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One-Dimensional Detonation Initation

Roger A. STREHLOW* AND HARRY B. DYNERT
Unaversity of Illinois, Urbana, Ill.

The x-t observation of one-dimensional initiation behind a reflected shock wave in hydrogen-
oxygen-argon mixtures is extended to include simultaneous density measurement using an
optical interferometer. The wave pattern observed experimentally is reproduced theoretically
using a nonsteady method-of-characteristics analysis with reasonable postulates for the
reaction kinetics and shock heating. The close agreement between the theoretical and experi-
mental results shows that in this case the initiation oceurs as the result of an adiabatic ex-
plosion wave generated by reflected shock heating. The usefulness of this concept of initiation
in understanding the mechanism of other initiation phenomena is discussed briefly.

Introduction

VI‘HE initiation of detonation has been studied quite ex-
tensively in recent years. Experimentally, three types of
initiation have been observed: flame initiation in a long
tube,’~¢ direct spark initiation,” and shock wave initiation
when the shock is either a decaying shock generated by a
neighboring detonation® * or an incident'®-'? or re-
flected® 13,14 step shock wave generated in a conventional
shock tube. In all cases, shock waves are present in the gas
prior to initiation.

Although the gross behavior of these various types of
initiation has been documented quite well,®® there have been
only a few realistic attempts to relate the sudden appearance
of a Chapman-Jouguet detonation to the exothermic reaction
kineties that must be responsible. Zeldovich, Kogarko, and
Simonov” have constructed a theory for direct spark initiation
which requires that the decaying spherical shock wave, gen-
erated by the spark, heats an element of the gas to a sufficient
temperature for a long enough time to initiate rapid chemical
reaction. The gas kernel that is responsible for flame initia-
tion'® does not contribute to their theoretical model. Strehlow
and Cohen'3 have reported the observation of one-dimensional
reflected shock initiation and indicate that in this case a deto-
nation probably is formed from the adiabatic explosion wave
generated by reflected shock heating.

In this paper, the study of Strehlow’s and Cohen’s ignition
technique? is extended, and a more exact theoretical model is
presented and compared to the experimental results.

Experimental Technique

The data were taken in the department’s 4 X 15 X 600-in.
rectangular shock tube using a 5-in. Mach Zehnder inter-
ferometer that is positioned across the 4-in. dimension of the
tube. A 2-in.-thick plate of aluminum was placed in the
shock tube at the window section to form the back wall for
the experiments. Clearance to the inner shock tube wall was
about 0.0051in. Strip film z-¢ photographs were taken through
two 0.025-in. horizontal slits, one at the shock tube test sec-
tion and the other in the second interferometer beam at the
same optical distance as the first.'” The interferometer used
a 0.020-in.-diam pinhole and a #22GE flash bulb with no
filter as a light source. Shock velocities were measured with
a rclatively insensitive schlieren system obtained by placing a
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0.025-in. vertical slit at the image point of the light source (in
the camera body). The horizontal slits were focused on the
film plane. The system therefore allows one to obtain an 2-¢
schlieren interferogram of the flow. Film velocity was deter-
mined by photographing a light flashing at 10,000 cps simul-
taneously with the shock reflection. Synchronization with the
diaphragm burst was obtained by conventional electronic
means, and the shock velocities were corrected for misalign-
ment of the slit image in the usual manner.® Mixtures of
109, oxygen, 209, hydrogen, and 709, argon were prepared
in a separate mixing bulb by partial pressure using high-
quality commercial gases with no extra purification. The
tube had a leak rate of less than 100 u/min for all runs and
was operated at an initial downstream pressure of 2 to 6 cm
Hg. Premature detonation due to diaphragm burst was
avoided by adding a quantity of pure argon in the neighbor-
hood of the diaphragm just before measuring the final down-
stream pressure and subsequent firing. Since the down-
stream portion of the tube was 36 ft long, this did not dilute
the explosive mixture observed in the test section. Bursting
pressure was adjusted to produce shocks in the range 2.0 <
M,<23. ’

Discussion of Experimental Results

Figures 1 and 2 are representative z-t schlieren interfero-
grams of initiation behind the reflected shock wave. In
these photographs the incident shock, approaching from the
right, generates a reflected shock when it contacts the back
wall. Both of these shock waves produce a schlieren trace
that can be used for velocity measurement and an inter-
ferometric fringe shift that can be used to determine density
change. Some time after passage of the reflected shock, reac-
tion occurs in the highly exothermic mixture. The photo-
graphs show an accelerating shock wave (which starts as a
compression wave at the back wall; see Fig. 1) associated
with and followed by a fringe shift that at first is in the direc-
tion of the earlier fringe shifts and then relaxes to a position
between incident and reflected shock fringe positions.

