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Abstract

Experimental images of propagating detonation
waves provide lead shock velocity measuremeis
through the cell cycle. We examine the issue of local
decoupling of 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
obsened in shearlayersin apparertly decoupledpor-
tions of the detonation front.

Intro duction

The coupling of the lead shock and the reaction front
is critical to the propagation of near-CJ detonation
waves. The reaction rate behind the shock is extremely
sensitiveto temperature perturbations and, asaresult,
gaseousdetonation waves are always unstable. Past
work into this instability 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 gand numerically.®8 15 Numerical sim-
ulations have directly shown that the excursionin the
lead shock strength increaseswith increasingreduced
activation energy?

The preser study cortributes another set of exper-
imental velocity measuremets to the previous work,
including a higher reducedactivation energy mixture.
In addition, we examine the possibility of local de-
coupling of the shock and reaction front based on
analysis of the experimental data. We showv how lo-
cal decoupling may result in shear layers separating
gaswith di®erert degreeof reaction over a signi cant
length over which the shearlayer may becomeunsta-
ble. Experiments combining schlieren and planar laser
induced °uorescencé? imaging of the shock and reac-
tion front are reported. Imagesshow regions of high
°uorescenceintensity in the shearlayers 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 shadowgraph im-
ages of a detonation propagating in 2H 2-O»-17Ar,
P1=20 kP a, in the narro w channel. Every second
image acquired is shown, so the time between im-
ages is 1.7 's. The "eld of view is 138 mm.

High-speed shadovgraph movies were obtained of
propagating detonation waves in a variety of fuel-
oxidizer mixtures. Detonations were initiated di-
rectly®>® and propagated through a 4.2 m long high
aspect ratio (18£ 152 mm) rectangular channel2® This
design has the advantage of simplifying the °ow “eld
by reducing or ertirely eliminating the transverse
waves propagating in the direction of the smaller di-
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mension. Previouswork by other researtersin similar

channels has shawvn that there are some di®erences
in the detonation structure from that obsened in a

rectangular channel!®'® Pressure transducers were
usedto monitor the detonation wave speedalong the

channel. In all mixtures, detonations propagated at a

constart velocity that waslessthan the CJ velocity. In

Ar-diluted H,-O, mixtures, the measuredvelocity was
up to 8% lessthan the CJ velocity. In higher activa-

tion energy mixtures suc as C3Hg-50,-9N,, velocity

decits werelessthan 3%. PleaseseeAustin  for more
experimental details.

Multiple shadavgraph imagesper experiment were
acquired using a Bedkman and Whitley model 189 ro-
tating mirror framing camera. Windows were located
approximately 3.5 m downstream of the initiator. 25
imageswere acquired on Kodak TMAX 400black and
white 35 mm Im. The time betweenframesis 832 ns
with a 152 ns exposure time. A sample set of shad-
owgraph images of a weakly unstable detonation in
2H,-0,-17Ar is shawvn in Fig. 1. The collision and re-
fraction of two transversewavesoccursin the bottom
right hand corner.

Velocity measuremen ts along the cell centerline

Data from shadovgraph movieswascompiledto cre-
ate the x-t diagrams shown in Fig. 2. The location of
the lead shock is tracked along the cell certerline asa
function of time. Error barsin position and time due
to frame superposition and cameraspeedare § 1 mm
and § 0.02s respectively. Resultsfrom three mixtures
are shown: two marginally unstable caseswith low re-
duced activation energy(2H,-O,-17Ar, 2H,-O5-12Ar),
and a highly unstable casewith higher reduced acti-
vation energy (C3Hg-50,-9N5).

Power law curve s, t = axP, werecalculated for the
experimertal data using the least squarestechnique.
Curves are shavn in Fig. 2 and the resulting 't pa-
rameters, together with goodnessof 't data are given
in Table 1. The Taylor-Sedor (strong shock )similar-
ity solution predicts t = Ar5=2 for a sphericalgeometry
andt = Ar? for a cylindrical geometry. In the preser
data, the shock decays faster than the Taylor-Sedor
model.

