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Abstract

We have experimentally investigated detonation diffraction out of a round tube
into an unconfined half-space. The focus of our study is examining how the ex-
tent of detonation cellular instability influences the quantitative and qualitative
features of diffraction. Detailed quantitative and qualitative measurements were
obtained through simultaneous schlieren imaging, multiple-exposure chemilumines-
cence imaging, and planar laser-induced fluorescence imaging of OH molecules. Two
types of stoichiometric mixtures, highly diluted Ha-Os-Ar and He-NoO, were studied
in the sub-critical, critical and super-critical regime. These mixture types represent
extreme cases in the classification of cellular instability with highly diluted Ho-Os-Ar
mixtures having very regular instability structures and H2-NoO having very irregu-
lar instability structures. The most striking differences between the mixtures occur
in the sub-critical and critical regimes, for which the detonation fails to transition
into the unconfined half-space. For the Ha-O9-Ar mixture, the velocity on the center
line was found to decay significantly slower than for the Ho-N2O mixture. In case
of the Hy-Oo-Ar mixture, it was evident from simultaneous schlieren-fluorescence
images that the reaction front was coupled to the lead shock front up to 2.3 tube
diameters from the exit plane. For the Ho-N2O mixture, the reaction front velocity
decreased to 60% of the corresponding Chapman-Jouguet value at 1.1 tube diame-
ters from the tube exit plane. A geometric acoustic model showed that the observed
differences in failure patterns are not caused by the differences in thermodynamic
properties of the two mixtures but is linked to the larger effective activation energy
and critical decay time in the Ho-NoO mixture as compared to the Ho-Oo-Ar mix-
ture. The re-initiation events are similar for the two mixtures and are a consequence
of local fluctuations at random locations within the region between the lead shock
and decoupled reaction zone, resulting in strong transverse detonations sweeping
through shocked but largely unreacted gas.
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Nomeclature

Angle of corner disturbance relative to tube axis

Mixture dilution amount

c sound speed
X detonation stability parameter
d tube diameter
A reaction length scale
E, activation energy
A detonation cell width
P pressure
R gas constant
t time
td.c critical decay time
T temperature
0 nondimensional activation energy
U gas velocity, lab frame
U shock or detonation front speed
v transverse disturbance wave speed
w gas velocity, wave frame
x distance
Subscripts
c critical
1 induction zone
e energy release zone

cJ Chapman-Jouguet
TEP Tube exit plane
ps post shock

0 initial state



1 Introduction

Diffraction of a detonation from a tube or channel into an unconfined volume
leads either to a quenching of the detonation wave, the sub-critical case, or a
successful transition and re-establishment of the detonation, the super-critical
case. This behavior is not unique to gaseous detonations but also found in
liquid and solid-phase detonations [1]. The outcome is determined by the mix-
ture composition, thermodynamic conditions, detonation velocity at the tube
exit, the geometry of the area expansion and tube cross section. The transition
point from the sub- to the super-critical experimental outcome is known as
the critical condition. For the simplest case of a wave propagating close to the
Chapman-Jouguet (CJ) velocity and diffracting out of a round tube, there is
a well-defined “critical tube diameter” d. for a given mixture. A super-critical
outcome occurs for d > d. and a sub-critical outcome is observed for d < d..
For gases, this behavior was first discovered by Zel’dovich et al. [2] and sub-
sequent investigations [3-5] demonstrated that the critical tube diameter was
a measure of detonation sensitivity that could be correlated with other deto-
nation dynamic parameters [6,7]. For a range of fuel-oxidizer combinations, d,
was found to be strongly correlated [8] with detonation cell width A or reac-
tion zone length A; [9]. These initial observations [3,4,8] showed that critical
tube diameter for a spherical expansion was found to be approximately 13\
for a variety of hydrocarbon-air and oxygen mixtures and detonation waves
traveling close to the CJ velocity.

Subsequent studies showed that the 13\-correlation breaks down for mixtures
with increasing argon dilution and values of the critical tube diameter of up to
30\ were measured [10-13] for 80% argon. These mixtures exhibit a more reg-
ular multi-front detonation structure than the hydrocarbon-air mixtures, for
which highly irregular structure including sub-structure within a detonation
cell is observed on soot-foils. Due to the subjective nature of cell width data,
especially for highly irregular cellular patterns, the correlations between cell
size and d,. have substantial uncertainty. However, there are clear differences in
the d./\ correlation for different mixtures that are associated with systematic
differences in the cellular regularity in fully developed detonations and can
not be ascribed to the uncertainties in A [14]. Correlations of critical tube di-
ameter with the idealized one-dimensional reaction zone length [9,11,15] also
show these trends. Computations of the steady reaction zone based on the
Zeldovich-von Neumann Doring (ZND) model with detailed chemical reaction
models can be used to define parameters that correlate with the extent of
cellular regularity. One of the key parameters is the non-dimensional effec-
tive activation energy 6 = E,/RT,; which can be computed from detailed
chemical reaction mechanisms [11,16] and used to characterize the observed
degree of cellular regularity [17,18]. The effective activation energy for the
mixtures with regular structure is significantly lower than for mixtures with



highly irregular structure [19,20]. Another parameter is the ratio of the length
of the energy release region compared to the induction zone length [21]. The
energy release region is significantly broader (relative to the induction zone
length) for mixtures with regular structure [21] than for irregular structure.
Associated with irregular detonation structure are large fluctuations in the
lead shock strength [22] and consequently, fluctuations in the thermodynamic
state within the reaction zone.

