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HE major effort of currently conducted detonation

studies is concerned mainly with three fundamental
problems: the development of the wave, its stability, and
structure. The three are of course not independent of each
other, and even the order of presentation is of some impor-
tance, for one cannot describe the structure without con-
sidering the stability, which, in turn, is related to the mode of
development. Consequently this review consists of three
corresponding parts, each written, respectively, by one of the
authors in a different country, thus giving the subject matter

an elucidation from three quite different points of view.
Because of its particular significance to the process of com-
bustion in a rocket thrust chamber, the scope is restricted to
the gaseous phase.

With respect to the development, most significant were the
studies of the generation of pressure waves by accelerating
flames and the observations of the onset of transverse oscilla~
tions at the instant when the retonation wave originates.

As far as the stability is concerned, it appears that small-
amplitude, high-frequency oscillations of the wave are almost
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Fig.1 Streak schlieren photograph of the development of
detonation in stoichiometric hydrogen-oxygen mixture in-
itially at normal temperature and pressure showing the
generation of pressure waves ahead of the accelerating
flame. Spark ignition by discharging 1.0 mjoule across
L-in. gap. Electrodes located at closed end of a 1- X 13-in.
cross-section tube. Pressure records at positions 1, 2, and
3 shown as inserts. Vertical grid: 5.2 psi/div for insert 1,

10.4 psi/div for inserts 2and 3. Horizontal grid: 0.10 msec/
div for inserts 1 and 2, 0.20 msee/div for insert 3, from left

to right.®
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Fig. 2 Interpretation of the streak photograph of Fig. 1.

universally apparent, whereas the low-frequency instability
is associated with an actual separation of the combustion zone
from the shock front. Evidence also has been produced to the
effect that the nonsteady wave manifésts itself often in the
form of a multidimensional configuration.

Studies of the structure provided an insight into the
kinetics of chemical reactions under the nonequilibrium con-
ditions of significant pressure and temperature gradients.
The evidence at hand seems to favor the concept of the von
Neumann-Déring-Zeldovich theory, according to which the
detonation consists of two distinet wave fronts: the shock and
the deflagration. It is doubtful, however, whether the wave
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process can be regarded as a sequence of equilibfium states.
Furthermore, at least under one set of operating conditions,
the wave has been found to be turbulent in character.

The importance of detonation research to rocket technology
stems from the fact that, besides the possibility of its direct
exploitation, the detonation wave produces conditions re-
sembling quite closely those prevalent in high-performance
thrust chambers so that it can serve as a convenient means for
the study of their chemicokinetic and gas-wave-dynamic
processes. Of particular interest in this respect is the re-
lationship between the kinetics of the combustion reaction and
the dynamies of pressure waves that are formed when heat is
released at a high power-density level. In fact, the subject
of detonation research can be regarded as one concerning, in
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Fig.3 Streak schlieren photograph of the onset of retona-
tion in a stoichiometric hydrogen-oxygen mixture in-
itially at normal temperature and pressure. Hot-wire
ignitor, made up of a }-in.-long by }-in.-diam electrically
heated coil, located at closed end of 1- X 1-}-in.-cross sec-
tion tube. The abscissa scale denotes the distance from
the end of the tube. Symbols 4 and B mark instances at
which the accompanying flash schlieren phorographs have
been obtained.®
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Fig. 4. Interpretation of Fig. 3.
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general, the whole field of combustion phenomena that are
associated implicity with pressure waves. Among these, the
instability effects play an especially significant role.

In view of the excellent prospective that has been attained
as a result of a number of comprehensive publications which
became available recently, the main emphasis in this paper is
on the progress made over the past two years. For back-
ground information, which, incidentally, is not required for
the understanding of this review, the reader is referred to the
papers of Evans and Ablow,® Fay,3 Gross,% Oppenheim, % &
Wagner,* 9 and Manson, to the texts of Zeldovich and
Kompaneets, " of Sokolik,”® and of Salamandra et al.,” and to
the interesting collection of reports on the work performed
over a number of years in the Combustion Physics Laboratory
of the Institute of Energetics of the USSR Academy of
Sciences.” For more advanced treatment of the gasdynamic
aspects, one should not overlook Chaps. VII-X of the re-
markable book of Stanyukovich.

