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Abstract We present experimental observations of the
density field and reaction structure of methane and
natural gas detonation waves propagating in a narrow
channel. Simultaneous time-resolved schlieren and CH*
chemiluminescence images are used to describe the struc-
ture of the unstable front. Nitrogen dilution concentra-
tion is varied and effect of increasing dilution is to in-
crease the instability level and cell size and decrease
the chemiluminescence intensity. Comparison is made
between methane and natural gas fueled detonations.
The effect of the higher hydrocarbons present in nat-
ural gas, primarily ethane, is to increase the fine-scale
structure of the detonation front and create a more con-
tinuous reaction front. Utilizing the simultaneous im-
ages, observations are made about the formation and
dissipation of the material separated across the shear
layer behind the front.

Keywords Hydrocarbon detonation - Schlieren -
CH* chemiluminescence - Cellular structure - Narrow
channel

1 Introduction

Investigation of detonation initiation in methane and
natural gas mixtures began in the 1960 and 70s as lig-
uefied natural gas (LNG) became a critical component

M. D. Frederick
mfrederick@purdue.edu

R. M. Gejji
rgejji@purdue.edu

J. E. Shepherd
joseph.e.shepherd@Qcaltech.edu

C. D. Slabaugh
cslabau@purdue.edu

of the global economy for power generation and heat-
ing [1]. The potential for a LNG-air detonation to occur
in the case of an accidental spill from a large volume
transportation ship or storage tank became an area of
concern. Such an event would create a low lying un-
confined cloud of vaporized LNG that would result in a
fatal and destructive explosion if it encountered a suit-
able ignition source. It was commonly held that a de-
flagration to detonation transition (DDT) of such mix-
tures was unlikely due to the inability of a flame to
necessarily accelerate in an unbound environment. The
ability to initiate detonations by direct (high explosive)
[2,3] methods and the limiting propagation conditions
were unknown. Numerical studies [3] were performed to
estimate the critical mass of high-explosive needed to
detonate CHy-air mixtures and enormous values (1-10
tonnes) were predicted.

Experimental studies by Bull [4] using CH, were ex-
trapolated to air conditions and suggested that a min-
imum mass of 22 kg of high explosive was needed to
detonate a cloud. Benedict performed [5] large-scale (20
m?) unconfined tests and found that about 4 kg of high
explosive in a planar configuration was sufficient to es-
tablish stable detonations that would propagate at least
12 m. Given the large initiation energies and volumes of
gas apparently required to obtain detonation, this was
presumed unlikely to occur in concert with an acciden-
tal spill, assuming the gas cloud was only fueled by
CH4. However, it was also apparent from testing and
modeling that the heavier alkanes present in natural
gas, primarily ethane, play a crucial role in sensitizing
the vapor cloud to direct initiation. Vander Molen and
Nicholls [6] varied the CH4 to CyHg ratio in a stoi-
chiometric (with air) unconfined cloud experiment and
found that a fuel mixture composed of just 1% CoHg by
volume drastically decreased the critical initiation en-
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ergy required to detonate the mixture. A similar study
was performed by Bull, Elsworth, and Hooper [7] who
found that a cloud with 10% ethane by fuel volume
was seven times more detonable than one fueled by
methane alone. A recent review [8] of unconfined va-
por cloud explosions, identifies one known accidental
explosion (Skikda, Algeria 2004) of a large vapor cloud
containing natural gas that may have resulted in a det-
onation although a refrigerant and higher hydrocarbons
may have been present in the cloud. The potential for
unconfined vapor cloud detonation of methane or nat-
ural gas remains unresolved.

In order to identify the kinetic mechanism respon-
sible for the increased detonability of multi-component
fuels, such as LNG, Westbrook [9] developed a 75-step
methane-ethane oxidation mechanism to numerically
investigate the effect of ethane addition on the igni-
tion delay time of CH4-O2-Ar mixtures. After finding
good agreement with the shock-tube studies of Burcat,
Scheller, and Lifshitz [10] for single component fueled
mixtures (CH4 and CoHg), Westbrook determined that
the addition of up to 10% ethane by fuel volume into
the mixture sensitizes the ignition delay to such a de-
gree that LNG cannot be modeled accurately in the
absence of ethane and higher alkanes. Westbrook and
Haselman([11] then applied this model to computation-
ally explore the detonability of vaporized LNG clouds
in air for various ratios of methane to ethane and com-
pared their results to the experimental results Bull et
al. [7,12], finding good agreement. They concluded that
the kinetic mechanism responsible for mixture sensiti-
zation is that atomic hydrogen, which is required to
initiate chain branching reactions, is more readily ab-
stracted from ethane than from methane. Moreover, the
oxidation of methane does not immediately produce hy-
drogen radicals, rather it proceeds through ethane. This
effect holds for other alkane fuels, all of which do not
bind hydrogen as strongly as methane. More recently
Lamoureux et al. [13,14] developed an empirical corre-
lation using methane, ethane, and propane to determine
the ignition delay time of natural gas behind reflected
shocks and found good agreement with an updated de-
tailed kinetic mechanism. They reached similar conclu-
sions to Westbrook: accounting for the higher hydro-
carbons in natural gas is critical in understanding its
detonation properties.