Lee [14,7] has proposed that differences in diffraction behavior of mixtures
with regular and irregular cellular structure reflects a fundamentally different
propagation and failure mechanism in the two cases. Lee argues that in det-
onations with regular structure, the instability of the detonation is weak and
the role of transverse waves is secondary so that the failure mechanism is of
the laminar type associated with wave curvature. For detonations with highly
irregular structure, Lee argues that the role of transverse waves is primary
so that the failure mechanism is due to the decreased frequency of transverse
wave intersections and associated high temperature regions if new waves are
not formed on the expanding wave front. Another viewpoint is that the fail-
ure mechanism is associated with a decoupling of the shock and reaction zone
[16,23]. Eckett et al. [16] showed that decoupling will take place when the time
scale characterizing the lead shock decay is comparable to a critical shock de-
cay time computed from idealized reaction zone models. The critical decay
time in regular mixtures turns out to be substantially smaller than in irregu-
lar mixtures, which will result in the failure process being much more abrupt
in irregular than regular mixtures, independent of any considerations about
transverse waves.

Despite a number of computational studies [24,25,23] of detonation diffraction,
the role of transverse waves in diffraction remains unclear. The observed re-
lationship between cellular regularity and diffraction behavior may indicate a
link between the extent of fluctuation within the reaction zone and diffraction
behavior but this is speculative. One goal of the present study is to provide
high resolution images of the events within the reaction zone of diffracting
detonation waves that can be used to shed light on the relationship between
reaction zone structure, cellular regularity, and detonation diffraction.

The breakdown of the 13\-correlation is well documented in the literature in
terms of the critical tube diameter comparing high and low activation energy
mixtures. However, there is a lack of quantitative data and detailed documen-
tation of the diffraction process comparing both mixture types. Since schlieren
and chemiluminescence records can be interpreted with a greater confidence
in two-dimensional flow, many previous studies employing visualization were
carried out in high aspect ratio channels [4,26] rather than a circular tube.
These studies of cylindrically expanding detonations also allow the use of soot
foils which are the simplest sort of instrumentation. However, recent experi-



ments of fully developed detonations in a narrow channel have shown that the
detonation structure remains three dimensional even in narrow channels for
highly regular mixtures for which the cell size is much larger than the channel
width [27]. The out-of-plane transverse wave structures will reflect from the
side walls and may influence the diffraction process, especially in the critical
regime. In order to eliminate sidewall effects; the present study [28] was con-
ducted for a circular tube and hemispherically expanding detonations. In our
study, we have for the first time applied the simultaneous planar laser induced
fluorescence and schlieren technique [29] to directly visualize the reaction front
and cellular structure [30,27] evolution during diffraction. We have also simul-
taneously used multiple exposure chemiluminescence imaging to describe and
quantify the different patterns and mechanisms observed for decoupling and
recoupling of shock and reaction fronts.

The objective of the present study is to obtain detailed measurements that
can be used to provide quantitative data to test the various theories about
detonation diffraction and speculations about the role of transverse waves in
mixtures with very different degrees of cellular regularity. To this end, we have
carried out experiments with two mixtures with extremely different instability
characteristics. One mixture, Hy-Oo-Ar has low activation energy and a very
regular (laminar) instability structure and the other mixture, Hyo-NoO has
a much higher activation energy and a very irregular cellular structure. In
addition to the imaging, we offer quantitative data for the wavefront and
reaction front shapes and velocities.

2 Experimental Setup

The detonation diffraction facility consists of a 1.5 m long tube with an inner
diameter of 38 mm. The tube is attached to the 0.8 m long 150 mm square test
section [31] as shown in Fig. 1. The tube end face is located 50 mm upstream
of the window center. The tube end face plate attached to the diffraction tube
inside the test section reaches to the walls of the test section and creates a
rotationally symmetric sharp concave corner of 90°. The corner radius is less
than 0.3 mm. The detonation is initiated by an electrical spark (total stored
energy of 225 mJ) and a Shchelkin spiral for enhancing the deflagration to
detonation transition (Fig. 1). Pressure histories were recorded by a total
of six pressure transducers (P1 to P6, Fig. 1) equally spaced in the tube
and test section. From time of arrival data, the propagation velocity of the
detonation before reaching the area change was measured to be within 2%
of the calculated CJ velocity. The experimental facility is described in more
detail in [15] and [28].

Three optical diagnostic techniques were used simultaneously: schlieren tech-



nique, planar laser induced fluorescence (PLIF) of the OH radical and multiple
exposure chemiluminescence imaging. The test section has two windows op-
posite to each other, 150 mm in diameter, which allow the parallel schlieren
light beam to enter and exit the test section (Fig. 2). The schlieren setup is
a classical Z-setup with two parabolic mirrors of focal length 1000 mm. The
light source is a ruby laser with a pulse length of approximately 50 ns [32].