Development

As a salient feature of the nonlinear character of the det-
onation process, many of its properties, notably its stability
and structure, depend on the mode of initiation. For the
- sake of clarity, it is therefore most convenient to start the
exposition with the consideration of the development of the
wave.

The extent of the transient processes that culminate in the
formation of the steady wave can be expressed in terms of a
single over-all parameter, the so-called induction distance,
that is, the length of the run of the flame from the ignition
source to a point where the detonation wave is ostentatiously
established. The latter, as used by most investigators, is, in
fact, the point of the onset of the retonation wave. In this
respect, Bollinger and EdseS—8 added to the wealth of data
they have already amassed and proposed a theoretical
rationalization for their measurements. In more recent
publications they described specifically the influence of the
tube diameter, the ignition source, and various geometrical
effects, such as the variation of the cross section, right-angle
bends, and obstacles in the detonation tube.

The effect of the tube size was also studied photographically
by Baumann, Urtiew, and Oppenheim,* whereas that of
turbulence in a flowing medium was studied by Baumann and
Wagner.? Interestingly enough, both investigations yielded
a similar number for the limiting value of the ratio of the
induction distance to induction time (induction ‘“‘velocity”
of 0.65 km/sec) which was reached with quite different gas
mixtures when the Reynolds number became sufficiently
high to render the influence of walls ineffective.

Fig. 5 Flash schlieren photograph of the onset of retona-

tion in a stoichiometric hydrogen-oxygen mixture in-

itially at normal temperature and pressure at an instant

marked by 4 on the streak schlieren photograph (Fig. 3).

Field of view 75 cm from hot-wire ignitor across the full
1-in. width of its 1- X 1}-in. cross section.®
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Fig. 6 Interpretation of Fig. 5.
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Fig. 7 Flash schlieren photograph of transverse waves

set up at the onset of retonation in a stoichiometric hydro-

gen-oyxgen mixture initially at normal temperature and

pressure shown at an instant marked by B on the streak

schlieren photograph (Fig. 3). Field of view 75 em from

hot-wire ignitor across the full 1-in. width of its 1- X 1%-in.
cross section.®

Retonation Compression
Wave Waves

Vv
Tail of Combustion Transverse Shock
Zone (Flame Brush) Waves Front

Fig. 8 Interpretation of Fig. 7.

Of particular interest to the whole subject of detonation
phenomena are the investigations concerned with the effect
of various additives on the development of the wave and the
study of detonability in the vicinity of composition limits, as
exemplified by the studies of Miles, Munday, and Ubbelohde,
Seamans and Wolfhard,” Belles and Ehlers,® and Luker et
al.l, 53

As contrasted to the over-all aspects, the detailed mech-
anism of the development of the detonation depends
primarily on the action of pressure waves that are generated
in the course of the process. This point has been given
indeed a very special attention by the Russian investigators,
as evidenced by the numerous publications of Salamandra et
al.”® ™ and Soloukhin,® 83 as well as the papers of Kogarko,
%, 9 Novikov,% 8 Riazantsev,% 7* Babkin and Kozachenko,?
and Gvozdeva,*! to mention just a few.

Wave phenomenas leading to the development of detonation
can be described in terms of records that have been obtained
recently by Laderman, Urtiew, and Oppenheim®- 5. 67, 68 gg
follows.

Figures 1 and 2 demonstrate how a pressure wave is gener-
ated ahead of an accelerating flame at the initial stage of the
process. In the particular case of this record, the ignition
was obtained by a spark that was sufficiently weak so that no
disturbance was introduced into the unburned medium. The
figures show that a shock front is generated about 0.5 msec
after ignition ahead of a laminar flame, thus providing an
experimental proof that a shock front can be generated by an
accelerating flame before it breaks up into a turbulent brush.

Figures 3 and 4 show how in the later stages of the process
there occurs “an explosion in an explosion,” a point explosion
somewhere within the turbulent reaction zone, producing two
strong shocks, one moving into the unburned medium, re-
ferred to as super-detonation, and the other into the burned
gases, known as the retonation. Between the two there is
set up a mode of transverse oscillations which has been
previously referred to as “spin.”