In addition to the direct initiation of an unconfined
gas-cloud relevant to LNG spills, there is a safety con-
cern with the detonation of natural gas-air mixtures
through DDT in confined environments, namely un-
derground coalmines. If enough natural gas escapes a
coal seam to create a flammable mixture any acciden-
tal ignition could result in a detonation. The coal mine

tunnels are often large in diameter (2 m), several kilo-
meters long, and have rough walls and obstacles that
may promote flame acceleration. All of these conditions
are known to be factors in initiating detonation through
DDT. Several studies [15-18] have considered this prob-
lem and determined that DDT is possible in such envi-
ronments and have suggested risk mitigation steps for
existing mines.

The development of rotating detonation combus-
tor (RDC) technology presents an interesting perspec-
tive change toward detonable mixtures. Where detona-
tion avoidance is paramount from a safety viewpoint
for LNG transport and mining operations, RDCs may
benefit from mixtures that are more detonable. Recent
RDC studies have investigated fuel-air mixtures where
the fuel is a blend of hydrogen and methane/natural gas
[19-22]. These studies show that the presence of hydro-
gen in the fuel has a distinct effect on the combustor
performance. However, the results are not conclusive as
to what ratio is most beneficial. Achieving an operable
RDC requires a balance of chemical kinetics, injector
dynamics, operating condition, and combustor dimen-
sion. None of these variables can be decoupled from
each other and optimization is often device-specific. A
more detonable mixture may be better for some RDCs
and worse for others, making a broad claim about de-
sired mixture detonability is not possible at this time.

The present study examines the characteristics of
propagating detonations within methane and natural
gas-oxygen-diluent mixtures in laboratory tests. The
primary objective is to characterize the structure of the
detonation front in methane and natural gas mixtures
diluted with 25% and 33% nitrogen with the use of si-
multaneous time-revolved schlieren and CH* chemilu-
minescence imaging. This is accomplished using high-
repetition rate, high-resolution imaging systems to ob-
tain and analyze the dynamic structure of planar deto-
nations. We observe and characterize the effects of di-
lution and the addition of heavier alkanes to CH4 on
detonation front structure.

2 Experiment Description
2.1 Detonation Channel

The Narrow Channel Facility (NCF) was developed at
the Explosion Dynamics Laboratory at Caltech [23] and
used to characterize detonation front structure using
various imaging techniques [23,24]. The NCF was trans-
ferred and integrated with the experimental infrastruc-
ture at Zucrow Laboratories at Purdue University for
this study [25,26]. The NCF is a rectangular channel
with a height of 152.4 mm and width of 17.78 mm. The
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dimensions were chosen such that the width is nomi-
nally smaller than the dominate detonation cell size for
a targeted range of mixtures and test conditions. This
configuration effectively suppresses transverse wave mo-
tion across the width of the channel, generating a nom-
inally two dimensional detonation structure across the
channel height. The small-scale structure of the deto-
nation front is still three-dimensional but the large am-
plitude transverse waves move perpendicular to the line
of sight, a situation that is favorable for the application
of planar (and path-integrated) optical diagnostics.

The NCF is 4.2 m long and has 170-mm-diameter
optical windows located near the end of the channel
for visualization of the detonation. Figure 1 shows an
overview of the experiment. The reactants are intro-
duced into the channel using the method of partial pres-
sures. The chamber is initially purged with the diluent
gas (typically No or Ar) used in the test, then drawn
to a pressure of 3.5 kPa using a vacuum pump. The fill
process begins with introduction of the diluent gas into
the chamber until the partial pressure corresponds with
the prescribed mole fraction for the test. The same pro-
cedure is used to fill fuel and oxidizer into the channel,
with a short delay between the introduction of each new
reactant to allow for an average measure of pressure to
be obtained. The mixture is circulated throughout the
loading process to homogenize the reactants. Once the
reactants are at the target initial pressure and mixture
conditions in the channel, they are circulated for an
additional thirty seconds prior to initiation. The load-
ing processes takes approximately two minutes and the
leak rate of ambient air into the chamber during this
time is ~7 Pa/min, which has a negligible effect on the
desired mixture composition. The planar detonation is
driven by a branched initiator, designed by Jackson and
Shepherd [27]. The initiator operates with an equimo-
lar CoHs-O9 mixture and is ignited with a spark plug.
Following a rapid deflagration-to-detonation transition
(DDT), the initial detonation is split into a symmetric
network of channels that divide it into sixteen wave-
fronts, distributed across the height of the channel. The
waves quickly merge to produce a planar detonation
within the channel that propagates into the test gas.
The system is vented of all product gases and purged
with an inert gas at the completion of the test.

2.2 Reactant Supply System

Reactant circuits have been configured to allow for con-
trol of the propellant loading process from up to seven
independent sources: three fuels, two oxidizers, and two
inert gases. Specific consideration was given to the need
for accurate and repeatable loading of small quantities

of gas, approximately three grams per test. All circuits
are isolated from the NCF with pneumatically actuated
ball-valves. An orifice is installed immediately down-
stream of each valve to restrict the flow rate. The sup-
ply pressures are regulated to ensure that the fill rate is
sufficiently low for robust control with the resolution of
the pneumatic valve actuation time. The reactant load-
ing process is automated and takes approximately 120
s, depending on the test condition. All cases presented
in this work were repeated to within 1.3% variance of
the desired mixture composition.