The arrangement for flow visualization is shown schematically in Fig. 2 and is
described in detail by Pintgen [28]. The test section (see Fig. 2 for the loca-
tion of the components of the visualization system described in this paragraph)
is equipped with a UV-transmitting quartz window in the end plate, which
permits the laser light sheet for the PLIF diagnostics to pass through the det-
onation perpendicular to the direction of propagation. The UV light sheet is
formed by the combination of a cylindrical lens (f = —25 mm) and a spherical
lens (f = 1000 mm) before entering the test section. A portion of the fluores-
cence signal created by the interaction of the UV light with the OH molecules
behind the detonation front is imaged in the direction perpendicular to the
UV light sheet. The fluorescence passes through the UV-transmitting quartz
window on the side of the test section and is filtered by a bandpass filter with
a centerline of 313 nm and full width half maximum (FWHM) of 10 nm. The
fluorescence is imaged by a 576 x 384 pixel 12-bit intensified charge-couple
device (ICCD) Camera (Princeton Instruments ITE/ICCD-576). The camera
was gated by a 30 ns pulse, which allows for a minimization of chemilumines-
cence as a source of noise. Since the characteristic quenching time is less than
1 ns [28], far smaller than the natural fluorescence life time, the fluorescence
signal does temporally coincide with the dye laser pulse of approximately 20 ns
length. The image is formed by a 105 mm /4.5 UV-transmitting Nikkor lens.
The height of the imaged region was between 48 and 73 mm depending on the
particular experiment.

The lasers used for schlieren and PLIF imaging were triggered by a delay
generator connected to the pressure transducer P3. The light output of the
excimer-pumped dye laser has a jitter of approximately 200 ns. To overcome
this difficulty, an induction coil was placed inside the excimer casing to obtain
a highly repeatable gate operation of the ICCD camera with respect to the
PLIF light pulse.

For the simultaneous use of the PLIF and schlieren system, the camera had to
be moved out of the optical path of the schlieren system. The resulting distor-
tion of the PLIF image was corrected by means of a projective transformation.
The PLIF and schlieren images were obtained within 80 ns which allows for
an overlay of both images with a minimal displacement of spatial features. To
ensure alignment of the superimposed images, a set of target images was used
to provide fiducial locations to calibrate the post-processing software.



For most experiments, multiple exposure chemiluminescence images were ob-
tained simultaneously on a 16 bit ICCD camera (Princeton Instruments PI
Max) with a resolution of 512x512 pixel. From the multiple images, the av-
erage velocity of the leading luminescence front between gate pulses could be
determined. One PLIF image, one schlieren image, and one multiple exposure
chemiluminescence image could be acquired simultaneously per experiment.
The experimental setup and timing of the imaging systems is discussed in
more detail in [28].

3 Mixture Characterization

We studied two mixture types that bracket the range of detonation front in-
stability and cellular regularity that has been observed in previous laboratory
experiments. Highly Ar-diluted Hy-O5 mixtures exhibit a very regular cellular
structure [19,33], whereas Ho-NoO mixtures are known as highly unstable with
cellular substructure [34]. All mixtures were studied at stoichiometric compo-
sition and an initial temperature of 295 K. Three series of experiments, given
in Table 1, were performed.

Two of the major parameters characterizing these mixtures are the induction
length A; and the reduced effective activation energy 6 = E,/RT,;. These pa-
rameters have been used extensively in previous studies on diffraction diffrac-
tion [10,11]. The induction zone lengths computed using the ZND model and
the maximum thermicity point [35] are (Table 1) between 0.05-0.12 mm for
the Hy-Oo-Ar mixture and 0.1-0.18 for the Hy-N5O mixtures. In terms of the
induction zone length A;, the critical diameters are d. ~ 530A,; for the Ar di-
lution series and d. ~ 230A; for the N,O series. The values of D/A; (Table 2)
are consistent with the results of previous researchers [10,12,13] who showed
the strong influence of the cellular regularity on the relationship of critical
tube diameter to reaction zone length or cell size.

As described in [16], detailed reaction models and numerical simulation of
induction times ¢; were used to define an effective value of § = T'/t; Ot;/0T
by numerically evaluating the derivative of the induction time ¢; with respect
to the post-shock temperature T" at CJ conditions. The differentiation was
carried out as described in [16] using a temperature perturbation of 0.017
in a constant volume explosion computation and detailed chemical reaction
mechanisms [36,37]. Detonations in mixtures with higher values of 6 are cor-
related with a more unstable and more irregular structure [17,18,27]. For the
H5-O9-Ar mixture, 8 ~ 5 and for the Ho-N5O mixture, 8 ~ 9.5, see Table 1.

The shape of the energy release (thermicity) profile has been shown [38,39,21]
to also have a strong influence on the stability characteristics. In the present



cases, the width of the energy release region is smaller than the induction
zone thickness. The ZND-model [35] was used to calculate the reaction zone
structure using detailed chemical reaction mechanisms of Maas and Mueller
[36,37]. The ratio of induction length A; to energy pulse length A, is given
for both mixtures in Table 2. The energy pulse is approximately one-half
the induction length for the Hy-Oo-Ar mixture and about one-quarter the
induction length for the Hy-NyO mixture. As a consequence, the combined
stability parameter x = 0A;/A, = 9.3 for the Hy-Os-Ar mixture and 36 for
H5-N5O mixture. The values of x are consistent with the difference in the
regularity of the patterns on the soot foils, see the discussion in [21]