The photographs agreed in every respect with the informa-
tion available from earlier results. Explosion delay times
compared favorably with the data of Strehlow and Cohen??
and Schott and Kinsey.!® Velocities of the reaction wave were
in the range observed by Strehlow and Cohen,’® and the
one-dimensionality of the initiation process was quite
satisfactory.

The photographs also yielded information on the density
field during the initiation process. Unfortunately, interpreta-
tion is complicated in this region because the gas composition
is changing during reaction. Nevertheless, photographs taken
with fringes near to and far from the back wall show that at
the back wall the density does not increase before it decreases,
whereas some distance from the wall shock compression



592 R. A. STREHLOW AND H. B. DYNER

Fig. 1 x-t schlieren interferogram of detonation initia-
tion behind the reflected shock in a shock tube showing in-
terference fringes at the back wall; 109% oxygen, 209 hy-
drogen, 709 argon, P, = 20 mm Hg, T, = 298°K, M, = 2.13,
T, = 1017°K, delay to explosion = 251 usec. Time in-
creases upward, back wall on left. A fringe shift to the
right represents a density increase in the unreacted gas

causes the density to increase markedly before it decreases.
The photographs also show that some time after initiation
the net fringe shift is relatively independent of the distance
from the back wall.

The ability to follow the density throughout a one-dimen-
sional nonsteady flow pattern is seen to be quite useful. The
photographs distinctly show small density fluctuations due to
weak waves which might otherwise go unobserved. In both
Figs. 1 and 2 the rapid small-density decreases observed
after the reaction zone can be related to the weak rarefaction
fan generated by the reflected shock-reaction shock interac-
tion. Figure 2 shows a small linear density increase ahead of
and attached to the reflected shock which can be related to
the slight reflected shock bifurcation to be expected in this
gas mixture. Byron and Rott?? observed a similar density
shift in their experiments using a slightly different tech-
nique. The reflected shock region in- Fig. 1 shows a slow in-
crease in density with time which agrees with current con-
cepts of the effect of incident shock attenuation on the gas
properties in the reflected shock region. The forward travel-
ing density increase observed in the incident shock region in
Fig. 2 is caused by a spurious compression wave following the
shock.

The Model

Schott and Kinsey,'® Schott,?! and Duff?2 have shown that
at high temperatures the hydrogen-oxygen reaction consists
of an almost therrcally ncatra! chain branching explosion

ATAA JOURNAL

(with an induction pericd) followed by slow recombination
reactions that produce most of the heat released by the reac-
tion. They further observed that, for this reaction, the ap-
proach to equilibrium is approximately exponential in time.
Strehlow and Cohen'® have postulated that reflected shock
initiation consists of the generation of a reaction wave which,
if “undisturbed,” would parallel the reflected shock on an
z-t diagram. The following model therefore was used to
construct a nonsteady one-dimensicnal flow pattern by a
method-of-characteristics analysis.

Consider an ideal reflected shock occurring in a constant
heat capacity gas, each element of which is capable of reacting
and thereby releasing heat. Label each element of the gas
according to its dimensionless distance & from the back wall
at the time of reflected shock passage, where & = zy/ka,,,
and z, is the distance of the reacting particle from the back
wall at the time of shock passage, &y is a characteristic time
for the system, and @, is the velocity of sound in the gas
behind the reflected shock. Chemical reaction (or heat re-
lease) is assumed to oceur after a delay time that is the same
for each element irrespective of its subsequent motion. Now
define a (&, 7) or undisturbed coordinate system where v =
t/t, such that v = 0 at the instant reaction starts at the back
wall. Therefore, in this coordinate system the leading edge
of the reaction zone is the straight line 7 = &/, where § =
Mach number of the shock relative to the gas behind it.
Further assume that after the induction period the rate of
chemical reaction or heat release is the same for each element
of gas and can be defined as an inverse exponential. This

