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Abstract
We present new experimental results demonstrating the initiation and stabilization of
an oblique detonation by a hypervelocity projectile. Projectiles 25 mm in diameter were
launched at nominal velocities of 2700 m/s into stoichiometric H2 -O2 -N2 mixtures at
pressures between 0.1 and 2.5 bar. A critical threshold in initial pressure was found to
be required for the establishment of detonations. Initiation events similar to DDT in
propagating waves were observed after 300 mm of travel in H2 -O2 mixtures diluted with
25% N2 . A more direct initiation process was observed in H2 -air mixtures. A stabilized,
but overdriven oblique detonation was observed in a stoichiometric H2 -air mixture at an
initial pressure of 2.5 bar.
The pressure threshold can be explained in terms of competing reaction and ﬂow
quenching eﬀects along a curving streamline in supersonic ﬂow behind a curved shock
wave. This competition can be characterized by a critical Damkohler number Da∗ , which
is inversely proportional to the product of wave curvature κ and reaction zone thickness Δ.
Only if the reaction zone is suﬃciently thin in comparison with the projectile, Da > Da∗ ,
is it possible to obtain stabilized detonations. Otherwise, the reactions quench and the
wave splits into a nonreactive shock wave followed by ﬂame-like contact surface. The
inverse pressure dependence Δ ∼ Po−1 of the reaction zone length and the scaling of
the wave curvature κ ∼ 1/a with the body radius a implies the standard binary scaling
relationship Po a = constant for the critical conditions of stabilization, for a given mixture
composition characterized by a bimolecular rate-limiting step.
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Introduction
The present experiments address the issue of the critical conditions required to stabilize an
oblique detonation wave on a hypervelocity projectile ﬁred into a premixed combustible
mixture. The issue of detonation initiation and stabilization by hypervelocity projectiles
is often confused with the numerous results on shock-initiated combustion and unsteady
detonation.
Most previous experiments with projectiles, notably the often cited ones of Ruegg
and Dorsey [1], Lehr [2], or Alpert and Toong [3] have been carried out under subcritical
conditions and/or with projectiles traveling at less than the Chapman-Jouguet (CJ)
detonation velocity. For subcritical conditions, only a limited region of shock-initiated
combustion is observed behind the bow shock in the vicinity of the projectile. As the
wavefront recedes from the projectile, there is a distinct point at which the chemical
reactions quench and the wave appears to split into a nonreactive shock and a ﬂame-like
contact surface. Much of the analysis on these ﬂows has been directed at understanding
the striking pattern of instability waves that appears on this contact surface when the
projectile velocity is near the CJ value.
Unsteady detonations have been initiated [2, 4, 5, 6] with a suﬃciently large projectile
traveling at sub-CJ velocities. In these cases, the projectile only plays a role in initiating
the wave and ultimately is left far behind. The initiation threshold can be correlated
by the empirical models of Lee [7] and Vasiljev [4], but no inferences about stabilization
can be made since the detonations travel faster than the projectiles. Stabilized, planar,
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oblique detonations have been created by the diﬀraction of planar waves in two-layer
experiments [8, 9], however the problem of stability in those situations appears to be
essentially diﬀerent than in the case of projectiles due to the ”aerodynamic” wedge created
by the driving layer.
We conclude that despite three decades of research on this topic, there is scant experimental evidence for the existence of detonation waves stabilized on hypervelocity
(greater than CJ) projectiles. On the other hand, there has been much theoretical analysis [10, 11] and speculation about this possibility. This situation has motivated us to
reconsider this problem and carry out new experiments resulting in the successful demonstration of this phenomenon. The key to these new results is the careful choice of the
mixture composition and projectile parameters, discussed in the subsequent section.
