gas.
This cannot serve as a basis for stating that the nat-
ural oscillations in the volume of the combusted gas
cause the ‘“spin’’ combustion in the detonation wave.
We have here only one manifestation of internal in-
stability of combustion behind a shock front, under
conditions that are most favorable for this purpose.
Therefore the physical analysis of the causes of os-
cillations and transverse waves in detonation must
deal primarily with the singularities in the flow in
the chemical-reaction zone behind the shock front,
and not with the processes in the combusted gas.

Figure 20 shows a Schlieren photograph of the flow
for spin detonation in a round tube. Behind the detona-
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FIG. 20. Schlieren photograph of spin detonation in a 2CO
+ Og mixture in a round tube.
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tion front there is a transverse wave which is stretched
out along the generatrix of the tube and which appears
periodically in the photograph in the form of bright
vertical strips. This wave, sometimes called a loop,
rotates together with the igniting section of the front.
The existence of such a wave agrees with the solution
of the wave equation for the radial and tangential os-
cillations of the volume of gas combusted in the tube.
This solution describes rotation of the phase pressure
antinode of a complex oscillation with the transverse
velocity, determined from the relation

Uper =My He,

where Ak are the eigenvalues of the Bessel functions,
R is the radius of the tube, and ¢ is the velocity of
sound.

For the first harmonic, for example in the 2CO+0,
mixture, Vper = 1.84c = 1780 m/sec. The detonation
velocity of this mixture is D = 1787 m/sec, that is,
practically the same as the velocity of the transverse
wave. We see therefore that in the case of spin deto-
nation the ignition is stabilized by the compression
phase wave occurring in the combusted gas.

If a cylindrical insert is placed inside the detona-
tion tube, the transverse velocity of the phase wave
should decrease. Suitable experiments[!!!] have
shown that the observed decrease in the transverse
velocity of the loop agrees completely with the calcu-
lation for the acoustic wave in a coaxial tube.

6.4. Structure of spin detonation front. Careful in-
vestigations of the form of the shock front in a spin
detonation wave in a 2CO + O, mixture have led to the
scheme shown in Fig. 21032,9,112,1131  The lines shown
in the figure are the intersections of the corresponding
shock discontinuity surfaces with the surface of the
round-tube channel, the internal surface of the tube
being developed on a plane. The arrows indicate the
direction of the incoming gas stream. The region of
intense gas glow is shaded. The front structure was
studied by Schlieren photography supplemented by
measurement of the pressure on the tube wall. During
the photography, the longitudinal and transverse dis-
placements of the ignition section were compensated
for by suitably moving the photographic film at the
same resultant velocity [112],

The mixture burns in two portions of the shock

FIG. 21. Structure of shock front in spin detonation.




DETONATION WAVES IN GASES

front: in the most curved section of the main shock
front AB and in the transverse wave DE. Such a dis-
tribution of the combustion is connected with the ki-
netic singularities of the ignition of this mixture. Gas-
dynamic calculation has shown that separation of the
ignition front from the main shock front (point B) cor-
responds to a temperature Tjg = 1530°K behind the
shock wave. Account must be taken of the fact that the
sections of the front with larger curvature have a
higher velocity, while in the remaining part of the
shock front, BG, which makes a sufficiently acute angle
with the stream lines of the incoming fresh gas, the
temperature decreases. As shown by measurements
in shock waves[®], in the interval 1200° < T < 1500°K
the kinetic curve for the 2CO + Oy mixture goes over
from a region corresponding to ignition delays on the
order of a microsecond to delays on the order of a
millisecond. Thus, the splitting of the ignition front

is attributed to the chemical properties of the given
mixture.

The uncombusted heated mixture, which is com-
pressed in the section BG of the shock front, is ignited
in the transverse wave DE, which closes off the flow.
The flanks of the transverse wave form triple shock
configurations, which match the flow of the gas in this
wave with the shock front and with the loop[113],

Measurement of the pressure with pulsed piezo-
electric transducers with elements having dimensions
on the order of 1 mm fully confirmed the presented
flow scheme 3], The maximum pressure measured
behind the front of the transverse wave was 160 py,
patently evidencing the combusion of a twice-com-
pressed mixture, The measured pressures are much
higher than the maximum pressures (~ 50p;) obtained
by calculation in which a break or an oblique shock is
introduced in the spin-detonation front[8:193,114]  The
introduction of a triple shock configuration can like-
wise not yield a value larger than 50p, (114]  Experi-
mental data32%,113] have shown clearly that the
Shehelkin-Zel’dovich model 8] is not realized experi-
mentally, and that behind the shock front of a spin deto-
nation wave there are anomalously high gas pressures,
connected with the double shock compression of the gas
before the ignition in the transverse waves.