Fig.2 «x-tschliereninterferogram of detonation initiation
behind the reflected shock in a shock tube showing inter-
ference fringes some distance from the back wall; 109,
oxygen, 20% hydrogen, 709% argon , P, = 35 mm Hg, T, =
303°K, M, = 2.25, T,; = 1085°K, delay to explosion = 151
usee. Timeincreased upward, back wall on left. A fringe
shift to the right represents a density increase in the un-
reacted gas
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yields the following heat rclease funetion in the (&, 7) or
undisturbed coordinate system: ¢ = 0 for 7 < &/7, ¢ =
Qmax{l - eXp[_(T - 50/7))]} for 20/7] S T S 4 + SO/W} and
q = 0.98 guax for 7 > 4 + &/, where g is the heat added to a
gas element in calories per gram or other appropriate units.
The reaction has been stopped arbitrarily at r — &/% = 4 or
q = 0.98 Guax In order to simplify the analysis.

This information and the initial gas temperature now can
be used to determine the flow pattern in the model gas. The
flow was assumed to be one-dimensional and nonsteady, and
Rudinger’s?* method-of-characteristics technique was used to
determine the particle’s actual position (£, ) as a function of
its initial position & and the time 7. The method of deter-
mining the correct values for the parameters of the model and
the details of the calculation are discussed below.

Within the confines of this model, one is allowed to choose
independently the speed of the reaction wave in the
(&, 7) system and, for a particular gas temperature, the
maximum quantity of heat to be added to the system. The
rate of heat addition has been absorbed formally in the defini-
tion of ¢ and is dependent on the characteristic time 4. Also
notice that the delay time for adiabatic explosion is unim-
portant to the model itself. An estimate of the explosion
delay time simply will tell one when the accelerating wave in-
tersects the reflected shock. The model is rather oversimpli-
fied in that heating due to the compression waves propagating
ahead of the reaction wave is assumed not to affect either the
delay time or rate of reaction in the (&, 7) coordinate system.
However, the entropy increase due to reaction shock com-
pression was included in the wave analysis.

Only four constants must be chosen to construct a flow
diagram for comparison with z-f photographs obtained ex-
perimentally. The effective heat capacity ratio v of the gas,
the gas temperature just prior to reaction, the Mach number
of the reaction wave in the undisturbed (&, 7) coordinate
system, and the effective heat release gm.. are the only varia-
ables of the model. The second and third of these were given
the values T,, = 1010°K and n = 0.6459, corresponding to
the gas properties for an incident shock of Mach number 2.15.
This is the average Mach number of the experimental runs.
The maximum heat release and the effective gamma are a
little more difficult to determine. First, one must determine
the state of the real gas at chemical equilibrium in the neigh-
borhood of the back wall by calculating the theoretical fringe
shift for an assumed thermodynamic path.

Since the gas was observed to expand only slightly during
the explosion in the region near the back wall, it was assumed
that the relation between the local pressure and local volume
of any exploding element was linear; i.e., the thermodynamic
reversible path on a PV plot was assumed to be a straight
line. The locus of end points for this process (for straight line
paths of different positive slopes) is simply the Hugoniot
curve in the excluded quadrant (see Appendix). Therefore,
Hugoniot calculations extended through this region were
used to determine the pressure, volume, and composition of
the equilibrium state for the real gas. Densities and com-
positions then were used to calculate a theoretical fringe shift
(the data of White?® were used for OH refractivity) and
thereby determine the experimental pressure and density
change across the reaction zone from the fringe shift measure-
ments. These data were then interpolated to determine
T./T, = 2.582, p./p,, = 0.855, P.,/P,, = 2.208 for M, =
2.15. It must be emphasized that this caleculation is not
exact. In the first place, an assumption was made concerning
the thermodynamiec path, and secondly, some distance from
the back wall the shock wave will change the entropy and
therefore cause an additional error in the final end state.