The curve ts to the experimental x-t data were dif-
ferertiated to obtain the lead shock velocity along the
cell certerline, Fig. 3. Sincethe results of the power
law "t are sensitive to the averaging processused, sev-
eral piecewise ts were also made. The length of the
piecewiseregion was varied and the resulting envelope
of reasonablevaluesis shovn as a grey region in the
“gure. Data from the numerical study of Gamezoet
al.® for low and high reduced activation energy mix-
tures is also shown.

Basedon the global curve i, the lead shock veloc-
ity decays from about 1.5Uc; to 0.8 Uc; through the
cell cycle in 2H,-O,-12Ar. However, the local (piece-
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Fig. 2 x-t diagrams of lead shock location through
a cell cycle. (@ open symbols: 2H;-0,-12Ar,
Tled symbols: 2H;-0O,-17Ar and (b) C3Hg-50 -
9N ,. Data from several experimen 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;.
The magnitude of the °uctuation is then in good
agreemen with previous data. Lundstrom and Op-
penheim measured1.7-1.3< U=Uc; < 0.8-0.6. Dor-
mal et al.* and Strehlow and Crooker'® both report
1.2< U=Ug; < 0.8. In C3Hg-50,-9Ny, the lead shock
velocity decays from about 1.9 Uc; to 0.8 Uc; based
on the global curve t. The local (piecewise)curve 't

over the interval 0 < (X j Xo)=L < 0:2, results in a
velocity near the cell apex of 1.5Uc;. The local t

values are probably more reasonable.Overall, the os-
cillation amplitude in the certerline velocity for the
highly unstable mixture is is greater than for weakly
unstable detonation.
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Parameter 2H,-O,-12Ar C3Hg-50,-9N,
a 35.71 36.34
a. 35.45 36.02
ay 35.98 36.67
b 1.275 1.158
b, 1.251 1.141
by 1.300 1.175
SSE 47.05 20.86
R2 0.9959 0.9974
RMSE 0.6454 0.4762

Table 1 Power law curve s, t = ax”, were calcu-
lated for alow and high reduced activ ation energy
mixture using the least squares technique. Sub-
script L and U refer to the lower and upp er limits
of the 95% condence level in calculating the pa-
rameter.SSE is the sum of the squares due to error
(residuals). R? is the square of the multiple corre-
lation coezxcien t and indicates the total variation
of the 't about the average. RMSE is the root
mean square error.
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Fig. 3 Velocity of the lead shock front along the
centerline of a cell. The solid line is obtained by
di®eren tiating the curv et to the x-t data over the
entire length of the cell. Piecewise curve ts over
di®erent interv 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.®
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 prole of the lead shack along the cell
certerline through one cell cycle may be comparedto
that of a decaing blast wave due to a releaseof en-
ergy at the triple point collision at the beginning of
a cellt® 1  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 decass
approximately to the CJ velocity and becomesa self-

sustained spherical 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
decaing lead shock and the reaction along the cen-
terline of one cell cycle using the the critical decay
rate (CDR) model. The CDR model was dewveloped by
Eckett, Quirk and Shepherd and includesthe e®ectof
unsteadinesson the induction time. Their results were
extendedto more generalwave geometriesby Arienti. *
The key result of Eckett® 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 occursif the shock decay time tq is less
than a critical value ty.. where
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Fig. 4 Shock decay time vs. critical decay
time for (a) low reduced activ ation energy mix-
tures: 2H,-O,-12Ar with p=5.2 (dashed line) and
numerical data 8for p=4.9 (sym bols) and (b) high

reduced activ ation energy mixtures, CzHg-50,-9N ;
with p=12.7 (dashed line) and numerical data &for
U=7.9 (sym bols). The critical decay time from the
CDR model® is shown as the solid line.

This model has beenapplied by Pintgen et al.'* to
weakly unstable detonation fronts using data from nu-
merical simulations.® It was found that decoupling of
the detonation doesnot occur. In the presern study, we
uselead shock velocities along the cell certerline from
current experimerts and from the numerical simula-
tions of Gamezoet al.® 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 showvn in Fig. 4 for mod-
est and high reduced activation energy mixtures. In
the caseof modest reducedactivation energies(u » 5),
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Fig. 4(a), the curvet to the experimental data shaws
a larger decay time than the numerical study. In both
casesthe deca time becomescomparableto the crit-
ical value at the end of the cell. The curve t to the
experimertal data becomesslightly lessthan the criti-
cal valuefor x=L > 0:85. For higher reducedactivation
energy casesFig. 4(b), the decay time is substartially
lessthan the critical value at about x=L > 0:75 and
the model predicts local decoupling, or quending, of
the detonation wave.

