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Abstract
Experimental images of propagating detonation

waves provide lead shock velocity measurements
through the cell cycle. We examine the issueof local
decouplingof the shock and reaction front using these
data. In highly unstable mixtures with high reduced
activation energy, experimental images and analysis
suggestthat local decoupling occurs at the end of the
cell cycle. Regions of high °uorescenceintensity are
observed in shear layers in apparently decoupledpor-
tions of the detonation front.

In tro duction
The coupling of the leadshock and the reaction front

is critical to the propagation of near-CJ detonation
waves. The reaction rate behind the shock is extremely
sensitive to temperature perturbations and, asa result,
gaseousdetonation waves are always unstable. Past
work into this instabilit y has shown that the front is
unsteady and the strength of the lead shock oscillates
periodically.

The velocity of the lead shock through a cell cy-
cle has been previously measured both experimen-
tally 4, 7, 10, 14, 16 and numerically.6, 8, 15 Numerical sim-
ulations have directly shown that the excursion in the
lead shock strength increaseswith increasing reduced
activation energy.8

The present study contributes another set of exper-
imental velocity measurements to the previous work,
including a higher reducedactivation energymixture.
In addition, we examine the possibility of local de-
coupling of the shock and reaction front based on
analysis of the experimental data. We show how lo-
cal decoupling may result in shear layers separating
gaswith di®erent degreeof reaction over a signi¯cant
length over which the shear layer may becomeunsta-
ble. Experiments combining schlieren and planar laser
induced °uorescence12 imaging of the shock and reac-
tion front are reported. Images show regions of high
°uorescenceintensity in the shear layers near the end
of the cell cyclefor high reducedactivation energymix-
tures.
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Exp erimen tal measuremen ts of lead
shock propagation

Fig. 1 Sample time-resolv ed shado wgraph im-
ages of a detonation propagating in 2H 2-O 2-17Ar,
P1=20 kP a, in the narro w channel. Ev ery second
image acquired is shown, so the time between im-
ages is 1.7 ¹ s. The ¯eld of view is 138 mm.

High-speed shadowgraph movies were obtained of
propagating detonation waves in a variety of fuel-
oxidizer mixtures. Detonations were initiated di-
rectly3, 9 and propagated through a 4.2 m long high
aspect ratio (18£ 152 mm) rectangular channel.3 This
design has the advantage of simplifying the °ow ¯eld
by reducing or entirely eliminating the transverse
waves propagating in the direction of the smaller di-
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mension. Previouswork by other researchersin similar
channels has shown that there are some di®erences
in the detonation structure from that observed in a
rectangular channel.13, 16 Pressure transducers were
used to monitor the detonation wave speedalong the
channel. In all mixtures, detonations propagated at a
constant velocity that waslessthan the CJ velocity. In
Ar-diluted H2-O2 mixtures, the measuredvelocity was
up to 8% lessthan the CJ velocity. In higher activa-
tion energy mixtures such as C3H8-5O2-9N2, velocity
de¯cits werelessthan 3%. PleaseseeAustin 3 for more
experimental details.

Multiple shadowgraph imagesper experiment were
acquired using a Beckman and Whitley model 189 ro-
tating mirror framing camera. Windows were located
approximately 3.5 m downstream of the initiator. 25
imageswereacquired on Kodak TMAX 400black and
white 35 mm ¯lm. The time betweenframes is 832 ns
with a 152 ns exposure time. A sample set of shad-
owgraph images of a weakly unstable detonation in
2H2-O2-17Ar is shown in Fig. 1. The collision and re-
fraction of two transversewavesoccurs in the bottom
right hand corner.

Velo cit y measuremen ts along the cell centerline

Data from shadowgraph movieswascompiled to cre-
ate the x-t diagrams shown in Fig. 2. The location of
the lead shock is tracked along the cell centerline as a
function of time. Error bars in position and time due
to frame superposition and cameraspeedare § 1 mm
and § 0.02¹s respectively. Results from three mixtures
are shown: two marginally unstable caseswith low re-
duced activation energy(2H2-O2-17Ar, 2H2-O2-12Ar),
and a highly unstable casewith higher reduced acti-
vation energy (C3H8-5O2-9N2).