Once the equilibrium state of the gas near the back wall
was known, the equivalent gamma for the characteristic
analysis was determined by averaging the gamma for the gas
behind the reflected shock (1.529) and the gamma for the gas
at complete equilibrium (1.422) to obtain v = 1.475. To
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Fig. 3 Complete wave diagram showing the characteris-
ties as light lines, particle paths as dashed lines, and shock
wave and reaction wave as dark lines

determine an equivalent heat release for a gas with this
gamma, two of the three state variables may be matched, but
the third cannot. The authors chose to match pressure and
density (or specific volume). This, of course, causes a change
in temperature and therefore an arbitrary difference in the
velocity of sound of the real and model gases behind the
reaction wave. The consequences of this assumption are dis-
cussed in the next section.

In the actual calculation, a net size was chosen such that
the change in the velocity of sound between neighhoring
points was always less than 10%,. The resulting z-¢ diagram
is shown in Fig. 3. Theoretical density-time profiles were
calculated at four stations using the characteristic net and are
shown in Fig. 4. After the analysis was completed, a direct
calculation of the undisturbed reaction wave trajectory [in
the (&, 7) coordinate system] using the nonsteady flow
pattern showed that, for the calculation, the undisturbed (&,
7) trajectory accelerated (see Fig. 5). This effect was traced
to a cumulative averaging error in the stepwise construction
of the reaction wave position during the calculation. Its
implications are discussed in the next section.

Discussion

The theoretical asymptotic density ratio after reaction is
0.75, whereas the experimental asymptotic density ratios
averaged 0.85. KExact quantitative agreement therefore was

4l
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Fig. 4 Timewise density
fluctuation at four stations ¥
as calculated from the wave .L £ .2

diagram; p,, is the density

in the quiescent gas behind
the reflected shock €0
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Fig. 5 Undisturbed reaction wave trajectory; 7 = 0.6459

assumed for the calculation of Fig. 3; the actual velocity

plotted was obtained from Fig.3. Bothlinesarein the un-

disturbed (%7) plane. The discrepancy was caused by a

cumulative averaging error discovered after completion of
Fig. 3

not obtained using this model. There are two reasons why
one might expect this deviation from observed behavior. In
the first place, the effects of reaction shock heating on the
explosion delay time and on the local exothermic reaction
rate intentionally were not included in the analysis. How-
ever, the acceleration of the heat release wave in the (&, 7)
system produced by the cumulative averaging error during the
analysis had the same effect as an arbitrary acceleration
generated by reaction-shock heating of the gas. It must be
stated, though that there is no way of justifying the ac-
celeration in the (&, 7) system as shown in Fig. 5. This
therefore represents a fault of the model which could account
for the lack of exact quantitative agreement. Second, the
procedure of balancing density and pressure in constructing
the model leads to an incorrect velocity of sound in the model
gas. Since nonsteady wave development is related inti-
mately to the local velocity of sound in the gas, one might
expect an error from this source. It is probable that pressure
(as the driving force) and temperature (as an indication of
the velocity of sound) would be better variables to match in
future representations of this type.

The analysis does show, however, that the behavior of the
experimentally observed wave pattern can be explained in
qualitative detail as being the result of an adiabatic explosion
wave generated by the reflected shock. This wave subse-
quently is observed to interact with the reflected shock wave,
producing a Chapman-Jouguet detonation in the incident
shock region. Strehlow and Cohen'® observed three types of
initiation phenomena in the reflected shock region. The
model presented here agrees with the first two classes of
initiation which they described. Their third observation,
that highly exothermie mixtures quickly produce C.J detona-
tion waves, could be investigated by assuming a larger heat
release function than that used in this analysis.

It is interesting to note that shock heating always precedes
the formation of detonation waves in exothermic gas mix-
tures. In addition, in a large fraction of observed flame initia-
tions, the detonation suddenly appears as a very high (above
CJ) velocity forward traveling wave accompanied by a rear-
ward traveling detonation commonly called a retonation.
If one assumes that the primary shock is accelerating con-
tinuously during flame-to-detonation transition, the forma-
tion of this high velocity initial detonation wave can be ex-
plained qualitatively in terms of the “reaction wave” model
of this paper. Consider successive elements of gas being
heated by an accelerating shock. The region between the
shock and the driving piston (i.e., accelerating flame) is
truly nonsteady and contains a pressure, velocity, and ther-
mal gradient. Since for an accelerating shock the temperature
at the shock front is higher than the temperature in the gas