2.3 Measurement Systems

Reactant introduction for both the detonation channel
and the branched initiator is monitored by GE Druck
UNIK 50E6 pressure transducers. Each pressure trans-
ducer is accurate to within £0.055 kPa. A K-type ther-
mocouple is placed just upstream of the branched ini-
tiator entrance and is used record the pre-detonation
temperature. These instruments are sampled at 1 kHz
and are recorded with a National Instruments DAQ.
The pressure and temperature instrumentation is iso-
lated from the channel prior to detonation.

Pressure fluctuations in the channel are recorded at
five axially distributed locations using PCB 113B26 dy-
namic pressure transducers (PT), installed flush with
the channel wall, and sampled at 2 MHz. PT 1-3 moni-
tor the planarity of the wave as it enters the test section.
PT 4-7 are used to track the progression of the detona-
tion wave as it traverses the channel by using the time
of arrival method. Figure 1 identifies the location of all
the HF measurement locations (PT 1-7).

Simultaneous 175-kHz schlieren and CH* chemilu-
minescence are used to obtain spatial information about
the density and reaction field, respectively. Figure 2
shows the optical setup and imaging field of view. In
order to minimize motion blur without the use of an ex-
ternal gating device, the CAVILUX Smart UHS pulsed
light source is used for the schlieren measurements.
The CAVILUX produces incoherent 640 + 6-nm light
with a 10-ns pulse duration. An aspheric condenser lens
is placed directly downstream of the light source and
a series of lenses are used to set the divergence an-
gle of the light, defined by the desired field of view
and focal length of the parabolic mirror, before passing
the focus of the beam through an aperture to enforce
a point source. Parabolic mirrors with £/10 are used
to collimate and direct the light through the test sec-
tion. A 640/20-nm single-band bandpass filter (Sem-
rock FF01-640/20 BrightLine) in front of the camera
is used to eliminate light emission from the detona-
tion. A circular aperture is used as the schlieren cut-
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off. The resulting image is recorded on a Photron SA-Z
CMOS camera. Background subtraction is performed
on the schlieren images to eliminate the appearance of
window defects. An image acquired before the detona-
tion wave enters the field of view is used as the back-
ground. The CH* chemiluminescence (A2A — X21I,) is
recorded on a Phantom V-2512 with a 1-us exposure
and using a 434/17-nm (Semrock 434/17 BrightLine)
single-band bandpass filter in front of the camera. The
optical axis of this camera is offset by 10° from normal
incidence with the window and the resulting images are

projected onto the normal plane. The overlapping field
of view between schlieren and chemiluminescence im-
ages is 160 x 60 mm, depicted in Figure 2.

OH* chemiluminescence commonly presents stronger
signal in turbulent flames than CH* [28,29]. However,
the CH* radical spontaneously emits at 431 nm, which
is within the spectral range of the Phantom V-2512, and
produces enough signal to be imaged. This eliminates
the need for a UV-sensitive intensifier, which is required
to capture the OH* spontaneous emission at 309 nm.
Some chemiluminescence from excited CO5 and Cq will
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be transmitted by the 434-nm filter but these only con-
tribute a minor amount to the overall signal [30-32].

The spatial distribution of the mole fractions of CH*
and OH* are estimated using the one-dimensional ideal-
ized ZND model of a detonation of CH4-205-Ny at 22.9
kPa and 290 K. The simulation used the GRI 3.0 reac-
tion mechanism [33] with the addition of the OH* and
CH* submechanisms from Nori et al. [31] and thermo-
dynamic data valid for detonation conditions. Compu-
tations using the FFCM1 mechanism [34] show similar
results. As shown in Figure 3, the mole fraction of both
species have similar orders of magnitude, with CH* hav-
ing a slightly larger spatial extent and the peak occur-
ring closer to the maximum thermicity location than
for OH*. The ZND model does not take into account
velocity oscillations of the lead shock or self-absorption
of the spontaneous emission and therefore can only be
use to qualitatively compare with experimental results.
A comparison of representative OH* and CH* images
is shown in Figure 4. The OH* image was taken with
a Lambert HICATT 25 UV intensifier coupled to the
Phantom V-2512. Both images presented in Figure 4 are
of a CH4-205-N5 detonation with Py = 22.9 kPa and T
= 290 K. The CH* images display significantly larger
dynamic range and enhanced resolution of the smaller
spatial scales within the detonation front, features that
are not visible in the OH* chemiluminescence images
using an intensifier. The relative intensity of the signal
cannot be compared, as the two images were taken with
different imaging systems.

Slus ']

1.5 2.0 2.5 3.0
distance behind shock [mm)]
Fig. 8 Mole fraction z; of excited species CH*, OH*, and

thermicity ¢ of a CH4-202-N2 ZND detonation. Py = 22.9
kPa, To = 290 K.

R

Fig. 4 Typical single-frame chemiluminescence images ac-
quired in a CH4-202-N2 detonation: OH* (top) and CH*
(bottom).