Dimensional Considerations
Consider a body with characteristic dimension a entering with velocity U into a combustible mixture. The combustible mixture is characterized by a Chapman-Jouguet detonation velocity UCJ and a reference reaction zone length ΔCJ . In addition, the gaseous
mixture will have certain reference values of the thermodynamic and kinetic parameters such as the ratio of speciﬁc heats γ, the eﬀective activation energy Ea , the speciﬁc
energy release q, and the initial sound speed c◦ . Further, it is useful to consider as parameters the characteristic time scale tf low = a/w, where w is the (normal) postshock
velocity in the projectile frame and the time scale tchem = ΔCJ /w, the time required for
chemical reaction behind the bow shock (if the conditions were uniform). Finally, the
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lateral (transverse) extent H (actually taken to be the eﬀective half-width here) of the
test section or guide tube is signiﬁcant to understanding the results.
Based on these considerations, the signiﬁcant nondimensional parameters are speed
ratio, U = U/UCJ ; Damkohler number, Da = tf low /tchem ; and facility aspect ratio, χ
= a/H. Critical values of these parameters will be functions of the parameters characterizing the chemical reaction and gasdynamics. The signiﬁcant nondimensional state
parameters are Chapman-Jouguet Mach number, MCJ = UCJ /c◦ ; ratio of speciﬁc heats,
γ = Cp /Cv , and eﬀective activation energy, θ = Ea /RTs .
To obtain a stabilized detonation, the projectile must be fast enough and the reaction
must occur quickly compared to the ﬂow expansion time. In addition, for the detonation
wave to be initiated and sustained by the projectile, the facility aspect ratio must be
suﬃciently small such that wave reﬂections from the facility boundary are not signiﬁcant.
The criteria for stabilizing detonation waves on projectiles apparently are that Da >
Da∗ (U ; MCJ , θ, γ), U > 1, and χ  1.
Some of these parameters are unambiguous but others require more careful consideration before they can be assigned a unique meaning. The Damkohler number in particular
requires choosing a point in the ﬂow, that is, a location on the bow shock, to evaluate
the time scales. For a blunt body, a unique choice is the point directly behind the normal
portion of the bow shock, leading to Da = a/Δ◦ [12, 13, 14]. For a given composition
characterized by a bimolecular rate-limiting step, this can be simpliﬁed [15, 16] to the
binary scaling relationship Da ∝ P a, since near the nose of the projectile, κ ∝ 1/a.
A more detailed analysis of the reaction zone [15, 16] reveals that the local Damkohler
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parameter Da = 1/κΔ plays the crucial role in the quenching eﬀect, where κ is the
curvature of the wave.
An alternate manner of expressing the Damkohler number would be to use a chemical
length scale based on observations of detonation instability. This is the so called cell width
λ that has been used extensively in propagating detonation studies. This leads to a
Damkohler-like ratio a/λ, a parameter often [17] introduced in discussing and correlating
propagation detonation phenomenology such as critical diameter, initiation energy, and
so forth. Detailed considerations [18] of the previous experiments reveal that the ratio
a/λ must be greater than 2 to 3 for detonations to be stabilized. The present results are
consistent with these considerations (see Tables 1 and 2).
These scaling ideas indicated the need for a trade-oﬀ between projectile speed and
mixture sensitivity when designing the experiment. Sensitive mixtures such as stoichiometric H2 -O2 have small cell sizes (<1 mm at 1 bar) but require very high velocity
projectiles since UCJ = 2850 m/s. Insensitive mixtures such as typical hydrocarbon fuels
in air have lower CJ velocities ∼1800 m/s but much larger cell sizes, 50 to 70 mm at 1
bar. Our ﬁnal design was a compromise, with a 25 mm diameter projectile that could be
accelerated up to 3000 m/s so that a range of H2 -N2 -O2 mixtures could be studied with
initial pressures up to 3 bar.
See Tables 1 and 2 for values of the nondimensional detonation parameters characterizing the present experiments. The reaction zone lengths given in these tables were
computed using a detailed kinetic model of the chemical reaction process, realistic thermochemistry and numerical solutions of the oblique detonation structure equations as
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described in Shepherd [18]. The cell widths were taken from the literature[17].