Previous work on shock initiation [16] and detonation diffraction [23] has
shown that the concept of a critical shock decay rate can be used to eval-
uate the sensitivity of the reaction zone to a rapid decrease in shock speed
such as that occurring in the diffraction problem. The larger t;., the more
rapid the failure process for a given shock decay rate [16]. The critical shock
decay time is computed from a numerical simulation of the modified ZND
structure with an approximate model of unsteadiness, described in detail by
Eckett et al. [16]. The critical shock decay times ¢;. given in Table 2 are
approximately 3 times larger in Hy-NoO mixtures than in the Hy-Og-Ar mix-
tures. This implies that the failure process behind the unsteady leading shock
wave created during subcritical diffraction events may be much more abrupt
in Ho-N5O mixtures than in Hy-Os-Ar mixtures. Evidence of this is provided
in the next section detailing the results of our experiments.

4 Experimental Results

In our experiments, we have concentrated on the subcritical and critical regimes
of diffraction. These are the most interesting from the point of view of exam-
ining the mechanisms of detonation failure and the differences between the
behavior of detonations with regular and irregular instability structures. Ex-
periments in the subcritical regime provide information on how fast distur-
bances propagate along the detonation front and how the coupling between
leading shock and reaction front is affected by these disturbances. Experiments
in the critical regime provide information on how the leading shock and the
reaction front eventually re-establish a coupled configuration after being dis-
turbed by the expansion wave propagating along the front. In both regimes,
we have obtained extensive imaging data and carried out quantitative analysis
of the reaction zone and leading shock features, which are discussed at length
in Pintgen [28]. Selected results are summarized in this section.

The diluent amount and initial pressure were found to be parameters that
could be conveniently changed in the experiment in order to examine different



diffraction regimes. As discussed in the previous section, for a given mixture,
0 is essentially constant and variation of initial pressure and dilution only
changes the induction zone length A (Table 1). This allows us to study a
mixture with a fixed degree of regularity but in different diffraction regimes.
Varying the mixture composition enables studying the effect of reaction zone
structure and mixture type, ie, regular vs irregular cellular patterns.

A common diagnostic for all experiments was pressure measurements made
within the tube (P;-P3) and in the test section (P4-Pg) downstream of the
diffraction plane. Representative pressure histories for two tests are shown in
Fig. 3. The first three pressure signals Py - P3 (for both cases shown) are
shown to demonstrate that a fully developed detonation propagating near
the CJ speed is present in the detonation tube prior to the diffraction. This
signals show a propagating jump in pressure followed by an expansion wave
characteristic of a detonation initiated at the closed end of a tube. The last
three pressure signals P4-Pg are used to determine if the detonation wave is
transmitted downstream.

The pressure histories (Fig. 3) obtained from transducers P, (Fig. 1) were used
to make a quick determination of whether the detonation successfully transi-
tioned into the test section or detonation failure occurred. If the peak pressure
observed on P, was smaller than the calculated CJ-pressure, detonation fail-
ure was assumed, otherwise the detonation was assumed to have successfully
transitioned. An example of the critical regime determination using peak val-
ues of P4 is shown in Fig. 4 for the Ho-OsAr mixtures. The exact nature of
the diffraction event could then be determined by optical measurements at
the exit plane once the diffraction regime was identified for a particular set of
mixture conditions. In Fig. 3a, the case is subcritical and a few weak shocks
are seen on P, but no detonation is evident and the shocks have substantially
decreased in amplitude by the time the waves reach P5 and Pg. In Fig. 3b, the
case is supercritical and the leading pressure wave magnitude and timing on
P4-Pg are consistent with a detonation propagating in the test section.

The range of mixture parameters for which sub-critical and super-critical ex-
perimental outcomes are both possible is denoted as the critical regime as
shown in Fig. 4. These observations were confirmed by schlieren images and
multiple-exposure chemiluminescence images. The interaction of the diffract-
ing detonation wave with the test section confinement [24] was found to have
had little effect on the determination of the experimental outcome based on
P4. The side walls of the test section are sufficiently far from the tube exit so
that either re-ignition or complete failure has occurred by the time the wave
reaches P4.
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4.1 Subcritical Regime

In the subcritical regime, the leading shock wave is observed to continuously
decouple from the reaction front as the diffracted shock moves outward from
the tube exit. This is shown in the schlieren images of Fig. 5-6 and the com-
bined chemiluminescence, schlieren, and PLIF images of Fig. 7. In all cases,
the detonation is moving left to right so that the diffraction plane is on the left
hand side of images. For the Hy-O5Ar mixtures, Fig. 5, the leading shock front
remains coupled to the reaction front on the axis of symmetry for a longer dis-
tance than observed for the Hy-NyO mixtures, Fig. 6. The decoupling in the
case of Ho-NoO mixtures takes place fairly uniformly over the entire shock
surface. In the case of the Hy-Oo-Ar mixtures, the reaction front is closer to
the shock along the axis of symmetry than near the exit plane.