3 Results and Discussion

Methane and natural gas were studied in this work with
varying level of nitrogen dilution. The conditions are
presented in Table 1. A stoichiometric mixture of fuel
and oxygen was burned with 25% and 33% nitrogen di-
lution. The methane composition was reported by the
vendor to be 99% pure. The natural gas composition
was measured using an MKS MultiGas 2030 FTIR gas
analyzer to be 92.4% CHy, 6% CoHg, 1% N», 0.3%
C3Hg, and 0.3% COs. The initial pressure and tem-
perature for all cases was held constant at Py = 22.9
kPa and Ty = 290 K. The detonation parameters shown
in Table 1 are calculated for an ideal ZND detonation
using the Shock and Detonation Toolbox [35]. The re-
ported table values are the Chapman Jouguet veloc-
ity (Ucy), the von Neumann temperature and pressure
(Tyn and Pyn), the Mach number (Mcy), the induc-
tion length (Ay), the exothermic length (Ag), and the
reduced effective activation energy (6).

The detonation front speed was estimated by using
the difference in time of arrival between pressure trans-
ducers. The speed as a function of downstream distance
is normalized by the theoretical detonation velocity Ucj
and shown in Figure 5. Each condition was repeated
once. The points correspond to the axial location of
transducers 4-7, shown in Figure 1. The normalized
wave speeds in this work fluctuate between —5% and
6% of Ugy, but tend toward being slightly over-driven.
Data from transducers 1-3, not plotted, show that the
initiator wave front arrives at this location with less
than 1-ps time difference across the height of the chan-
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Table 1 Calculated detonation parameters at Py = 22.9 kPa and Ty = 290 K [35].

Case Mixture Ucs m/s] | Tun [K] | Pen [MPa] | Mcy | Ar [mm] | Ag [mm] | A;/Ag 0
a CH4-202-N> 2166 1743 1.07 6.20 2.43 0.106 22.9 11.22
b CH4-202-1.5N>2 2111 1716 1.02 6.04 3.45 0.132 26.1 11.55
¢ NG-202-No 2167 1747 1.09 6.25 1.24 0.103 12.0 10.71
d NG-202-1.5N>2 2114 1721 1.03 6.09 1.69 0.133 12.7 11.01

nel, confirming that a nominally planar wave is initially
generated by the branched initiator.

3.1 Structure of Detonation

The structure of unstable detonation fronts has been
described in many previous studies and will only be
briefly reviewed here. The structure consists of an un-
stable leading front that spatially and temporally os-
cillates due to the coupling with the reaction zones
and transverse waves behind the front. These oscilla-
tions are associated with rapid acceleration after colli-
sion of transverse waves of the opposite family followed
by decay of the leading shock until the next transverse
wave collision. Superposed on this semi-regular struc-
ture are fine scale motions from a variety of sources
including shear layers originating at the triple points
at the intersection of the transverse wave and leading
shock. The leading shock geometry, transverse waves,
and triple points can be observed in Figure 6 along with
substantial small scale structure typical of detonations
in hydrocarbon mixtures.

In the initial phase of acceleration and decay of the
high-speed regions of the leading front, the geometry re-
sembles that of Mach reflection [36,37] in non-reacting
gases. The high-speed portion of the leading shock front
is often referred to as Mach stem and neighboring slower
portion as the incident shock, although the roles of the
two portions of the wave fronts are reversed as the high-
speed portion of the wave decays to a low speed. Trans-
verse waves are observed entering in from the top and

0.95 ] ~®+ CH20,N, = NG20,N, "y
..... % CHy-20,-1.5N, -+ NG-20,-1.5N,
1.5 2.0 2.5 3.0

axial location [m]

Fig. 5 Normalized axial wave velocity of all mixtures in Ta-
ble 1, each repeated once.

bottom of frames CL.4-7 of Figure 6, which presents si-
multaneous schlieren and CH* chemiluminescence im-
ages of case (b). Gases processed by the high-speed
portions of the leading front at the top and bottom
of these frames are rapidly burned and appear as re-
gions of higher brightness along the front. Gases pro-
cessed by the lower speed portions of the leading shock
in the center of these frames react slowly and little or
no intensity is seen in the chemiluminescence images.
The transverse waves move laterally within the channel
and show slightly higher chemiluminescence compared
to the surrounding gas. When transverse waves collide,
as in frame 8, high intensity chemiluminescence is ob-
served, indicating rapid reaction, which results in the
rapid acceleration of the leading front. Transverse waves
propagate outward (frames 9-12) from the collision re-
gion, interact with other waves, and reflect from the
upper and lower walls of the channel to re-initiate the
cycle of oscillation of the leading front. Each wave cycle
traces out a detonation cell that is bounded by the path
of the two triple points that border the leading shock of
the cell. The tallest point in the cell cycle, which occurs
when neighboring high speed shocks form, is defined as
the cell size . This is most easily illustrated using a
soot foil [23].

Frame CL.6 shows a characteristic feature of unsta-
ble detonations, known as a “keystone” [38], in which
a pocket of unburned reactants exists behind the lead-
ing front and is surrounded by burning reactants and
products. Keystones form because of the large fluctu-
ations in lead shock velocity, ranging between 0.75 <
Ulocal/Ucy < 1.5 in unstable detonations [39-41]. Be-
hind the low-speed shock (incident shock), the induc-
tion length becomes large because the reactants are
processed by a weak shock, relative to the high-speed
shock (Mach stem). The region of decreased chemilu-
minescence intensity behind these low speed regions is
observed to be as large as 60 mm in this work (see
frame bl of Figure 8). On the other hand, reactants
that are processed by a high-speed shock, shown clearly
along the center of the leading front in frames 9 through
12, have high-intensity reaction fronts that begin much
closer to the leading shock, perhaps within 1 mm or
less.