Facility and Procedures
The experiments reported here were conducted in the T5 shock tunnel laboratory of the
Graduate Aeronautical Laboratories at Caltech. T5 was converted to a gas gun (see
Fig. 1) by which 10 g projectiles may be launched at velocities greater than 3000 m/s.
The inside cross-section of the test section was 152 mm square. The reactants in
the test section were isolated from the dump tank and target assembly vacuums before
each experiment by mylar diaphragms that sealed the 76 mm diameter openings. Three
PCB dynamic pressure transducers were mounted in ports along one wall. Two pairs
of small optical ports along the sides were equipped with diode lasers and photodiodes
for measurement of projectile velocity. A pair of larger optical windows was used for
photography. A third laser beam for projectile velocimetry was transmitted diagonally
through the optical windows. The windows had a 165 mm diameter clear aperture,
allowing visualization of part of the top and bottom of the test section. The inside of the
test section was 762 mm long. It was capable of containing detonation pressures above
100 atm.
The photographic system was adapted from the standard T5 setup. A Q-switched
Nd:YAG laser pulse was expanded and sent as a collimated beam through the test section,
condensed, and imaged on a ﬁlm sheet. The condensed beam was ﬁltered to reduce the
eﬀect of thermal emission. With this setup, we created shadowgraphs and diﬀerential
interferograms.
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Each experiment began with the ﬁring of T5. The high enthalpy gas created at the
end of the shock tube accelerated the 25 mm diameter nylon sphere to about 2700 m/s.
The projectile broke an electrical wire in the dump tank, triggering the data acquisition
electronics. As the projectile passed through the test section, arrival times at the photodiode stations and the transient pressure at the transducer stations were recorded. After
a delay from the break wire signal, estimated to place the projectile in the center of the
window, the photograph was taken by Q-switching the Nd:YAG laser. The kinetic energy and momentum of the projectile were dissipated in a stack of aluminum plates and
honeycomb in the target section. This event generated a blast wave in the test section
stronger than the detonation unless the target was evacuated before the experiment.
Results
Two sets of experiments (a total of 37 tests) were performed with diﬀerent reactant
mixtures and with a single nominal projectile velocity. The Damkohler number was
controlled by varying the initial pressure (tchem ∼ P◦−1 for the present mixtures). In
this fashion, the Damkohler number was varied over an order of magnitude for both
reactant mixtures. This resulted in a range of phenomena that, in order of increasing
initial pressure were:

1. No apparent reaction, bow shock resembled inert case.
2. Partial reaction near the front of the wave, with quenching of the reaction that
created a zone of shocked but unreacted gas.
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3. A nonsteady initiation event caused by interaction of the shock wave with the
conﬁnement.
4. Prompt initiation of detonation with an oblique wave extending outward to the
boundaries of the conﬁnement.

Although the amount of data is sparse and the variety of phenomena observed is
rich, the results are reproducible. Duplicate experiments yield nearly identical results
in almost all cases. In particular, the distinction between detonation (event 3 or 4) and
quenching (1 or 2) is quite crisp and consistent. A summary of selected experiments and
the resulting combustion events is given in Table 1.
Diﬀerential interferometry was used for visualization in the ﬁrst set of experiments,
using 2H2 +O2 +N2 mixtures. Shadowgraphy was employed during the second set of
experiments, involving a stoichiometric mixture of H2 and air. Uncertainty in the projectile velocity (photographic timing was accomplished with a programmable delay after the
break wire signal) resulted in variation of the position of the projectile in the photographs.
In all experiments, the wall pressure was measured at three points along the test
section. The arrival of the projectile was also recorded at three locations (by interruption
of diode laser beams). Diﬀerences observed between the apparent wave speeds (Uwave1
and Uwave2 , see Table 1) and wave shapes recorded at diﬀerent locations (Fig. 2) indicated
unsteady behavior in the ﬂow.