6.5. State of the gas in a detonation wave with ac-
count of transverse pulsations. Under conditions where
the flow is essentially not one-dimensional it is neces-
sary to take into account the pulsation components of
the velocity, density, and gas pressure in the conser-
vation laws on the shock discontinuity. The final state
described by the Hugoniot equilibrium adiabat is modi-
fied in this case and differs from the one-dimensional
state, since part of the released heat energy is trans-
formed into pulsational-motion energy, which is essen-~
tially equivalent to an increase in the effective specific
heat of the gas. In addition, the pulsation motion pro-
duces an additional pressure in the medium, and the
detonation velocity increases as a whole. An analysis
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of the shock adiabat of the detonation under the assump-
tion that pulsational motion arises behind its front in
the form of isotropic turbulence, was made by D. White
(361, A qualitative picture of the influence of the tur-
bulence pulsations on the flow in the wave is shown in
Fig. 22. The shock transition transforms the gas from
the initial state O to the final state B’ (without reac-
tion), and the straight line OB’ crosses the equilibrium
adiabat of one-dimensional detonation CAD at two
points, C and D. The intermediate states of the gas

in the chemical-reaction zone will now lie not on a
straight line (such as BA in the one-dimensional

wave ), but on some curve such as B’A’D, which
passes through the point A’ where the local Chapman-
Jouguet condition is satisfied (the dashed curves show
the shock adiabat with account of loss of part of the
thermal effect to excitation of the turbulence ).

Following state A’, the pulsation motion attenuates
and the flow becomes one-dimensional, that is, the
final state approaches the equilibrium adiabat CAD.
Two cases are apparently possible: if the detonation
as a whole is self-maintaining, the stationary reaction
zone terminates with the gas state D on the lower
branch of the equilibrium adiabat, and in the case of
large extraneous ‘‘overcompression’’ of the detonation
a transition to the point C of the upper branch becomes
possible.

The assumption of isotropic turbulence in the com-
bustion zone results in a lucid picture of the influence
of the pulsational motion on the flow of the gas, but
does not fully correspond to reality. In fact, behind
the detonation front we have not disorderly turbulent
mixing, but a system of acoustic waves with fully de-
fined parameters. Therefore the foregoing analysis
is essentially of qualitative interest and can be useful
in the construction of a more complete scheme of the
detonation wave.

7. DETONATION IN STATIONARY GAS STREAM

Many new data on the conditions for the compatibil~
ity of the combustion of the gas with the igniting shock
wave were obtained by studying the detonation produced
in compression shocks in continuous gas-mixture
streams. Let us consider the principal lines followed
by these investigations.

7.1. Combustion of gas behind a stationary shock
wave. This form of combustion was studied in wind

FIG. 22. Shock adiabat of
detonation with account of
transverse pulsations behind
the front.
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tunnels [115-1171 The difficulties in obtaining station-
ary detonation in a supersonic gas stream are con-
nected with the high Mach numbers for detonation
waves. For stoichiometric mixtures usually Mp ~ 5—7
whereas in the case of adiabatic deceleration of flow
stream behind a shock wave with M; = 3.5—4 (see
Sec. 4) the gas temperature is already sufficient for
rapid self ignition. Thus, the production of detonation
streams for stoichiometric mixtures has low proba-
bility, owing to the high deceleration temperature and
the ignition on the walls or during mixing.

If the velocity of the incoming mixture stream is
lower than the detonation velocity, the detonation wave
produced upon deceleration by an obstacle breaks away
from the stabilizing body and moves off upstream. Fig-
ure 23 shows successive frames of such a process,
obtained under conditions of supersonic flow deceler-
ated by a projection in a shock tube [%9],

Stationary shock tubes with ignition of gas behind
the front were obtained only in dilute hydrogen-air
mixtures [115:118] When hydrogen is added to the
supersonic stream of hot air, a change was observed
in the form of the compression shock produced on the
obstacle, and an extended combustion zone was ob-
served behind the shock front.