We have used the highly-idealized one-dimensional
(Zel’dovich-von Neumann-Déring or ZND) detonation
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Sy L (S.5) ¥ i

Fig. 6 Simultaneous schlieren (top row) and CH* chemiluminescence (bottom row) images of a CH4-202-1.5N> detonation.
The time between images is 5.71 us and the size of each image is 160 x 60 mm. Select images are labeled with: HS: high-speed
region, LS: low-speed region, TW: transverse wave, SL: shear layer, and TWC: transverse wave collision.

model to provide estimates of the reaction zone prop-
erties. The ZND model predicts a reaction zone that
extends 1-4 mm behind a shock front propagating at
the CJ speed, see A; in Table 1. The four cases (a, b,
¢, d) correspond to the main mixtures examined in the
present study. Case (b) of Table 1 corresponds to the

mixture of Figure 6. The initially high-speed leading
shock front is decaying in frames 1-3. As the wave de-
cays, transverse waves arrive from the top and bottom
of the frame and following the intersections and explo-
sion in frames 8-9, the high-speed (Mach stem) portion
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Fig. 7 Induction length variation as a function of normal-
ized lead shock speed calculated using the constant-pressure
model.

of wave can be observed to expand and decay in frames
10-12.

Of course, the estimates of Table 1 are only notional,
the reaction zone length and time scales vary drasti-
cally with the leading shock front oscillations. Figure 7
shows the range of induction lengths that can be an-
ticipated as a function of lead shock speed. These val-
ues are calculated using a one-dimensional, steady, and
adiabatic constant-pressure model [35]. The constant-
pressure model is used for these computations because
use of the ZND model results in a singularity as the
shock velocity falls below Ucjy. The constant-pressure
simulation gives results that are within 5% of ZND
simulations for values of U > Ucgy. Comparison was
also made using the constant-volume simulation, but
the constant-pressure simulation results in better agree-
ment with ZND for computation of Aj. This result was
also obtained by Chatelain et al. [42] for a similar mix-
ture. The range of induction lengths plotted in Figure
7 is about 100 mm and this is of the same order of mag-
nitude as the length of the keystone pockets that can
be observed in Figure 6.

Pairs of shear layers can be seen developing in frames
S.4 - S.8 and S.9 - S.12 of Figure 6. The shear layer
begins forming (frame S.2 and S.9) soon after a trans-
verse wave collision. The keystone feature enlarges and
is bounded by the paths of the triple points. Follow-
ing transverse wave collision, the shear layer detaches
at the point of collision (frames S.9 - S.11) as the lead
shock accelerates forward (Mach stem). New shear lay-
ers form as the role of the leading shocks reverse and the
cell cycle begins again. The top shear layer in frame S.12
shows evidence of the Kelvin-Helmholtz (KH) instabil-

ity, which has been reported to manifest along these
shear layers in other work [38,43,44].

3.2 Effects of Dilution

A change in the concentration of nitrogen diluent in
these mixtures has a marked effect on the detonation
structure. Figure 8 shows a selection of consecutive CH*
chemiluminescence frames from methane denotations
with 25% (left column) and 33% (right column) dilu-
tion, cases (a) and (b) respectively. Immediately appar-
ent is the difference in the dominant cell width A be-
tween the two cases. The dominant cell width is about
37 mm for the less dilute case (case a) and 50 mm for
the more dilute case (case b). The ratio of these widths
is 0.74 and this agrees well with the ratio of induc-
tion lengths for the two cases, which is 0.70 (Table 1).
The concurrence of the ratios follows from the simple
empirical relation, A = AjA; (A is an experimentally
determined constant) that has been used in previous
studies to predict cell size [45,46]. In the absence of
quantitative theory, estimates of detonation parameters
based on values computed from detailed kinetic mech-
anism, such as Ay, are convenient. Other such param-
eters that have been used to describe the stability of
detonations are the reduced effective activation energy
60 [47,48] and the ratio of induction length to exother-
mic length A;/Ag [49].

In addition to the dominant cell, there are inter-
mediate cell crossings that occur over a wide range of
length scales. Frames al and a2 of Figure 8 capture
the moments just before transverse wave collision of
the dominant cell, shown in frame a3. An intermediate
high-speed shock of much smaller spatial scale than the
dominant cell is captured within the keystone pocket
of frame a2 (feature i). This feature does not seem to
propagate further, perhaps due to the leading shock
and surrounding transverse waves consuming the up-
stream reactants first. In frames a3 and a4 the leading
shock accelerates after transverse wave collision and in
frame ab a collision between the upward moving trans-
verse wave and another transverse wave moving down
from the top of the frame is observed (feature ii). This
collision occurs over a small spatial scale. As seen in
frame a6, this event proceeds to cause a split of the
lead front by the generation of a weak transverse wave
moving downward (feature iii). Analysis of the simul-
taneous schlieren images for this case show that the
transverse wave dissipates quickly.