Power law curve ¯ts, t = axb, werecalculated for the
experimental data using the least squarestechnique.
Curves are shown in Fig. 2 and the resulting ¯t pa-
rameters, together with goodnessof ¯t data are given
in Table 1. The Taylor-Sedov (strong shock )similar-
it y solution predicts t = Ar 5=2 for a sphericalgeometry
and t = Ar 2 for a cylindrical geometry . In the present
data, the shock decays faster than the Taylor-Sedov
model.

The curve ¯ts to the experimental x-t data weredif-
ferentiated to obtain the lead shock velocity along the
cell centerline, Fig. 3. Since the results of the power
law ¯t are sensitive to the averagingprocessused,sev-
eral piecewise¯ts were also made. The length of the
piecewiseregion wasvaried and the resulting envelope
of reasonablevalues is shown as a grey region in the
¯gure. Data from the numerical study of Gamezoet
al.8 for low and high reduced activation energy mix-
tures is also shown.

Basedon the global curve ¯t, the lead shock veloc-
it y decays from about 1.5 UC J to 0.8 UC J through the
cell cycle in 2H2-O2-12Ar. However, the local (piece-
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Fig. 2 x-t diagrams of lead shock lo cation through
a cell cycle. (a) op en sym bols: 2H 2-O 2-12Ar,
¯lled sym bols: 2H 2-O 2-17Ar and (b) C 3H 8-5O 2-
9N 2 . Data from several exp erimen ts is presen ted.
Note the time origin is arbitrary for each data set.

wise) curve ¯t over the interval 0 < (x ¡ xo)=L < 0:2
results in a velocity near the cell apex of 1.2UC J .
The magnitude of the °uctuation is then in good
agreement with previous data. Lundstrom and Op-
penheim measured1.7-1.3 < U=UC J < 0.8-0.6. Dor-
mal et al.4 and Strehlow and Crooker13 both report
1.2 < U=UC J < 0.8. In C3H8-5O2-9N2, the lead shock
velocity decays from about 1.9 UC J to 0.8 UC J based
on the global curve ¯t. The local (piecewise)curve ¯t
over the interval 0 < (x ¡ xo)=L < 0:2, results in a
velocity near the cell apex of 1.5UC J . The local ¯t
valuesare probably more reasonable.Overall, the os-
cillation amplitude in the centerline velocity for the
highly unstable mixture is is greater than for weakly
unstable detonation.
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Parameter 2H2-O2-12Ar C3H8-5O2-9N2

a 35.71 36.34
aL 35.45 36.02
aU 35.98 36.67
b 1.275 1.158

bL 1.251 1.141
bU 1.300 1.175

SSE 47.05 20.86
R2 0.9959 0.9974

RMSE 0.6454 0.4762

Table 1 Power law curv e ¯ts, t = ax b, were calcu-
lated for a low and high reduced activ ation energy
mixture using the least squares tec hnique. Sub-
script L and U refer to the lower and upp er limits
of the 95% con¯dence lev el in calculating the pa-
rameter.SSE is the sum of the squares due to error
(residuals). R 2 is the square of the multiple corre-
lation coe±cien t and indicates the total variation
of the ¯t ab out the average. RMSE is the ro ot
mean square error.
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Fig. 3 Velo cit y of the lead shock fron t along the
centerline of a cell. The solid line is obtained by
di®eren tiating the curv e ¯t to the x-t data over the
entire length of the cell. Piecewise curv e ¯ts over
di®eren t in terv als were also made. These curv es
result in an envelop e of reasonable values that is
represen ted by the grey region. Dashed lines are
data from the numerical study of Gamezo et al. 8

for a reduced activ ation energies of a) 4.9 and b)
7.4.