Figures 5 and 6 demonstrate how the “explosion in the
explosion” is initiated, giving a strong indication that it
takes the form of a spherical shock with a center located in the
vicinity of the boundary layer. Finally, Figs. 7 and 8 show
the transverse waves that are set in the reaction zone.

To sum up, the way it appears now, the development of
detonation in a tube proceeds according to the following
sequence of events. First a shock is formed ahead of an
accelerating, laminar flame, which at this stage of the process
has a cellular structure, giving it a character of a wrinkled
combustion front. As a result of the motion induced by the
shock, the flame breaks up into a turbulent brush. The point
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Fig.9 Examples of interaclion patterns obtained by Duff*

with the use of the soot technique. Each shows the un-

folded record taken around the full perifery of the tube.

The upper represents a two- by three-headed spin, and the

lower a nine-headed spin. The waves move from left to
right.
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Fig. 10 Detonation in a CzH; X 50; mixture in a 20-mm-

diam tube under the initial condition of p = latm and T

= 290°K. Frequency of vibrations visible on the record is
on the order of 1.2 Mec/sec.'%

explosion, giving rise to the retonation wave, seems to be
caused by an implosion that most probably occurs in a pocket
of unburned medium that is formed within the reaction zone.
Since the center of the spherical explosion waves is found most
frequently in the vicinity of the wall, it seems quite reasonable
to suppose that the pocket is produced as a result of a Schlich-
ting-Tollmien type of boundary-layer instability. The
“spin” that is triggered in this manner is evidently con-
trolled by the kinetics of chemical reactions, since its ampli-
tude is large near the detonation limits where the over-all rate
of chemical reaction is slow, whereas it becomes attenuated
close to the stoichiometric composition where the rate attains
its maximum value. The final “steady wave” is established
as a result of a long sequence of wave interaction processes
that lead finally to the shock-deflagration ensemble: the self-
sustained or Chapman-Jouguet detonation.

Stability

The problem of primary interest with respect to stability is
that concerned with self-sustained rather than overdriven
detonations. Recent studies of such waves, as for instance
those carried out by Manson and his associates, 11+ 54 5
yielded quite a definite conclusion to the effect that, in general,
there exists a small (from 0.3 to 19) but systematic deviation
of the propagation velocity D, (deduced from measured
velocities D, in long tubes of different diameters d) from the
value D¢;° calculated according to the classical Chapman-
Jouguet theory with the use of the best available thermo-
dynamic data under the assumption that the substance be-
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haves essentially as a mixture of perfect gases with variable
equilibrium composition (see, e.g., Foreman et al.®).

For certain mixtures, a plausible explanation for this
deviation can be obtained by attributing it either to an un-
certainty in some numerical data used for computations or to
a departure in the behavior of the burned gas from that of a
perfect gas mixture.’* There are also, however, numerous
instances where the deviation can be explained only by effects
that have not been considered in the Chapman-Jouguet theory,
that is, by those whose influence cannot be completely
eliminated by the evaluation of D, by a linear extrapolation
of the measured D;(1/d) to 1/d = 0. Among such phenom-
ena, the spinning detonation became especially significant
in that its study yielded recently novel experimental tech-
niques that provided also a better insight into the structure of
the detonation wave. Besides revealing some interesting
properties of the relationship between the shock wave and the
reaction zone, which will be discussed in the next section,
they enhanced principally, of course, our understanding of the
stability.

Most of the experiments were performed with mixtures of
hydrogen and hydrocarbons with oxygen and nitrogen,
initially at normal and subatmospheric pressures, using either
a new technique based on the observation of traces left by the
wave on a soot-coated wall, which has been introduced by
Denisov, Troshin et al., =% * in the USSR and applied by
Duff? in the United States, or by various optical methods of
observation such as the schlieren system, exemplified by the
work of Edwards et al.,?—2 Fay,3® % Opel,** Manson et
al.,®~*% % Oppenheim et al.,® Wagner et al.,? % Voitsekhovsky
et al., 3979 and Mitrofanov,® or by the interferometer tech-
nique that has been employed so impressively by White.?:
100, 101 Ty gpite of some differences in the interpretation, all
of these experiments yielded one general conclusion, namely
that, even quite far from the walls, the motion of the gas in
the vicinity of the reaction zone, and probably also in the
vicinity of the shock wave, is never rigorously one-dimensional.
In fact, depending on the specific experimental method of
observation, the flow appeared as one associated either with
a multitude of inflammation “heads,” as illustrated by Fig. 9,
or with some high-frequency (102 to 10® ke/sec) oscillations,
as shown in Fig. 10, or, finally, with turbulence, as indicated
in Fig. 11.