The magnified cellular structure of the 33% dilu-
tion case (case b) on the right of Figure 8 shows a
highly non-uniform transverse wave collision and re-
sulting explosion. Alternating layers of high and low
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Fig. 8 CH* Chemiluminescence of CH4-202-N3 (case a, left) and CH4-2032-1.5N2 (case b, right). The time between images

is 5.71 ps and the size of each image is 160 x 60 mm.

CH* intensity are present as the transverse waves con-
verge. The explosion that ensues following the trans-
verse wave collision is spatially distributed. Frame b4
shows the first instance of accelerated burning (feature
iv), as the transverse wave moving up from the bot-
tom collides with the finger-like-structure moving down
from the top. Burning intensifies as the most upstream
portions of the leading shock front collide. In frame b5
pockets of unburned reactants (feature v) are evident
behind a region of high-intensity burning and in frame
b6 these unburned pockets are consumed in a highly
non-uniform explosion.

Aside from the differences in the range of scales
present for each case, there is also a marked difference

in the intensity of the downstream region. The signal
intensity in the 25% diluted case is much greater than
the 33% diluted case, which is apparent when compar-
ing the two cases in Figure 8. This observation holds
for both methane and natural gas cases, which were
studied with an identical detection system. One pos-
sible explanation for this behavior is that the reduced
amount of nitrogen in the less dilute cases leads to less
collisional quenching of the excited CH molecule. The
ratio of maximum CH* concentration calculated for a
ZND detonation is [CH},, | /[CH},0,] = 0.59 and the ra-
tio of integrated intensity from 0 to 5 mm behind the
leading front and along the entire height of the image
for the frames shown in Figure 8 is I35,/ Io59 = 0.56.
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Increasing the diluent percentage has implications
for how the front burns reactants. For the case of 25%
dilution (case a), burning is seen to occur over more of
the lead front than in the 33% case. This occurs be-
cause the scales are smaller in the former case and this
allows for more transverse wave collisions and therefore
more high temperature regions to locally ignite reac-
tants. For the more dilute case (case b), more reactants
are processed by low-speed regions of the leading shock,
which do not cause rapid burning. Instead, these large
regions of near-zero reactivity create reactant pockets
that, if ignited, generate highly non-uniform and spa-
tially broad combustion events (seen in frame b6 of Fig-
ure 8). This increases the instability of the detonation
and materializes a more stochastic cellular structure.

3.3 Comparison of Methane and Natural Gas
Detonations

The introduction of natural gas, a multi-component
fuel, produces a number of key differences in the deto-
nation structure. Figure 9 compares the CH* chemilu-
minescence of stoichiometric methane-oxygen and stoi-
chiometric natural gas-oxygen, each with 25% nitrogen
dilution and initiated at the same pressure and tem-
perature (cases a and c). Both of these cases show com-
plex front-structure, with features occurring over a wide
range of spatial and temporal scales. Beginning with the
pure methane case (case a), the lower half of frame a9
shows two strong transverse wave collisions that occur
about 15 mm apart. The downward moving transverse
wave generated by the upper collision (feature i) im-
pacts the upward moving transverse wave originating
from the lower collision (feature ii). The subsequent
collision results in a region of high intensity 15 mm
from the bottom of frame al0 (feature iii). This interac-
tion traces out a small cell. However, the upward mov-
ing transverse wave generated by the upper collision
(feature i) does not encounter a neighboring transverse
wave so quickly and closes around the low-speed shock
in the upper half of frames a9 and al0. This traces out
a much larger cell.

The natural gas case (case c, right of Figure 9)
presents large-scale spatial structure that is on the same
order as the cell size of case (a), but also contains much
smaller features. The leading front is not nearly as or-
ganized and instead burns in a more distributed fash-
ion. Where discrete regions of high-intensity burning
are seen in frames a4, a7, and a9 of case (a), case (c)
shows similar intensity spread over the entire leading
front. For example, frame c4 shows three small regions
of high-intensity (feature iv) between two instances of
transverse wave collision, indicating that high-intensity

reactions are occurring along the decaying shock of the
main mode of the detonation. In general the natural gas
case also has a more continuous front. It does not have
distinct shear layers separating reacted and unreacted
gases, nor does it present large keystones, such as in
frames a6 and aS.

In order to quantify the amount of burning that oc-
curs along the lead front of cases (a) and (c), the prob-
ability distribution of normalized intensity is shown in
Figure 10. The statistical set for each case is generated
by extracting the measured chemiluminescence inten-
sity from the leading edge to a location five millimeters
behind it along the entire image height for all frames
shown in Figure 9. This yields approximately 34,000
datapoints per case. The values are then normalized by
the maximum intensity over the entire set for the cor-
responding case. The mean value for case (a) is 0.286
and the skewness is 1.189. The mean value for case
(c) is 0.302 and the skewness is 0.493. The breadth of
the distribution from case (c), relative to case (a), sug-
gests that it contains a wider range of scales. The mean
value of case (c) is shifted toward higher intensities,
which supports the observation that case (c) has more
intense burning along the leading front. The large value
of skewness for case (a), as compared to case (c), tells
us that the distribution has a large right-ward tail. In
terms of intensities, this means that case (a) contains
outliers that are extremely bright (transverse wave col-
lisions). While, case (¢) has fewer outliers along the
leading front, which supports the observation that the
high-intensity burning is more uniformly distributed.