7.2. Stationary spin detonation. In analogy with spin
detonation, V. V. Voitsekhovskii[118] has produced a
scheme for continuous ignition of gas moving with det-
onation velocity (Fig. 24). A fresh mixture is fed con-
tinuously into an annular channel in the radial direction
through a narrow subcritical gap. The combusted mix-
ture is also removed in the radial direction. An ignit-
ing shock wave is produced in the channel, and its
propagation is maintained by combustion behind its
front of a fresh mixture fed to the channel during the
time of one revolution of the shock wave. The velocity
of the shock wave in such an experiment turns out to
be smaller than the detonation velocity, since the in-
flow of fresh mixture and the combustion of the gas
occur only in a small section of the shock front (the

FIG. 23. Formation of detonation be-
hind a compression shock in a shock
tube. Velocity of incoming stream is low-
er than the detonation velocity. Picture
speed is 40,000 frames per second.
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FIG. 24. Gas com-
bustion behind a shock
wave circulating in an
annular channel. 1)
Fresh mixture, 2) com-
pressed gas before
ignition, 3) combustion
oroducts.

combustion region is shown shaded in the figure). In
this case the stationary hydrodynamic process with
gas combustion behind a shock wave differs from the
Chapman-Jouguet detonation scheme. Such a process
is perfectly stable. Its duration was determined in the
experiments by the reserve mixture supply and could
last several dozen seconds.

7.3. Pulsating combustion behind a shock wave in a
supersonic stream. Periodic ignition of the gas behind
the front of a shock wave, produced at the surface of a
body in a supersonic stream, was observed in ignition
of gas mixtures by a flying bullet[}*?], A periodic
structure of the stream behind the igniting shock wave
was observed in analogous investigationst120), The os-
cillations of the gas stopped only when the velocity of
the flying body was appreciably increased.

A study of this phenomenon, carried out in a shock
tube (1211 has shown that the periodicity of the ignition
is connected with the detachment of the gas combustion
region from the front of the shock wave as the gas ex-
pands sharply following the ignition, Such a detach-
ment of the combustion was observed also in experi-
ments [122] where the detonation propagated in a tube
whose cross section was abruptly increased. Separa-
tion of the fronts was observed also in [123,124],

Notice should be taken of the effective use of shock
tubes in experiments on ignition in stationary super-
sonic streams. The tube is used in this case as a wind
tunnel with a short operating time. The advantages of
such a device lie in the fact that the attainment of high
enthalpy in the produced supersonic stream of the mix-
ture does not entail preliminary heating of the gas to
high temperature prior to its escape, making it pos-
sible to carry out the investigation in mixtures that
are prepared beforehand, without mixing in the stream.

8. CONCLUSION

In concluding this review of the latest progress in
the study of detonation in gases, we must point out sev-
eral problems which call for further development and
search for new solutions. This pertains first of all to
a clarification of the general conditions of compatibil~
ity of the chemical and hydrodynamic processes. The
universality of the non-one~dimensional mechanism of
combustion behind the detonation flame is still a puzzle.
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The problem of stability of flow in a detonation with a
finite chemical reaction rate has not yet been fully
solved. The mechanism of the connection between the
acoustic phenomena in the combusted gas and the proc-
ess of ignition behind the shock front is still unclear.
Strictly speaking, there should be no such connection
in classical detonation, since the perturbations must
not penetrate behind the Chapman-Jouguet plane. It is
possible that an important role is played here by the
losses in the detonation wave.

There is no doubt that the structure of the detona-
tion waves with high reaction rates should be influenced
by the thermal and diffusion processes, since large
temperature, density, and concentration drops exist in
the front of the detonation. So far we have only theo-
retical estimates {1251 and qualitative explanations of
some observations [16] in this direction.

In the question of the transition of combustion into
detonation, the general laws governing the mechanism
by which the flame velocity increases on going over to
the turbulent gas-flow mode still remain unexplained.
If general schemes to interpret this process are found,
the gas-dynamic analysis of the phenomenon and the
description of the final explosion phase of the process
should raise no serious difficulties.

Notice must also be taken of the practical impor-
tance of developing various schemes for detonation
combustion in continuous gas streams. Stationary
combustion behind a maintained shock wave can ap-
parently be used in engines or, for example, in vari-
ous methods for chemical processing of gases, where
high-temperature heating followed by abrupt cooling
of the mixture during the reaction process are nec-
essary.

Finally, in the study of chemical gas reactions at
high temperatures, the use of detonation waves can
supplement research in shock waves, by which many
fundamental results in high-temperature kinetics have
been obtained [1:3:6"1, An important place should be
assigned in such research to spectroscopic measure-
ments.
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