A pressure range from 0.100 to 1.000 bar was investigated in the ﬁrst set of experiments (with a mixture 2H2 +O2 +N2 ). Details can be found in Bélanger et al. [19]. At
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the lowest pressure (0.1 bar), a small amount of reaction was observed near the nose of
the projectile. At a higher pressure of 0.250 bar, an extraordinary transient event was
observed (Fig. 3). Near the projectile, the appearance of the bow wave indicated shockinduced combustion, with the reaction zone decoupling from a non-reactive shock about
two diameters from the projectile. A less curved secondary wave was observed behind the
projectile. This seems to indicate an explosion in the partially reacted gases behind the
projectile and therefore a deﬂagration to detonation transition (DDT) in progress. At
even higher pressure (0.50 and 1.0 bar), an overdriven detonation preceded the projectile
(Fig.4). This wave was clearly a detonation, as indicated by the pressure traces and the
cellular structure plainly visible behind the wave. However, the wave speed, geometry
and pressure were inconsistent with a steady process.
A larger range (0.100 to 2.560 bar) of pressure was examined in the second set of
experiments carried out with a less sensitive mixture 2H2 +O2 +3.76N2 . At 0.100 bar,
the bow wave did not show any sign of combustion (see Fig. 5). At 0.421 bar, a clear
example of shock-induced combustion with reaction failure and reaction zone detachment
was observed (Fig. 6). Evidence of the lack of reaction in this region was provided by a
debris particle visible in the lower half of the image. Turbulent ﬂow and strong refraction
characteristic of combustion were observed in the portion of the particle wake behind the
bow shock in the region of shocked but non-combusted reactants.
An asymmetric wave shape occurred at 1.710 bar, suggesting proximity to a transition
between two types of phenomena (Fig. 7). In the lower half of the picture, the bow wave
was curved and the reaction zone detached, apparently at a kink in the wave. The wave
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was straight in the upper half of the picture, suggesting that the wave was self-supporting.
The scale of the cellular structure in the wave shows the cell size to be comparable to
the projectile radius. The bow wave at 2.560 bar initial pressure was straight over a
segment between the projectile nose and a Mach reﬂection at the wall (Fig. 8). This wave
was clearly a stabilized oblique detonation. Relatively ﬁne cellular structure was visible
behind the wave, and the wave angle indicated that the wave was slightly overdriven but
much closer to a steady conﬁguration than in the ﬁrst set of experiments.
Discussion
Notable features of the experimental results are the existence of a critical pressure threshold for initiating a detonation in both cases, the nearly planar detonation wave shape for
mixture 1 and the deﬁnitive oblique detonation wave observed in mixture 2.
The two sets of experiments resulted in dramatically diﬀerent detonation wave shapes.
A distinct oblique wave was observed in mixture 2, whereas the detonations observed for
mixture 1 were nearly normal. Both wave angles are inconsistent with steady CJ waves,
(see the wave angles βCJ = sin−1 (UCJ /U ) in Table 2). However, while the straight portions
of the detonations in mixture 2 were only slightly overdriven, the entire wave in mixture 1
was overdriven.
Major diﬀerences that could account for this variation are the speed ratio U/UCJ and
the reactivity of the mixtures. In set 1, the projectile velocity was only 12.5% higher
than the detonation velocity, whereas in set 2, the projectile velocity was 40% higher
than the CJ velocity (see Table 2).
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Apparently, when the CJ speed is closer to the projectile speed, it takes longer for
the initiation transient to die down and for the wave shape to relax to a steady state
conﬁguration. This is related to the observations of DDT-like processes occuring in the
quenched gas region. After the unsteady explosion wave observed in Fig. 3 diﬀracts over
the projectile, an overdriven detonation will be produced. We speculate that the nearlyplanar wave observed in Fig. 4 is photographed immediately after such an event. We
expect that this wave will decay and eventually reach a conﬁguration similar to Fig. 8,
since overdriven waves are susceptible to overtaking disturbances [20]. The eﬀect of
overdrive in Fig. 8 is much less pronounced since the CJ-wave angle is 16◦ lower and
the initiation processes apparently occur more promptly. The full explanation requires
further experimentation to resolve the initiation transient.