The differences in the spatial-scales and spatial struc-
ture between these two test cases can be explained
chemically, by the presence of ethane in the natural
gas. As reported in the beginning of the results sec-
tion, ethane only constitutes 6% of the natural gas, but
has a marked effect on the spatial scales. For the cases
shown in Figure 9, which are identical except for the
fuel composition, the induction length Aj for case (c)
(natural gas) is half that of case (a) (methane); 1.24
and 2.43 mm respectively (reported in 1). These calcu-
lations are similar to those of Westbrook and Haselman
[11], who numerically compared the induction time of
methane-ethane mixtures, but ours uses a much more
recent chemical mechanism, GRI 3.0 high-temp. They
found that the addition of 5% ethane into methane
reduced the induction time of their mixtures by half,
which is the same conclusion drawn by our simulations
(see Figure 7).

To better visualize the scales introduced by ethane,
Figure 11 shows a schlieren image of a CyHg-3.504-
1.5N5 detonation with the same initial conditions as the
other cases presented in this work. The one-dimensional
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Fig. 9 CH* Chemiluminescence of CH4-202-N2 (case a, left) and NG-202-Ng (case c, right). The time between images is

5.71 pus and the size of each image is 160 x 60 mm.

ZND induction length for this case is A; = 0.321 mm,
almost 11 times smaller than the induction length for
a methane detonation with the same level of dilution
(case b). The much smaller cells that are allowed by
pure ethane, the size of which is not resolvable by these
measurements, moves the detonation toward a ZND-
like one-dimensional structure. This has the effect of
distributing regions of intense burning across the en-
tire front because of the multitude of transverse wave
collisions that are introduced, which each locally ignite
reactants.

0.00 0.25 0.50 0.75 1.00
Normalized Counts

Fig. 10 Probability distribution of CH* chemiluminescence
intensity along the leading fronts shown in Figure 9. The pro-
vided moments of distribution are p1: mean and p3: skewness.

Fig. 11 Schlieren of C2Hg-3.502-1.5N2 detonation. The size
of the image is 61 x 41 mm.

In addition to modifying the burning that occurs
along the front, the use of natural gas alters the struc-
ture of the detonation behind the leading front (as com-
pared with methane). Figure 12 compares downstream
features for methane case (b) (top) and natural gas case
(d) (bottom); each has 33% nitrogen dilution. Each case
captures the two frames before the transverse wave col-
lision of the dominant cell mode and the three frames
after the collision, after the shear layer detaches from
the front. Throughout all frames there is a clear dif-
ference between the amount of wrinkling downstream
of the front between cases (b) and (d). As the pres-
ence of ethane leads to smaller cell sizes and therefore
more transverse wave collisions, the structure along the
front becomes smaller and more wrinkled; the extreme
of which is shown in Figure 11. The collision of two
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(b-S.2)

(d-S.1)

(d-S.3)

Fig. 12 Simultaneous schlieren (top row) and CH* chemiluminescence (bottom row) images of a CH4-202-1.52 detonation
(case b) and NG-202-1.5N2 (case d). The time between images is 5.71 us and the size of each image is 160 x 60 mm.

transverse waves serves as the source of a circular ex-
plosion, such as in frames S.9 - S.11 of Figure 6 for
a single mode case. These circular explosions engen-
der the increased wrinkling downstream of the leading
front for case (d) as compared to case (b), because of
the increased number of transverse wave collisions in
case (d).

There is a distinct difference in shear layer formation
and dissipation between cases (b) and (d). In frames bl
- b3 of Figure 12 a large shear layer, about 20 mm
long in frame b-S.3 (feature i), forms as the transverse
wave moves up from the bottom of the frame. How-
ever, for case (d), the largest shear layer that forms
is only about 10 mm long (feature ii). These shear
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layers separate reactants processed by the low-speed
shock (incident shock), which are possibly unburned,
and those processed by the high-speed shock (Mach
stem), which quickly react. When the shear layers sep-
arate from the leading front, the material contained
within, if unburned, may produce what has been termed
an “unburned pocket” behind the front. This unburned
pocket is not to be confused with the keystone of unre-
acted gas present behind the low-speed shock.

The first experimental observation of unreacted pock-
ets was made by Subbotin [50] using schlieren measure-
ments to study decaying 2H-O2-3Ar detonations and
self-sustaining CH4-202-0.2Air detonations. Later, us-

ing OH planar laser-induced fluorescence imaging (PLIF),

which allows for direct examination of the reaction field
as opposed to schlieren, which requires interpretation
of density variation, Austin [23,24] observed unreacted
pockets in 2H5-O9-xNo mixtures. Grib et al. recently
imaged unreacted pockets in unstable hydrogen deto-
nations using two-color PLIF [51]. Numerous compu-
tational studies have also been performed that observe
the formation of unreacted pockets behind the front [38,
52-55]. The role that the consumption of these pockets
plays in influencing the detonation front is important
in understanding how the detonation is sustained. Any
burning that occurs between the front and the hydro-
dynamic surface, which is the downstream surface at
which the Mach number falls to unity, is capable of re-
leasing energy that may feed, or otherwise influence, the
front. The average hydrodynamic thickness (distance
to the hydrodynamic surface) has been estimated, both
through simulations and experiments, to be 4-7 A [54,
56-58]. This leaves a large amount of space behind the
front for the burning of unreacted pockets to influence
the detonation.