A variation in any of the parameters, such as the composi-
tion of the mixture (in terms of its departure from the stoi-

Fig. 11 Interferogram obtained by White® of a self-sus-

tained detonation in a 2H, + O, + 2CO mixture initially at

0.3-atm pressure and room temperature. Increase in den-
sity shifts fringes upwards.
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X

ture in a 20-mm-diam tube initiallyatp = latmand T =
290°K. Between the shock and the reaction zone the gas
is evidently in a state of vibration.%%

chiometric ratio, or of the concentration of inert additives),
its initial pressure, or the diameter of the tube, causes a
variation in the amplitude of oscillations propagating at
right angles to the direction of motion of the detonation wave.
This deviation, apparently small in the case of a well-estab-
lished, self-sustained detonation (that is, one propagating at
a constant velocity D4 which, within the precision of the
measurement, is recorded with a deviation not exceeding
+0.2%, over a length of at least 10 m!® !2), increases pro-
gressively as the limits of detonation are approached in
either composition, initial pressure, or diameter. The detona-
tion tends then to acquire a “spinning” mode, and it becomes
finally quite unstable, so that its velocity of propagation varies
significantly—in some instances by even more than 1009.

Schlieren observations of such unstable waves demonstrate
that they are associated with an actual separation of the
shock wave from the reaction zone, followed by the re-estab-
lishment of detonation which is carried out apparently in a
manner quite similar to its initial onset from deflagration.t
The experimental records reveal in particular the appearance
of oblique parallel striations in the time-space plane, as shown
in Fig. 12, where they are quite evident in the zone between
the shock and the flame. These are interpreted as mani-
festations of the tri-dimensional oscillations that are sus-
tained by the transverse waves in the burned gas behind the
reaction zone.3?

Al this suggests that the oscillations serve as means for the
transfer of energy from the reaction zone to the shock wave,
thus providing an important, if not a determinant, effect upon
the sustenance of the latter by the former. Since even far
from the limits one observes only the change in the amplitude
of these phenomena, either in terms of the change in frequency
of vibrations or in the number of cells left on the soot-coated
wall, one is led to the conclusion that all self-sustained detona-
tions are intrinsically unstoble.

The fundamental reason for the instability of the structure
is not yet understood to our complete satisfaction. There
are a number of hypotheses that have been proposed recently
to interpret in a more-or-less comprehensive manner the
various aspects of the observed unstable phenomena, such as
the possible structure of the heads of inflammation put for-
ward by Denisov and Troshin,®® the effect of oscillations
pointed out by Manson et al.® ' % and by Guenoche,? and
the influence of “turbulence’’ emphasized by White.!® In
the meantime it appears that, as long as the exact mechanism
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of energy transfer between the shock wave and the reaction
zone, and consequently the detailed structure of the detona-
tion wave, is not better known, it would be difficult to deduce
a completely satisfactory theory for its stability.

Most interesting to date have been the mathematical in-
vestigations of the wave stability and structure which have
been carried out by Wood and his co-workers.03~19%  Frpen-
beck,31-33 in particular, concentrated his attention on the so-
called “square wave” model, described by Fig. 13, of an un-
coupled shock followed by a deflagration, and he inquired
into the stability of such a system by means of quite a sophisti-
cated analysis of perturbations in transverse coordinates with
respect to the plane of the wave front. A somewhat simpler
study of the stability of the wave with respect to a two-
dimensional disturbance has been proposed by Fay,¥ who
developed general perturbation equations for detonation
similarity as is done in the perturbation theory of the laminar-
boundary-layer instability.

As evidenced by the papers of Zaidel ¢ Shchelkin, . 7. 8
Denisov,=2 and Troshin,**=% 8 the problem of wave
stability received a good deal of attention in the USSR.
Their arguments are quite hueristic and lead to a simple
stability criterion by demanding that the temperature dis-
turbance at the Chapman-Jouguet state J should not reach
the von Neumann spike N.