The images sequences shown in Figs. 5 and 6 are from separate experiments
carried out with variable delay times between the image acquisition and det-
onation arrival at the diffraction plane. The experiments are quite repeatable
overall but the fine details of the transverse wave structure and failure process
are slightly different from shot-to-shot. In order to remove this variability, a set
of multiple images of the OH chemiluminescence was obtained as a function
of time for each shot. This was done using a special ICCD camera that could
take up to 15 images separated in time by 3 to 6 pus with an exposure time of
less than 200 ns. These images are shown in Figs. ba and 6e. All of the images
for a given test are superimposed since the electronic shutter of a single ICCD
chip is opened multiple times during the diffraction event. As a consequence,
the intense chemical reaction behind the active detonation front is observed
as a set of slightly curved vertical bands with diminishing height as the wave
propagates away from the exit plane at left-hand side of the image. Since
the detonation fails in these two cases, the chemiluminescence disappears by
the time the detonation leaves the field of view. The chemiluminescence per-
sists for the Ho-Og-Ar mixtures further from the tube exit plane than for the

H5-N,O mixtures, as seen on multiple exposure chemiluminescence images of
Fig. 7a) and e).

In order to examine the relationship between the shock front and the chemical
reaction zone, simultaneous schlieren (Fig. 7 b) and f) and PLIF (Fig. 7 d)
and fh) images were also obtained in a single experiment. The PLIF image was
obtained over a slightly smaller portion of the wave than the schlieren image
as shown by the red box on Fig. 7 b) and f). The PLIF images are rendered in
false color, brought into precise spatial registration with the schlieren images,
corrected for optical distortion, and overlaid on the cropped schlieren images
in Fig. 7 ¢) and g). A clear separation between the region of high OH con-
centration and the shock front can be observed at the top and bottom of the
images where the shock strength is the lowest. The reaction zone can also be
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observed to suddenly break away or decouple from the shock front a location
just off the tube axis (center of the image) on Fig. 7c.

Comparing Figs. 7 ¢) and g), we see that the decoupling process is faster
for the Hy-NoO mixtures than He-Os-Ar mixtures. The distance between lead
shock and reaction front, as marked by the OH-front, is larger for the Hy-
N5O than for the Hy-Oo-Ar mixtures, particularly near the tube axis. The OH
front is not smooth but shows the corrugations characteristic of propagating
detonations. This can be seen in all the PLIF images we have obtained (for
example, the OH fronts in Fig. 11, 12, and 15). The corrugated structure of
the OH front was discovered by Pintgen [29] and described by Pintgen et
al [30] for Hyo-Oo-Ar mixtures and other mixtures by Austin et al. [27]. The
spatial structure of the OH front can be explained by the sensitivity of the
reaction rates to temperature and the fluctuations of leading shock speed and
post shock temperature due to detonation instability, as discussed in detail by
Pintgen et al. [30].

In the case of Hy-Oo-Ar mixtures, the spatial structure is nearly periodic and
the OH front contains keystone-shaped features [30]. In the case of Hy-NoO
mixtures, the structure of the front is much more irregular and a wide range
of length scales [17,18,27] is created by detonation instability. The largest
characteristic dimension of spatial features on the OH front is related to the
detonation cell size A. As measured on the detonation wave propagating inside
the detonation tube and given in Table 2, the cell sizes are on the order of
1-4 mm for the Hy-NO mixtures [40,41] and 1.5-2 mm for Hy-Os-Ar mixtures
[42,43]. The smallest characteristic dimension of spatial features on the OH
fronts depends on the extent of instability. For highly unstable fronts, the
distribution of scales has a fractal-like character [17,18,28,27], and the smallest
scale can be as much as a factor of 50-100 times smaller than the largest scale.

One possible cause of the differences observed between Fig. 5 and 6 is the
difference in mixture thermodynamic properties. The two cases have different
propagation velocities, temperature, and species profiles within the reaction
zones. As a consequence, the speed of propagation of signals within the re-
action zone behind the leading shock front will differ for the two cases. This
effect can be analyzed using an idealized model originally developed by Skews
[44] for unreactive shock waves and applied to detonation waves by Gvozdeva
[45] and Schultz [15]. The basis of this model is shown in Fig. 8 and uses
geometric acoustics to track the wavefront of the disturbance created by the
corner of the tube and exit plane. The disturbance speed v along the shock
front can be computed by assuming that the signal from the corner is travel-
ing radially into the shocked material at the local sound speed ¢ while being
convected downstream with the velocity u, the post-shock velocity in the lab
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frame. From the geometry of Fig. 8, the angle « is determined by

; v _\/Cz—(US—U)Z_ 2 —w? .
ana—U—S— US - US 5 ()

where w is the fluid velocity behind the shock in the shock-fixed frame, and Ug
is the lead shock velocity. For diffraction from a round tube, a central disk-like
portion (on the axis of symmetry) of the wavefront will remain undisturbed
up to a distance . from the tube exit. At a distance z. and time t., the corner
signals generated along the circumference of the tube exit and traveling inward
on the detonation front will meet. The distance x,. and time ¢. at which the
disturbance signal reaches the tube axis are

D ,_ D
~ 2tana’ " 2tana Ug'

, (2)
Evidence of the finite propagation speed of the corner disturbance into the
reaction zone can be observed in the schlieren images, Fig. 5 and 6. In the
case of a diffracting detonation [15] the disturbance propagation angle « is
a strong function of position within the reaction zone and usually attains a
maximum value some distance behind the front, Fig. 9. The maximum in
a gives a lower bound for ¢, and z., the time and distance at which the
acoustic disturbance signal reaches the tube axis. Observations by Schultz [15]
show that for irregular mixtures that are sufficiently subcritical, the boundary
between the planar central region and the curved portion of the wavefront
does indeed appear to move inward with a propagation speed consistent with
the von Neumann state.