Kiyanda and Higgins [59] used high-speed schlieren
and broadband visible light imaging to estimate that
in a stoichiometric methane-oxygen planar detonation
40% of the reactants processed by the leading shock
within a cell cycle are transferred into a pocket behind
the front. In examining how/if these pockets burn, the
authors considered if adiabatic shock ignition from an
incident shock or transverse wave was responsible. They
determined that the induction time required for this
method of consumption to occur is larger than what
was experimentally observed for the pockets to fully dis-
sipate from the schlieren images. The only mechanism
that explained the speed of the pocket consumption
and found good agreement with numerical simulations
for their mixture was turbulent, diffusive burning [40,
53,54].

For the cases shown in Figure 12 there is clear sepa-
ration of the shear layers, which may contain unburned

reactants, from the leading front in frame b-S.4 and
d-S.4 (features iii and iv, respectively). However, since
the state and composition of gases within the shear lay-
ers has not yet been experimentally measured, we will
refer to these pockets as detached shear layer volumes
(DSLVs). The dissipation of the DSLVs behind the front
occurs within about 40 mm for case (b) (A = 60 mm)
and 30 mm for case (d) (A = 35 mm), which is 11.6
and 17.8 times the ZND induction length Ay at Ucy,
respectively. These dissipation lengths are less than or
comparable to the estimated hydrodynamic length (4-
7 \). However, unlike the experimental observations of
Kiyanda and Higgins, our chemiluminescence images in
the current study do not show that the DSLVs behind
the front are reactive. Frames b1-b3 show two stages of
the DSLVs life cycle. The first stage is of the shear layer
formation, as they are attached to the front (feature i).
The second stage is a region of DSLVs, in the lower half
of frame b1l and about 40 mm behind the front (feature
v), that were generated from the previous cell cycle.
None of these volumes show any indication of increased
chemiluminescence as they dissipate. This holds true
for the volumes in case (d), shown in the lower half
of Figure 12, and for the repeat of case (b), shown in
Figure 6. The only indication of increased light emission
downstream of the front occurs along the circumference
of the curricular explosions as they expand (feature vi,
frame d-CL.4) and along the transverse waves, particu-
larly when the transverse waves cross (feature vii, frame
d-CL.2).

There are a number of reasons that may explain
why we do not observe DSLV burning. First, if we as-
sume that the density gradients behind the shock front
are pockets of unburned reactants and that they do
dissipate by turbulent deflagration it is possible that
the chemiluminescence produced by this reaction is not
detectable with our current system. While the CH*
radical is produced in super-equilibrium concentrations
by shock-induced combustion, which is supported by
1D numerical simulations (Figure 3), the CH* radical
might not be produced in high enough concentrations
by turbulent deflagration to be detected with our unin-
tensified camera. Second, the transverse waves in these
cases may be reactive and consume the unburned reac-
tants that make it behind the front. The burning of re-
actants by a transverse wave is highly dependent upon
the strength of that wave and on the strength of the
portion of the leading shock that initially processes the
reactants. Third, any unburned pockets that make it
behind the front do not burn or undergo very slow re-
action. However, it seems unlikely that if so many re-
actants were not contributing to the wave it would still
propagate near CJ speed. Finally, it is possible that
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the volumes that detach from the front do not contain
unburned reactants at all and instead just consist of re-
gions of products that exist within a fluid of much dif-
ferent density. This is plausible considering that the gas
contained within the DSLVs was processed by a weak
low-speed shock (incident shock) and the surrounding
fluid was processed by a strong high-speed shock (Mach
stem). These points all considered, the most likely vari-
able governing the production and/or consumption of
unburned pockets is the initial mixture composition and
thermodynamic state. Only four cases with similar det-
onation parameters (see Table 1) were examined in this
work. Exploring mixtures with higher or lower levels of
dilution will likely reveal different DSLV formation and
consumption behaviors.

4 Conclusions

The simultaneous time-resolved schlieren and CH* chemi-

luminescence measurements present unique insight into
highly-unstable hydrocarbon detonations. These results
highlight the structural differences between methane
and natural gas detonations and explain the increased
detonability of natural gas mixtures. The use of CH*
chemiluminescence allows for a more accurate account-
ing of the reaction zone than visible light imaging, while
also avoiding the deleterious effects of an image intensi-
fier. Chemical kinetic simulations show that the intro-
duction of ethane shrinks the spatial scales present in a
detonation and experimental observations demonstrate
how this distributes the burning along the leading front
and reduces the size of the DSLVs. The smaller DSLVs
that persist behind the front may increase the amount
of reactants that burn upstream of the sonic surface
and contribute to the sustention of the front. The lack
of CH* chemiluminescence from the DSLVs is surpris-
ing and suggests that interpretation of experimental
schlieren images requires resolution of the accompany-
ing reaction field to fully understand the flow field. A
rigorous experimental effort to measure the composi-
tion of the DSLVs is needed to determine what role
they play in sustaining the detonation.
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