With reference to Fig. 13, the condition for stability is
expressed, therefore, simply as follows:

AT @/dT)]| < 7 (1
t = kexp(E/RT) )]

where

where ¢ denotes the time, 7 the time lag between states N and
J [expressed approximately by (2) with 7' = T], T absolute
temperature, E activation energy, R the gas constant, and &
the reciprocal of the Arrhenius pre-exponential coefficient,
taken for this simple theory as a constant. With AT = Ty —
T; and assuming a polytropic relation between pressure and
temperature, Eq. (1) with (2) yields the following ‘“Shchelkin
stability criterion”:

(E/RTw) [1 = (ps/py) 707 < 1 (3)

Since for a typical detonation E/R is of an order of 10¢ °K,
whereas Ty is a few thousand degrees and [1 — (ps/pw)
o-b7] is about 0.1 (for detonation in a stoichiometric
hydrogen-oxygen mixture ps/py = 0.575, which with
v = 1.25, yields for the latter exactly 0.105), the foregoing
criterion is indeed quite critical, so that, as has already been
pointed out on the basis of experimental evidence, for most
self-sustained detonations it may not be satisfied at all.
This, however, may still be inconsequential, since the in-
stability may lead to finite amplitude oscillations only if its
characteristic frequency is in resonance with the whole
system.

Structure

Before considering the structure of the reaction zone itself,
let us first examine the state of the gas immediately in front of
it and immediately behind it. The fact that sharp pressure

wave’ in the time-space
domain.

Fig. 13 The ‘‘square Tg
L
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and density gradients exist at the front of the detonation wave
was proposed by Déring, von Neumann, and Zeldovich
(see, e. g., Ref. 67 or 96). For detonations propagating into
subatmospheric initial prressures, this has been confirmed
experimentally by several investigators, notably Kistiakowsky
and his students,’® ¥ Wagner and his co-workers, 4 4. 71, 72,
%8 Edwards and his associates,?~2° White,*. 00, 101 gnd
Fay. # %

However, the crucial question, as to whether the so-called
von Neumann spike has been attained or not, could not have
been answered by these experiments, because their effective
space-resolution was still inadequate for such purposes. An
extrapolation of the density profile, measured by the x-ray
absorption technique,’® ¥ to the front of the reaction zone
demonstrated that a peak density of about 709, of the ex-
pected von Neumann spike was probably attained. Just
and Wagner® measured, by means of a schlieren technique, a
peak density that was 70 to 909, of the von Neumann spike
value. The preliminary records of the pressure profile, ob-
tained by Edwards et al.,?® can be extrapolated to a pressure
peak that seems to be in fair agreement with the von Neu-
mann spike.

The state at the von Neumann spike is usually evaluated
assuming complete equilibrium in the different degrees of
freedom. It is known in particular that the vibrational
relaxation time of several species appearing in the vieinity of
the von Neumann spike is of an order of a microsecond. In
these cases, therefore, lower peak densities and higher pres-
sures than those of the equilibrium von Neumann state can
be expected to occur.

As far as the properties of the gas behind the main re-
action zone are concerned, there are some discrepancies
between various observations. Although the measurements
of Kistiakowsky et al.’® indicate that, within the experimental
accuracy, final densities behind the reaction zone are in agree-
ment with the calculated Chapman-Jouguet state, the more
accurate measurements of Duff, Knight, and Rink? in
mixtures of C;Hy-0,, H-0s, and CyN,-O; with krypton dem-
onstrate that the final density is consistently lower than the
Chapman-Jouguet value, regardless of whether it is cal-
culated for equilibrium sound speed (when the deviation is

!N%UCTION
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EXOTHERMIC v MACH SHOCK
REACTION \\\\ (/”/’ Ms= 5.0

UNDISTURBED
| 20+ 200
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EXOTHERMIC_//) \\\\ PRIMARY SHOCK
} Mg = 4.25