Mixing of gas with di®erent degrees of
reaction

@) (b)

Fig. 5 a) Carto on showing states at triple point
con guration. b)lmage of unstable shear layer sep-
arating gas of di®erent degree of reaction 2H,-O,-
7.7N 2, P1=20kP a. Image ® was obtained using OH
PLIF *2 in a 280 mm diameter detonation tub e.

As reported in Pintgen et al.,'* \k eystones" are
formed in weakly unstable fronts due to spatial oscilla-
tions in the lead shock strength. Triple point analysis
shaved that the shear layers form the boundary be-
tween °uid particles that have passedthrough 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 analysisis shown in
Table 2. Local decoupling of the shock and reaction
zone would substartially increasethe induction time
disparity above these calculated values.

Shearlayer instabilities are obsenedin sdlierenim-
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=P, uj Usg 3 s
2H,-0,-17Ar 0.32 623 390 58 2.7
2H,-0,-5.6N; 0.37 716 352 79 25
C3Hg-50,-9N, 0.39 554 269 58 1.6

Table 2 Calculated prop erties across a triple

point contact surface for sample mixtures from this
study . ¢ P=P, = (P3j P2)=P. 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 point conguration is calculated
using shock polars. The inciden t wave velocity
wave is tak en to be 0.9Uc,, 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
mec hanism. 3

shearlayer from the previous cycle appearsto become
unstable after interaction with the transverse wave.
The instabilit y is not evidert in the corresponding °u-

orescenceimage. In weakly unstable fronts, seweral
hundred experiments have shovn no shearlayer insta-

bilities in °uorescenceimagesto the resolution of the

study (at best 50t m/pixel).

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

/

Transverse waves

Shear layer
(previous cycle)

Shear layer

/(current cycle)

___Mach stem

N

Keystone
(current cycle)

e

Keystone
(previous cycle)

Fig. 6 Overlaid PLIF 2 (false color) and schlieren
images of portion of detonation front propagating
left to right in 2H,-0,-17Ar, P:=20 kP a®
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Fig. 7 a) Hot spots in chemiluminescence im-
ages in C3Hg-50,-9N ,, P1=20 kP a. Image height
is 65 mm. Regions of intense luminescence are ob-
served in the shear layers near the end of the cell
cycle. b) Schlieren image of the same portion of
the front 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 separatesreacted and unreacted gasover 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 reactarts, and possibly cortribute to the
re-ignition processat the end of the cell. This is a\tur-
bulent" combustion mecdanism that is not included in
traditional detonation models basedon shock-induced
explosion.

Conclusions

High-speedshadovgraph data are usedto create x-t
diagrams of lead shaock location through a cell cyclein
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; < 0.8in 2H,-
0,-12Ar, which agreeswith existing data for modest
reduced activation energy mixtures. In a high re-
duced activation energy mixture, C3Hg-50,-9N,, the
magnitude of the lead shock oscillation increasesto
1.5< U=Uq; < 0.8. This is consistent with the obser-
vations of Gamezoet al.?

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.> Based
on the curve t to the experimental data, the model
predicts local decoupling, or quending, of the portion
of the detonation front near the end of the cell cycle
((xj Xo)=L > 0:75 for C3Hg-50,-9N,).

Shearlayers separategas of di®erert degreeof reac-
tivit y at the triple points, forming keystonefeaturesin

imagesof the reaction front.1* Increasing the magni-
tude of the lead shock oscillation through a cell cycle
increasesthe magnitude of the disparity in induction
time acrossthe shearlayer. Local decoupling of the
front would increase this di®erence. In highly un-
stable mixtures, shear layer instability is obsened in
the region wherethe shearlayer separatesreacted and
unreacted gas. We speculatethat this createsthe pos-
sibility for mixing of hot products and cold reactarts
and the formation of local \hot spots" that may play
a role in the propagation of the detonation. Experi-
merntal imagesof regionsof high °uorescenceintensity
and localized explosior? in these portions of the front
support this idea.
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