For the Hy-Og-Ar, mixtures, the distance z. is 40 mm throughout the induc-
tion zone. For the Ho-N>O mixtures, the distance is 46 to 53 mm depending on
the choice of a. The propagation of the corner signal and the location of the
points x. are shown graphically for both mixtures in Fig. 10a and b. Clearly
the influence of thermodynamic properties cannot explain the persistence of
the coupling between the reaction front and leading shock for the case of Hs-
O,-Ar since the distance x, is smaller than in the case of Hy-N5O. Another
way of visualizing the difference in the failure process is in the normalized
wavefront plot shown in Fig. 10c and d. In these plots, the location of the
shock front is normalized by the location at the wall so that the shape will be
hemispherical if the propagation speed is independent of location along the
front. The Hy-N,O case is clearly more quickly approaching a hemispherical
shape than the Hy-Oo-Ar case. This is due to the more rapid decoupling of the
reaction zone from the shock in the Hy-N5O case which results in the cessation
of conversion of chemical to thermal energy. The rapid cessation of chemical
reaction during the diffraction process means that the expansion waves behind
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the curved shock front will dominate the shock evolution (see the discussion in
Arienti and Shepherd [23]) and cause the front to form a hemispherical shape.

4.2 Critical Regime - subcritical outcome.

To reach the critical regime, the amount of argon dilution is decreased or the
initial pressure increased compared to the mixtures in the sub-critical regime.
The differences between mixtures are most strikingly observed on images in
the critical regime, contrast Fig. 11a-d and 11e-h. The experimental setup and
acquisition of these images is identical to Fig. 7. Comparing these with Fig. 7,
we see that for the Hy-NoO mixture there is hardly any difference between
the sub-critical regime and critical regime with sub-critical outcome. In case
of detonation failure, the reaction front is coupled to the lead shock front in
the critical regime at maximum about 45 mm from the tube exit plane, only
slightly longer than the 40 mm observed in the sub-critical regime. On the
multiple-exposure chemiluminescence images for Ho-N,O, Fig. 11e, the cone-
like boundary of the high-intensity region in the critical case is similar to the
sub-critical case.

By contrast, the reaction front for the Hy-Oo-Ar mixture remains coupled to a
portion of the shock front near the tube axis for much larger distance from the
diffraction plane, as shown in Fig. 11c. Moving the ICCD camera field of view
even further downstream, we find that the coupling persists over a portion
of the wavefront up to 86 mm, as shown in Fig. 12c. On the enlargement
shown in Fig. 13, we have labeled the important features and the portion of
the reaction zone that remains coupled to the shock front can be clearly seen.
On the multiple-exposure chemiluminescence images for Ho-Os-Ar, Fig. 11a,
the boundary of the high-intensity region in the critical case extends much
further from the diffraction plane that in the sub-critical case, Fig. 7a.

4.8 Critical regime, supercritical outcome

These are all cases within the critical regime that result in a detonation eventu-
ally forming during the diffraction process. All of these events are characterized
by decoupling of the shock and reaction front away from the tube axis followed
by a re-initiation event, Fig. 14. The term re-initiation may be misleading since
failure does not occur over the entire detonation front. In the present context,
re-initiation means that a localized explosion occurs that results in the re-
coupling of shock and reaction front that ultimately spreads over the entire
front. Prior to the localized explosion event, the shocked but unburned reac-
tants are located in a region best described as a thick spherical shell, which has
been visualized using stereoscopic imaging [46]. The inner radius corresponds
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to the distance from the tube exit plane center to the OH front, and the outer
radius corresponds to the distance to the lead shock front. In a re-initiation
event, a detonation advances transversely through the shocked reactants in
the azimuthal and polar direction and completes the reaction in the shell-like
region.

On schlieren images, the transverse detonation resulting from a re-initiation
event is best visualized if located on the very top or bottom, since the three-
dimensional masking effect is smallest there. A set of images showing several
such re-initiation events is given in Fig. 15, the image acquisition is identical to
that described for Figs. 7 and 11. At least two re-ignition events are observed
to occur simultaneously in the chemiluminescence image of Fig. 15a. These
are indicated by the set of concentric arcs of high luminosity originating in
the shocked region off-axis where the initial decoupling takes place. The re-
initiation events result in shock ”bubbles” seen in the corresponding portions
of the schlieren image shown in Fig 15b. An enlarged overlay is shown in
Fig 15d, this was created from the PLIF image Fig 15e and the cropped
schlieren image of Fig 15c. No PLIF luminosity can be observed from the OH
regions associate with the re-initiation because the excitation light sheet does
extend into these regions. An extended region of coupling between the shock
and reaction zone is visible near the tube axis in Fig. 15d.

For a large number of experiments, the transverse detonation starts close to the
edge of the coupled region at the leading reaction front and propagates “back-
ward”, i.e., toward the wall. These re-initiation events are remarkably similar
in appearance to those computed by Arienti and Shepherd (see Fig. 15 and 16
of [23]), who found that for a sufficiently high activation energy, re-initiation
took place off-axis through a detonation wave propagating into shocked but
un-reacted gas and moving transversely to the leading shock front and mov-
ing from the head of the diffracted wave toward the wall. The re-initiation
waves observed in [23] originated from a fold or kink in the shock front that
developed due to a local maximum in pressure created by the interaction of
expansion waves with the leading shock front.