REACTION
INDUCTION
ZONE

Fig. 14 Interferogram of an overdriven ‘‘laminar’’ deton-

ation in a 2H; 4 O; 4+ 2CO mixture at an initial pressure of

10 mm Hg, obtained by White!®! in a 8.25~cm square shock

tube fitted with a nozzle whose configuration is indicated
on sketch above photograph.
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about 8%,) or frozen (with approximately 3%, deviation).
The diameters of the tubes used for these experiments were
2.5 and 7.5 cm, tube lengths were 2 to 5 m, and the initial
pressure was 20 to 85 cm Hg. Edwards, Williams, and Price2®
measured pressures in hydrogen-oxygen detonations at
normal temperature and pressure initial conditions in tubes of
different diameters and reported evidence of a definite de-
pendence of the state of the burned gas on the tube size,
whereas, surprisingly enough, the detonation velocities were
almost constant. White® measured pressures in ‘“turbulent
detonation waves” propagating in a mixture of 2H, 4+ O, +
2CO at low initial pressures, using a shock tube of 8.5- X
8.5-cm cross section and 13 m long, and obtained dats mark-
edly below the calculated Chapman-Jouguet state.

Temperatures in the burned gases of detonations were
measured by Miyama® ® and Kydd® using OH absorption
(C.H; + H, -+ 20, 60, 120, and 180 mm Hg) and Wagner
et al.% % using OH emission and absorption and line reversal
method (H; 4+ O,, 150 mm Hg, and 1 atm). Since measure-
ments of OH show large scatter, the line reversal tempera-
tures are considered more accurate. The latter has been
found to be essentially in agreement with the calculated
values. Finally, an interesting study of the state of explosion
products behind shock waves performed on the basis of streak
schlieren and pressure transducer records has been made by
Tsukhanova.®

This brief survey of results shows that a consistent inter-
pretation of the state of the burned gas behind the reaction
zone of a detonation is by no means easy and straightforward.
Experiments performed in tubes much longer than those used
so far should be of great help in clarifying the situation.

Early experiments carried out in order to determine the
extent of the reaction zone at atmospheric initial pressures
lead to the conclusion that, except for the case of spinning
detonations with nodes close to fundamental, the reaction
zone was too thin for the measurement of its structure. Con-
sequently, the most indicative measurements in this respect
were those performed under subatmospheric initial pressures.

With the use of the x-ray absorption technique, Kistia-
kowsky et al.}® ¢ were able to obtain some information on
density profiles in detonations of Xe-diluted mixtures of
Hy-0, and CHsO, and a few others at pressures below
100 mm Hg, and they concluded that the over-all thickness of
the main part of the reaction zone is, under such circumstances
of an order of 1 cm.

From the measurement of density gradients and OH con-
centration, Wagner et al,* % 7.9 obtained values of
several millimeters for the thickness of the main part of the
reaction zone in Hy-O, and in some hydrocarbon-oxygen
detonations at initial pressures of about 100 mm Hg. These
values are supported by measurements of Edwards et al.?®
and Fay and Opel.3* Jost, Just, and Wagner* reported,
moreover, the existence of induction periods (zone behind the
shock front in which the change in the state of the gas is
insignificant) of an order of 1 usec. This has been con-
firmed recently by Richmond,’* who used for this purpose
light emission and heat flux measurements, and by Jaarsma
and Fuhs,* who observed the induction period by recording
simultaneously OH radiation and ionization profiles.

Interferograms of self-sustained detonations obtained by
White, 2 such as that of Fig. 11, show an irregular shape of
the fringes in and behind the reaction zone, whereas the shock
front itself is quite smooth and plane. Flash schlieren
pictures taken by Fay and Opel** demonstrated also that the
shape of the reaction zome is irregular. On the basis of
optical reflectivity measurements, Sastri, Schwartz, Myers,
and Horning™ concluded that in detonations in H, + 30,
at an initial pressure of 20 psi the wave front is neither plane
nor smoothly curved. The irregular shape of the detonation
front indeed has been given a lot of attention, as exemplified
by the studies of Denisov and Troshin'6-1% and of Duff®
which already have been described in the previous section, as
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well as by many other papers that have been published re-
cently in the USSR, such as those of Voitsekhovsky,% Mitro-
fanov,®: % and Topchian.86 93

Although most of these experiments were performed under
conditions that did not guarantee the attainment of stable
waves, their results seem to support the concept that the
reaction zone of a detonation is neither one-dimensional nor
smooth, and the question arises as to whether this is always
s0, and whether such measurements as those of Kistiakowsky*
7 and Wagner® % can be interpreted at all with respect to
reaction kinetics. A number of authors expressed an opinion
however, that in over-driven detonations the change of state
of the gas in the reaction zone can proceed smoothly, as
indicated for instance in the interferogram of Fig. 14 which
has been obtained recently by White and Cary*! in a shock
tube where the detonation wave was driven through a con-
vergent-divergent nozzle, and the “laminar” wave was
evidently established at the stem of a Mach reflection.