Lo cal decoupling of the lead shock and reaction
fron t

The velocity pro¯le of the lead shock along the cell
centerline through one cell cycle may be compared to
that of a decaying blast wave due to a releaseof en-
ergy at the triple point collision at the beginning of
a cell.10, 16 An analogy may be made with detona-
tion initiation by a strong, spherical blast wave. In
that situation, two outcomesare possible. Successful
initiation occurs when the strong blast wave decays
approximately to the CJ velocity and becomesa self-

sustainedspherical detonation wave. Failed initiation
occurs when the shock and reaction decoupleand the
blast wave continuesto decay to an acoustic wave.

We investigate the possibility of decoupling of the
decaying lead shock and the reaction along the cen-
terline of one cell cycle using the the critical decay
rate (CDR) model. The CDR model wasdeveloped by
Eckett, Quirk and Shepherd5 and includesthe e®ectof
unsteadinesson the induction time. Their results were
extendedto more generalwave geometriesby Arienti. 1

The key result of Eckett 6 is that the curvature term
wasfound to be negligible and a local criterion for det-
onation decoupling was found as a balance between
the chemical energyreleaseterm and the unsteadiness
terms. Failure occurs if the shock decay time td is less
than a critical value td;c where

1
td

= ¡
1
U

dU
dt

; (1)

td;c = 6
° ¡ 1
° + 1

µ¿ : (2)
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Fig. 4 Sho ck decay time vs. critical decay
time for (a) low reduced activ ation energy mix-
tures: 2H 2-O 2-12Ar with µ=5.2 (dashed line) and
numerical data 8 for µ=4.9 (sym bols) and (b) high
reduced activ ation energy mixtures, C 3H 8-5O 2-9N 2

with µ=12.7 (dashed line) and numerical data 8 for
µ=7.9 (sym bols). The critical decay time from the
CDR mo del 5 is shown as the solid line.

This model has beenapplied by Pintgen et al.11 to
weakly unstable detonation fronts using data from nu-
merical simulations.6 It was found that decoupling of
the detonation doesnot occur. In the present study, we
uselead shock velocities along the cell centerline from
current experiments and from the numerical simula-
tions of Gamezo et al.8 which consideredthe e®ect
of activation energy. Shock decay times are calcu-
lated and compared to the critical value from the
CDR model. Results are shown in Fig. 4 for mod-
est and high reduced activation energy mixtures. In
the caseof modest reducedactivation energies(µ » 5),
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Fig. 4(a), the curve ¯t to the experimental data shows
a larger decay time than the numerical study. In both
cases,the decay time becomescomparableto the crit-
ical value at the end of the cell. The curve ¯t to the
experimental data becomesslightly lessthan the criti-
cal valuefor x=L > 0:85. For higher reducedactivation
energycases,Fig. 4(b), the decay time is substantially
less than the critical value at about x=L > 0:75 and
the model predicts local decoupling, or quenching, of
the detonation wave.

Mixing of gas with di®eren t degrees of
reaction

(a) (b)

Fig. 5 a) Carto on showing states at triple poin t
con¯guration. b)Image of unstable shear layer sep-
arating gas of di®eren t degree of reaction 2H 2-O 2-
7.7N 2 , P 1=20kP a. Image 3 was obtained using OH
PLIF 12 in a 280 mm diameter detonation tub e.

As reported in Pintgen et al.,11 \k eystones" are
formed in weakly unstable fronts due to spatial oscilla-
tions in the lead shock strength. Triple point analysis
showed that the shear layers form the boundary be-
tween °uid particles that have passed through the
strong portion of the lead shock front (Mach stem)
and react relatively quickly, and particles that have
passedthrough the weak portion of the front (inci-
dent wave) and the transverse wave and react more
slowly. In someportions of the front, the leading (in-
cident) shock will be near the end of the cell cycle and
there will be a large di®erencein the induction time
of the gas on either side of the shear layer. An es-
timate of the di®erencein induction times acrossthe
shearlayer basedon a triple point analysis is shown in
Table 2. Local decoupling of the shock and reaction
zone would substantially increasethe induction time
disparity above thesecalculated values.