Quenching
One of most striking features of the current results is the dramatic change in the wave
shape and pressure histories when a critical pressure threshold is exceeded, (see Fig. 2
and compare Figs. 6 and 8). We interpret this transition as the stabilization of the
detonation wave on the projectile. The critical conditions for stabilization are those for
which the ”splitting” of the shock-reaction zone structure, observed in Fig. 6 and the
lower half of Fig. 7, just occurs. Gilinskii and Chernyi [15] were the ﬁrst to consider this
process in detail and identiﬁed the Damkohler parameter P a as the controlling factor for
a given composition.
Gilinskii and Chernyi determined the critical conditions by numerically solving for the
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ﬂow in the vicinity of the body. An alternative procedure is to consider the local inﬂuence
of the wave curvature on the processes in the reaction zone. From this perspective, the
quenching process is a result of the competition of the ﬂow expansion and chemical energy
release in the region immediately behind the curved shock wave. The ﬂow is undergoing
adiabatic expansion because of the streamline curvature in a supersonic region behind a
curved shock front.
This is exactly the same physical eﬀect that causes freezing of dissociation behind
curved bow shocks in hypervelocity ﬂow over blunt bodies [16]. The structure of the
reaction zone behind a straight oblique detonation [18] can be extended to the case of a
weakly-curved (κΔ << 1) wave using the analysis of Hornung [16], which is based on the
thin-layer equations for two-dimensional (planar) hypersonic ﬂow. A quenching criterion
can be obtained by carrying out an asymptotic analysis of the temperature variation
along a streamline.
The results of this analysis show that the reaction is just quenched when the wave
curvature κ exceeds the critical value κc . This critical value is given by κc = 1/θΔB,
where B is a function of wave angle, freestream velocity and the thermodynamic properties of the gas. This critical curvature is a strong function of shock strength and scales
directly with the initial pressure P◦ for second-order reactions since Δ ∼ P◦−1 . The critical curvature increases with increasing shock strength, reaching inﬁnity at the point on
the oblique shock where the downstream ﬂow is sonic. The minimum value of κc occurs
near the point on the wave for which the normal velocity is close to the CJ condition.
The behavior observed in our experiments can be classiﬁed as follows: 1) subcritical,
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κc < κwave for suﬃciently small normal velocities, quenching occurs; 2) critical, κc = κwave
at the CJ point, this is the critical condition for oblique detonation stabilization; and 3)
supercritical, κc > κwave for all values of Un > UCJ , quenching never occurs, the oblique
detonation is always stabilized.
Conclusions and Summary
We have presented our experimental evidence for oblique detonations stabilized on projectiles. We observe transition from quenched reaction to oblique detonation with increasing
initial pressure in the reactants. We present experimental evidence of this transition and
argue that the parameter κΔ controls the transition.
Nonsteady processes were prominent in the present experiments. Not only does a
transient take place when the projectile enters the combustible test gas, but apparently a
long time must elapse to get the ﬂow to settle into a conﬁguration that could be described
as steady state. No truly steady-state like conﬁgurations were observed in the current
experiments. We conclude that interpreting snapshots of potentially nonsteady events
may be quite misleading and further experimentation is needed to clarify the initiation
process.
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Table 1. Summary of T5 detonation experiments. Mixture 1: 2H2 +O2 +N2 and mixture 2: 2H2 +O2 +3.76N2 . Uwave1 and Uwave2 are the apparent wave speeds computed from
the detonation or shock arrival times at each pair of pressure transducers.