In the course of the experimental investigations of Just and
Wagner# concerning the structure of the reaction zone, many
attempts were made to improve the stability and flatness of
the waves. It was found then that, in certain mixtures, an
increase of the tube length and proper ignition can produce
an essentially stable and plane wave, admitting only a possible
presence of some kind of spinning mode of propagation with a
frequency and number of nodes too high for resolution by the
experimental apparatus. In this study spin modes up to the
twentieth were observed in H,-CO-O. mixtures. Deni-
sov and Troshin,*—1* gs well as Edwards et al., %2 report
still higher modes in H,-O, detonations. With higher
modes, however, the spin amplitude decreases, and the
disturbance of the shock front, which causes a temperature
change in the ignition zone, becomes smaller. Consequently,
the fluctuation in the induction period, which is directly
dependent on the fluctuation in pressure and temperature,
also becomes less intense. A comprehensive theoretical
treatment of the reaction zone cannot, of course, be devoid of
stability considerations.

The dependence that the extent of the reaction zone can
have on the stability can be demonstrated by the following
simple argument. With reference to Fig. 13, similarly as for
Eq. (2) but with pressure dependence taken into account, the
“induction time”’ can be expressed as

T = (4/p) exp(E/RT) (4)

where A is a constant and p denotes pressure, all other
symbols having the same meaning as before. For a small
perturbation Ap in pressure and AT in temperature, the
corresponding variation in the induction period Ar is, there-
fore, to first-order approximation,

AT Ap E AT

T =" TRTT ®
or, for a polytropic relationship between pressure and tem-
perature,

At _ i £\ AT
;o <7—1+RT)T (©)

The first term in the parentheses is of an order of five and the
second is about eight, so that the variation in the induction
period should be more than 10 times larger than the tempera-
ture fluctuation.

Incidentally, Eq. (4) may also lead to an interesting inter-
pretation of the wave structure if higher-order terms are not
neglected. In the averaging procedure, those that do not
cancel out would give rise to the same type of fluctuation
term as that used by White® to describe the effect of tur-
bulence.

A different approach to the problem, based on the con-
sideration of the boundary layer that causes divergent flow
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of Michigan.

lines behind the shock front, has been given by Fay.34 3
A very similar model was treated earlier, but somewhat less
extensively, by Doring and Schon.??

The two models, “boundary layer” and “turbulence,”
lead to the same conclusion, namely, that the flow at the
“end of the reaction zone” is supersonic with respect to the
front of the detonation. This can account for the fact that
the pressure and specific volume behind the reaction zone are
above their equilibrium Chapman-Jouguet values. A de-
tailed description of the process, however, has not yet been
given. Information obtained in tubes that provide suf-
ficiently long travel distance in order to attain smooth, quasi-
stationary flow behind the reaction zone should be extremely
helpful in this respect. Whether or not the flow at the end of
the reaction zone is sonie, whenever this condition is ap-
proached, the flow, as it is well known, becomes intrinsically
unstable. Perhaps the actual state existing at the “end of the
reaction zone”’ may have to be determined as an average con-
dition through time and cross section.

A good point of departure for such sophisticated inquiries
already has been provided by the extensive one-dimensional
analyses of the course of chemical reaction in the so-called
“laminar” reaction zone which have been carried out by
Duff,2¢ Hirshfelder and Curtiss,' 4% 52 Spalding,® Oppenheim
and Rosciszewski,® and Wood and his associates,03—105

Application to Rocketry

The obvious application of the detonation process to
rocket propulsion is associated, of course, with schemes for its
direct exploitation in the thrust chamber. Especially note-
worthy in this respect has been the activity of the group of
Morrison and Nicholls at the University of Michigan. Be-
sides an interesting development of a pulsating detonation
tube,®* their investigations led to a significant study of
stationary detonation waves.? 8176 Recently, they con-
centrated upon the possibility of using a rotating detonation
wave system for a thrust chamber application.® Figure 15
illustrates their experimental thrust chamber where, by a
suitable ignition system, a rotating combustion wave re-
sembling detonation is set up in the annulus and propagates
azimuthally, whereas the main flow of reactants and products
is in the axial direction. Interestingly enough, quite inde-
pendently, a similar system has been employed at the same
time by Voitsekhovsky®*—92 in Novosibirsk as an attempt to
attain a steady detonation wave process.