Shearlayer instabilities are observed in schlieren im-
agesof weakly unstable fronts. In Fig. 6 (a), the shear
layer attached to the leading shock (current cycle)
appears unstable. In Fig. 6 (b), shear layer (previ-
ous cycle) appears unstable while in Fig. 6 (a), the

Mixture ¢ P=P2 u3 u4 ¿3 ¿4

2H2-O2-17Ar 0.32 623 390 5.8 2.7
2H2-O2-5.6N2 0.37 716 352 7.9 2.5
C3H8-5O2-9N2 0.39 554 269 5.8 1.6

Table 2 Calculated prop erties across a triple
poin t con tact surface for sample mixtures from this
study . ¢ P=P2 = (P3 ¡ P2)=P2 is the normalized pres-
sure jump across the transv erse wave. State 3 is
behind the inciden t and transv erse waves and state
4 is behind the Mac h stem (Schematic is shown in
Fig. 5). The triple poin t con¯guration is calculated
using shock polars. The inciden t wave velo cit y
wave is tak en to be 0.9UC J , represen tativ e of con-
ditions near the end of the cell and the trac k angle
is assumed to be 33± . Induction times ¿ are then
calculated by taking particle paths through the
three-sho ck con¯guration and using a constan t vol-
ume explosion assumption and the detailed Konno v
mechanism. 3

shearlayer from the previous cycle appearsto become
unstable after interaction with the transverse wave.
The instabilit y is not evident in the corresponding °u-
orescenceimage. In weakly unstable fronts, several
hundred experiments have shown no shearlayer insta-
bilities in °uorescenceimagesto the resolution of the
study (at best 50 ¹ m/pixel).

In highly unstable fronts, regions of intense chemi-
luminescencehave beenobserved (Fig. 7 a). From the
associated schlieren images(Fig. 7 b), we can deter-
mine thesebright regionscorrespond with the location

Shear layer 

(previous cycle)

Transverse waves

Shear layer

(current cycle)

Mach stem

Keystone

(previous cycle)

Keystone

(current cycle)

Fig. 6 Ov erlaid PLIF 12 (false color) and schlieren
images of portion of detonation fron t propagating
left to righ t in 2H 2-O 2-17Ar, P1=20 kP a3

.
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(a) (b)

Fig. 7 a) Hot spots in chemiluminescence im-
ages in C 3H 8-5O 2-9N 2 , P1=20 kP a. Image heigh t
is 65 mm. Regions of in tense luminescence are ob-
serv ed in the shear layers near the end of the cell
cycle. b) Schlieren image of the same portion of
the fron t shown in a).

of shearlayers. The detonation appearsto have locally
decoupledat the end of the cell cycle and the trans-
versewave collision has not yet occurred. If the shock
and reaction front decouplesat the end of the cell, the
shearlayer separatesreactedand unreactedgasover a
considerablelength. With the increasein surfacearea
in an unstable shearlayer, we may speculatethat local
\hot spots" may be formed due to mixing of hot prod-
ucts and cold reactants, and possibly contribute to the
re-ignition processat the endof the cell. This is a \tur-
bulent" combustion mechanism that is not included in
traditional detonation models basedon shock-induced
explosion.

Conclusions
High-speedshadowgraph data are usedto createx-t

diagramsof lead shock location through a cell cycle in
propagating detonation waves. The velocity of the lead
shock is calculated based on power law curve ¯ts to
this data. The magnitude of the lead shock oscillation
is estimated to be about 1.2 < U=UC J < 0.8 in 2H2-
O2-12Ar, which agreeswith existing data for modest
reduced activation energy mixtures. In a high re-
duced activation energy mixture, C3H8-5O2-9N2, the
magnitude of the lead shock oscillation increasesto
1.5 < U=UC J < 0.8. This is consistent with the obser-
vations of Gamezoet al.8

The e®ectof the unsteadinessof the front on the
coupling between the lead shock and the reaction is
examined using the critical decay rate model.5 Based
on the curve ¯t to the experimental data, the model
predicts local decoupling,or quenching, of the portion
of the detonation front near the end of the cell cycle
((x ¡ xo)=L > 0:75 for C3H8-5O2-9N2).