Mix
1
1
1
1
1
2
2
2
2
2

Pi
U
Uwave1
(Bar) (m/s) (m/s)
0.100 2690
2380
0.250 2830
2580
0.500 2560
3460
1.000 2820
3060
1.000 2930
3060
0.100 2593
1670
0.421 2683
2520
0.853 2880
2860
1.710 2720
3460
2.560 2653
3510

Uwave2
(m/s)
3200
3200
2860
3020
3110
2580
2710
2780
2980
4120

T5 Fig. ΔCJ Δ0
Result
Shot
μm μm
865
667 233 shock-ind. comb.
1012
3
253 70
DDT
1010
120 60
detonation
862
66.7 14
detonation
863
4
66.7 14
detonation
1021
5
1667 180
nonreactive
1015
6
367 30 rn. zone decoup.
1016
199 45 rn. zone decoup.
1018
7
140 8.3
transition
1020
8
160 7.0
detonation

Table 2. Nominal detonation parameters. Based on a projectile speed U = 2700 m/s
and radius a = 12.7 mm. Mixture 1: 2H2 +O2 +N2 and mixture 2: 2H2 +O2 +3.76N2 .
Facility aspect ratio, χ, was ﬁxed at 0.17
Mix
1
1
2
2

P0
UCJ
U
βCJ a/ΔCJ
(bar) (m/s)
(deg)
0.100 2300 1.17 58.4
18.7
1.000 2400 1.13 62.7
187
0.100 1920 1.41 45.2
7.5
2.560 1990 1.34 47.4
78.1
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a/Δ0
53.6
893
69.4
1785

λCJ a/λCJ
(mm)
13
0.98
3.2
4.0
35
0.36
5.7
2.2

Figure Captions
Figure 1 Illustration of the experimental apparatus. The 3 meter long launch tube is
mounted to T5 at the nozzle throat, at the upstream end of the dump tank, and
extends into the dump tank.
Figure 2 Pressure plots from the H2 +O2 +3.76N2 experiments, with projectile
trajectories computed from diode laser - photodiode data overlayed. Projectile velocity
remained constant within the test section, within measurement error.
Figure 3 T5 Shot 1012. Diﬀerential interferogram of projectile moving at 2800 m/s in
2H2 +O2 +N2 at 0.250 bar initial pressure. Bow wave shows shock-induced combustion
followed by a quenching event. An explosion in the partially reacted gases appears as a
second wave behind the projectile. The dark feature in the upper center is a
“clamshell” fracture in one of the windows.
Figure 4 T5 Shot 863. Diﬀerential interferogram of projectile moving at 2900 m/s in
2H2 +O2 +N2 at 1.000 bar. Cellular structure is promeniently visible behind the leading,
nearly-normal detonation front. Other features are shock waves produced by boundary
separation on sphere and wake recompression shocks.
Figure 5 T5 Shot 1021. Shadowgraph of projectile moving at 2600 m/s in
2H2 +O2 +3.76N2 at 0.100 bar. No combustion is apparent.
Figure 6 T5 Shot 1015. Shadowgraph of projectile moving at 2700 m/s in
2H2 +O2 +3.76N2 at 0.421 bar, showing shock-induced combustion that terminates in
wave-splitting (quenching) event with a ﬂame-like contact surface separating from a
18

non-reactive shock.
Figure 7 T5 Shot 1018. Shadowgraph of projectile moving at 2700 m/s in
2H2 +O2 +3.76N2 at 1.710 bar. Asymmetry of the bow wave indicates that the event is
transitional. The upper half is approximately stabilized and overdriven, while
quenching occurs in the lower half.
Figure 8 T5 Shot 1020. Shadowgraph of projectile moving at 2700 m/s in
2H2 +O2 +3.76N2 at 2.56 bar with a stabilized overdriven detonation wave and Mach
reﬂections at the walls. The curved feature just behind the projectile is associated with
the interaction of the conical wave with the square walls of the test section. Reﬂected
waves (at 45◦ ) can be observed emerging from the triple points
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