For some experiments, the re-initiation event takes place further off the tube
axis. In this case, the transverse detonation propagates through the decoupled
region toward the leading front, which is clearly coupled as observed on the
schlieren-PLIF overlay images (Fig 15). The re-ignition events observed for
the Hy-NoO mixtures are similar to the ones for the Ar-diluted mixtures. Note
that the transverse detonation is not always successful and in rare occasions
is observed to fail, a fact also seen for cylindrically expanding detonations [4].
In such a case, re-coupling of the detonation is achieved by further transverse
detonations which are initiated from multiple simultaneous re-ignition events.
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4.4 Azial velocity decay

In order to quantify the differences in the decoupling processes of the two
mixture types, multiple exposure images were analyzed to determine the ve-
locity profile of the reaction front near the centerline. A 20-pixel-wide (about
5 mm) horizontal stripe, centered on the tube axis, was extracted from each
chemiluminescence image. The pixel counts on the stripe were then averaged
in the direction perpendicular to the tube axis in order to obtain a smooth,
one-dimensional intensity profile. The position of the maximum gradient in
intensity was taken to be the location of the chemiluminescence front. The
velocity is computed from the displacement of the front on sequential images
divided by the time between the images. The uncertainty in location for the
front of + one pixel implies an uncertainty of +75 m/s in velocity for the
smallest time increment of 6 us [47].

Immediately after the detonation wave exits the tube, the velocity of the
central portion of the detonation front is within 5% of the CJ velocity since
the corner disturbance signal from the abrupt area change has not reached the
tube axis. For detonation velocities close to the CJ velocity, the reaction front
is sufficiently close to the leading shock front that within the resolution and
alignment of the imaging system, they appear to coincide. The velocity of the
chemiluminescence front derived from multiple exposure images, Fig 16, was
within 5% of the calculated CJ velocity up to distances xrgp <30 mm from
the tube exit plane in all experiments conducted.

For the sub-critical cases of the Hy-Os-Ar dilution series, the axial velocity is
greater than 0.9 Ug; and is fairly constant for £ < 44 mm. The axial velocity
is greater than 80% of Ug; for x < 64 mm. In the last 20 mm of propagation,
the velocity suddenly decreases to 0.5-0.6 Ug;. For the sub-critical cases of
the Htw-N,O series there is a slow decay in the axial reaction front velocity
up to a distance of 34 mm for which the minimum velocity measured was
0.94 Ugsy. After that distance, a drastic fall-off in velocity is observed. Within
17 mm, the reaction front slows down to 0.25-0.55 U¢.

For the super-critical cases of the Ar series, the velocity is larger than 0.9 Ug
up to xrgp =52 mm . For larger distances, velocities of 0.7-1 Ug; are mea-
sured. The velocity data obtained at large distances from the tube end plate
are not all close to the CJ value since the re-initiation event may have hap-
pened off axis or the last exposure took place before the re-ignition event. For
the super-critical cases of the N, O series, the velocity profiles for z7pp < 32 mm
are essentially unaltered from the sub-critical cases. The two data points ap-
pearing for U/Uc;< 0.7 were identified as cases where the re-initiation has
taken place off the tube axis. In these events, velocity increases and was mea-
sured to be as high as 1.05 Ug; at zpgp = 70 mm.
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We propose that the difference in behavior between the Ho-Oo-Ar (Fig 16a)
and Hy-NoO (Fig 16¢) subcritical cases can be primarily explained by consid-
ering the interaction of the reaction zone and the expansion wave generated by
the diffraction process [16,23]. As the expansion waves from the corner reach
the centerline and the lead shock begins to decay, the reaction zone starts to
recede from the shock front. This can be seen most clearly in the time-distance
diagrams of Fig. 17 which were obtained by analyzing the simultaneous imag-
ing of the shock and reaction zone. The near coincidence of shock and reaction
front location close to the exit plane indicate coupling between shock and re-
action front location until a distance of z7gp ~ 60 mm for the Ar-diluted
mixture and x7gp ~ 40 mm in the case of the Hy-NoO mixture. The recession
of the reaction front from the shock can be explained by considering [16,23] the
effect of slight unsteadiness on the reaction. Small decreases in shock velocity
have a large effect for high activation energy mixtures and as shown in com-
putations [16,23] can lead to extinction of the reaction process. This in turn
results in rapid shock decay since the chemical energy ceases to be converted
into the thermal energy that is sustaining the shock motion in the detonation
process. The consequence is the same in both mixtures but occurs much closer
to the exit plane in the Ho-NoO mixture than for the Hy-Os-Ar mixture. This
is consistent with the critical decay rate model and the difference in critical
decay times (computed as described in Section 3 and given in Table 2) for the
two mixtures.