Of most profound importance to rocket technology is the
facility that the detonation tube provides for the study of the
combustion process in the presence of a pressure gradient, in
particular with reference to its stability. It is sufficient to
consider the similarities in thermodynamic operating con-
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ditions and in the power density of heat release which is
achieved in the two systems in order to realize the usefulness
of detonation research to rocket technology. It is of interest
to note, for instance, that a rocket thrust chamber having a
combustion volume of approximately 14 ft* and delivering
about 1.5 X 108 Ib of thrust at an expenditure of some 2000
Ib/sec of fuel (based on Ref. 108) generates about 4 X 107
Btu/sec of heat power or operates at a power density level of
100 mw/liter. Exactly the same level is obtained in a stoi-
chiometric hydrogen-oxygen detonation propagating into an
initial pressure of 0.1 atm, whereas for atmospheric initial
pressure the wave develops heat power at a density of 104
Mw/liter.

Except for some sporadic instances, such as the application
of the detonation wave to the study of spray combustion
which has been carried out by Webber®® and Cramer!¢ experi-
mentally and by Williams? analytically, similarity between
the two systems has been so far somewhat underestimated in
our countries, whereas our Russian colleagues have evidently
devoted a good deal of attention to it for quite some time
(see, e.g., Refs. 87, 78, and 20). Denisov, Shchelkin, and
Troshin® show how the stability criterion for a detonation
wave can be applied to a rocket thrust chamber.

The “Shehelkin criterion’ has essentially the same form as
in Eq. (3), except that subscript N denotes now the state of
the unburned ‘mixture, immediately downstream of the
showerhead, and, instead of ps, one has only p = py — Ap,
where Ap is the pressure perturbation. For a small value
of Ap, the criterion then becomes

vy—1 F Ap
v RTxpn

(7)

Pressure change Ap can be related to the flow Mach number
M and heat release per unit mass ¢ by considering it as one as-
" sociated with a process at constant stream force per unit area.
This is represented by a Rayleigh line whose intersection with
a Hugoniot curve gives the following approximate expression:

Ap/p = v(y — 1) M* (¢/a”) (8)

where a is the local velocity of sound. Equation (7) then
reduces to the following form given by Denisov et al.?:

(v = 1)*(E/RTx) My?(g/ax® <1 9

This can be further simplified without any loss in generality
by noting that

M/a = m/vp (10)

where 7 is the mass flow rate per unit area. The “Shehelkin
criterion” for the rocket thrust chamber then reduces finally
to the following stability condition:

(7 - 1)2 m? (E/R) q
0% Py Ty

For a representative case of v = 1.25, m = 1000 lb/ft>-
sec, E/R = 20,000°R, ¢ = 4000 Btu/lb, p» = 500 psi, and
Ty = 1000°R, the criterion has a value of 15, indicating in-
deed a condition of an intrinsic instability.

Such an over-all concept as the foregoing is handicapped,
of course, by an oversimplification in the formulation of the
problem. A possibility of existence is by no means a suf-
ficient condition for the occurrence of unstable operation.
Basically, an instability analysis should be concerned with
two problems: 1) the sustenance of the deviations from
equilibrium which are usually manifested by finite amplitude
oscillations, and 2) the driving mechanism.

Most of the theories on combustion instability in rocket
thrust chambers are concerned with some aspects of the
former, primarily, in fact, with the determination of the
regimes of operating conditions under which the deviations
can be sustained. The “Shchelkin criterion” represents a
simplified example of such an approach.

<1 an
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As'to the latter, so far it has received indeed very little at-
tention. Since, as a rule, an unstable operation is associated
with pressure waves, it is the study of the generation of such
waves accompanying the release of heat, as illustrated here,
for instance, with the observations of accelerating flames,
which should be quite revealing in this respect.
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