ATAA JOURNAL

behind the shock front, the locus of the initial adiabatic ex-
plosion points for each gas element generates a “reaction
wave,” which, if not disturbed by the cccurrence of reaction
[(&, 7) system], will be traveling at a velocity greater than
the shock velocity. In fact, one can conceive of conditions
where the velocity of this wave in room coordinates could be
infinite or even negative relative to the shock travel. There-
fore, an ignition delay concept applied to each gas particle
in the nonsteady flow regime ahead of an accelerating flame
can explain qualitatively the observed behavior. The ac-
celerating shock™ initiation recently reported by Bazhenova
and Soloukhin? shows a behavior typical of what one would
expect for accelerating shock initiation using the nonsteady
model of this paper.

With this “reaction wave” model in mind, it should be
possible to reverse the usual procedure used in detonation
initidgtion studies. By measuring wave developments experi-
mentally and using a nonsteady flow characteristic analysis,
the ignition delay time of each gas element could be measured
and, in addition, related to its temperature and pressure
history. Therefore, chemical reaction rate constants for
comparison to kinetic data from other sources should be
obtainable from initiation experiments. Most important,
though, is the fact that this model clearly shows the non-
steady nature of the last stage of the initiation process and
predicts shock initiation without requiring either a Chapman-
Jouguet deflagration or a shock velocity above the Chapman-
Jouguet detonation velocity. In fact, it is difficult to see how
the strictly steady-state concept of a Chapman-Jouguet de-
flagration or detonation applies to nonsteady initiation phe-
nomena. This implies that there should be a re-evaluation of
the pseudo-steady flow assumptions used by Adams and
Pack,2% Oppenheim,? and Brinkley and Lewis?® to discuss the
mechanism of detonation initiation.

Conclusions

A nonsteady analysis based on reasonable postulates of
one-dimensional flow, exothermic reaction, and wave initia-
tion by a reflected shock has produced a theoretical flow pat-
tern that agrees in qualitative detail with the experimentally
observed phenomena. An analysis of this type should be ap-
plicable to the later stages of other initiation processes and
should allow the prediction of when and where detonation
first will appear under any set of experimental conditions.
The importance of treating initiation as a truly nonsteady
phenomena is emphasized.

A new photographic technique, strip film schlieren inter-
ferometry, was used to determine simultaneously the wave
processes and density field in a one-dimensional nonsteady
flow.

Appendix

The Hugoniot equation for steady inviscid flow in a con-
stant area duct is

Ey, —E1—q=(P:+ P)(V. — Vy)/2

where E is internal energy, ¢ is heat added (both in units of
ergs per gram), P is the pressure in dynes per square centime-
ter, and V is the specific volume in cubic centimeters per
gram. This equation places no restriction on the nature of
the process occurring between stations 1 and 2 or the equation
of state of the substance.

For a static process, such as homogeneous reaction or
homogeneous heat addition, the equation for the energy
change is

2
Ez—El-—q=-f1 Pav

where the path of integration must be known to evaluate the
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right-hand quantity. This equation is valid for any re-
versible path in the PV plane independent of the nature of
the process or the equation of state of the substance. Eval-
uate the integral along the straight line path V = Ade +
1 — A, where Y = P/P,e=V/V,and 4 = (Y, — 1)/(e
— 1) is the slope of the path. The integral then reduces to

—P1V1f2 (Ae + 1 — A)de

1
which yields on integration
—PiVi(es — D(de: + 2 — A)/2
Substituting for 4, one gets
=PVi[(Y: — De + 2(ee — 1) — (Y2 — 1)]/2
or
By — By — q= P+ P)(Vi— Vy)/2

which is the same as the Hugoniot relation for steady flow.
In other words, the Hugoniot also represents the locus of end
states for homogeneous processes occurring along a straight
line path in the PV plane irrespective of the other details of
the process or the equation of state of the substance. In
addition, one sees that the portion of the usual Hugoniot ex-
cluded because of the existence of imaginary velocities
simply represents possible homogeneous processes where the
pressure and volume increase simultaneously. This allows
one to use real gas Hugoniot calculations in the excluded
quadrant to calculate the end state for the adla.batlc ex-
plosions observed near the back wall.
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