5 Conclusions

The differences in the detonation diffraction processes in highly argon diluted
H5-O5 mixtures with regular structure and highly irregular Hy-NoO mixtures
were documented qualitatively in and close to the critical regime. The mixtures
studied have normalized effective activation energies at CJ conditions of § =
4.5 and 9.4 respectively, and represent examples of mixtures with regular and
highly irregular instability structures. This classification is consistent with the
stability parameter x [21] defined as the ratio of induction length A; to energy
pulse length A.. For the Hy-Oo-Ar and Ho-NoOmixtures y was calculated to be
9.3 and 36 respectively. Depending on the diffraction regime, different modes
have been identified and quantified for each mixture type. The differences were
most striking in the sub-critical and especially in the critical regime, for cases
in which the detonation wave fails. For the first time, the reaction front has
been directly visualized for a diffracting detonation using PLIF of the OH
radical, clearly showing the details of the reaction front.

For the low-activation-energy mixture and sub-critical outcome, the reaction
front velocity on the center line decays significantly slower than in the high-
activation-energy case. In some sub-critical cases, the reaction front remained
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attached to the lead shock up to 2.3 tube diameters d from the tube end
plate (Fig. 12¢ and 13). The reaction front velocity on the center line was
above 0.8 Ugsy up to approximately 1.5d from the tube exit. For the Hy-NyO
mixture, the reaction front velocity decreased to approximately 0.6 Uq; after
a distance of 1.1 d. The reaction front decoupled fairly rapidly over the entire
shock surface for the Ho-NoO mixtures, leading shortly after the tube exit to a
self-similar shape of the hemispherical shock. The rapid decay of the reaction
front velocity can be attributed to the higher activation energy of the Hs-
N5O mixture, as compared to the Ar-diluted case small changes in lead shock
strength lead to large changes in the induction time.

The disturbance signal originating from the sudden expansion at the tube
exit was analyzed using a simplified geometric acoustics model. The analysis
revealed that the distinctive diffraction behavior cannot be attributed to dif-
ferences in thermodynamic properties between both mixture types. Instead,
we propose that these differences are associated with the substantially larger
effective activation energy for the Ho-N,O case as compared to the Hy-Oo-
Ar mixture. This proposal is consistent with the critical decay rate model of
Eckett et al. [16] and the analysis of detonation diffraction by Arienti and
Shepherd [23]. Arienti and Shepherd’s computations did not include trans-
verse waves in the initial detonation but found behavior very analogous to the
present experimental results. This suggests that the interaction of the corner
expansion waves with the reaction zone and the effect of unsteadiness on the
reaction process is as important or more so than the interaction of transverse
waves.
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mixture Py I} A; 0 number

(kPa) (mm) of shots

Ar dilution series | 2Hy+O9+GAr 100 | 3-8.6 | 0.57-0.113 4.8-5 77

Ar pressure series | 2Ho+09+3Ar | 45-100 - 0.48-0.114 4.7-5 19

N0 series Ho+N2O | 40-80 - 0.95-0.178 | 9.4-9.6 71
Table 1

Summary of parameters and test conditions.
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composition | Py Ié] A D/A D/XN | Ai/Ac | tac
(kPA) (1nm) (15)

2Hy+109+3 Ar | 100 | 5.8-6.4 | 1.5-2 | 556-516 | 19-25 1.9 0.81
Ho+NoO | 42-48 - 1-4 | 226-250 | 10-38 3.8 2.5

Table 2

Critical regime parameters.
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Fig. 1. Schematic of detonation diffraction tube [15].
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Fig. 5. Schlieren images obtained from 10 separate experiments in the subcritical

regime using the same 0.2Hs+0.10940.7Ar mixture and initial conditions of Py =
100 kPa.
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Fig. 6. Schlieren images obtained from nine separate experiments in the subcritical
regime using the same 0.5Hs+0.5NoO mixture and initial conditions of Py = 40 kPa.
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e) f) g) h)

Fig. 7. Observations in the sub-critical regime: a)-d) Ar-diluted mixture. e)-h)
H5-NoO mixture.
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e) ) 2) h)

Fig. 11. Observations in the critical regime: a)-d) Ar-diluted mixture. e)-h) Ha-NoO
mixture.
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a) b) c) d)

Fig. 12. Keystones of higher fluorescence coupled to shock front observed far from
tube exit. 0.22 Hy + 0.11 Og + 0.67 Ar, Py = 100 kPa. Schlieren image (a) height:
125 mm.

35



”shéckﬁ%hfa

o \eg S

~ coupled
N reaction
a. _ zone
& -~ £
L '-;i 4 v "_‘ : ." ,

Fig. 13. Enlarged portion of Fig. 12c¢ showing the coupled portion of the reaction
zone surrounded by decoupled regions.

36



mushroom-like region
of recoupled shock
=~

o)

rER

|| decoupled [

o reaction front |

- ’ L&
transverse

- '% | detonation

X

coupled shock
and reaction front

shocked but
unreacted gas

decoupled

shock gas at

initial conditions

Fig. 14. Re-initiation event and detailed view of transverse detonation, 0.5 Ho +
0.5 N2 O, Py = 45 kPa. Blue arrows indicate the propagation direction of the deto-
nation fronts.

37



a) b) c) d) )

Fig. 15. Reinitiation event for 0.24 Hs 4+ 0.12 Oo + 0.64 Ar, Py = 100 kPa. Chemilu-
minescence image height: 109 mm, multiple gates delay: 7x6 ps. PLIF image height
70 mm.
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