Shearlayers separategasof di®erent degreeof reac-
tivit y at the triple points, forming keystonefeaturesin

imagesof the reaction front. 11 Increasing the magni-
tude of the lead shock oscillation through a cell cycle
increasesthe magnitude of the disparity in induction
time acrossthe shear layer. Local decoupling of the
front would increase this di®erence. In highly un-
stable mixtures, shear layer instabilit y is observed in
the region where the shearlayer separatesreactedand
unreactedgas. We speculate that this createsthe pos-
sibilit y for mixing of hot products and cold reactants
and the formation of local \hot spots" that may play
a role in the propagation of the detonation. Experi-
mental imagesof regionsof high °uorescenceintensity
and localized explosion2 in theseportions of the front
support this idea.

References
1Marco Arien ti. A Numeric al and Analytic al Study of Det-

onation Di®r action . PhD thesis, California Institute of Tech-
nology, Pasadena, California, January 2003.

2J.M. Austin, F. Pin tgen, and J.E. Shepherd. Reaction
zonesin highly unstable detonations. In Proceedings of the Com-
bustion Institute , pages 1845{1853, Chicago, IL, 2004.

3Joanna M. Austin. The Role of Instability in Gaseous
Detonation . PhD thesis, California Institute of Technology,
Pasadena, California, May 2003.

4M. Dormal, J. C. Lib outon, and P. Van Tiggelen. Evolu-
tion of induction time in detonation cells. Acta Astr onautic a,
6(1):875{88, 1979.

5C. A. Eckett, J. J. Quirk, and J. E. Shepherd. The role of
unsteadiness in direct initiation of gaseousdetonation. J. Fluid
Mechanics, 421:147{183, 2000.

6Christopher A. Eckett. Numeric al and Analytic al Studies
of the Dynamics of Gaseous Detonations . PhD thesis, California
Institute of Technology, Pasadena, California, September 2000.

7D. H. Edwards, G. Hooper, E. M. Job, and D. J. Parry .
The behavior of the frontal and transv erse shocks in gaseous
detonation waves. Astr onautic a Acta, 15:323{333, 1970.

8V. N. Gamezo, D. Desbordes, and E. S. Oran. Tw o-
dimensional reactiv e °ow dynamics in cellular detonation waves.
Shock Waves, 9:11{17, 1999.

9S. I. Jackson and J. E. Shepherd. Initiation systems for
pulse detonation engines. Technical Report AIAA 2002-3627,
38th AIAA/ASME/SAE/ASEE Joint Propulsion Conference,
Indianap olis, IN, July 7-10 2002.

10 E. A. Lundstrom and A. K. Opp enheim. On the in°uence
of non-steadiness on the thic kness of the detonation wave. Proc.
Roy. Soc. A , 310:463{478, 1969.

11 F. Pin tgen, C. A. Eckett, J. M. Austin, and J. E. Shepherd.
Direct observations of reaction zone structure in propagating
detonations. Combust. Flame (in press), 2003.

12 Florian Pin tgen. Laser-Optic al Visualization of Detona-
tion Structur es. Diplom Arb eit, Lehrstuhl fÄur Thermo dynamik:
Technische Univ ersitÄat M Äunchen / Graduate Aeronautical Lab-
oratories: California Institute of Technology, December 2000.

13 R.A. Strehlow and A.J. Crooker. The structure of marginal
detonation waves. Acta Astr onautic a, 1:303{315, 1974.

14 V.A. Subbotin. Tw o kinds of transv erse wave structures in
multi-fron t detonation. Fizika Goreniya i Vzryva , 11(1):96{102,
1975.

15 R. Takai, K. Yoneda, and T. Hikita. Study of detonation
wave structure. In 15th Symposium (International) on Com-
bustion , pages 69{78, Pittsburgh, PA, 1974. The Combustion
Institute.

16 B. V. Voitsekhovskii, V. V. Mitrofano v, and M. E.
Topchian. Struktura fronta detonastii i gaza. Akad. Nauk.,
SSSR, Novosibirsk , 1963.

5 of 5


