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Abstract: Flame speed measurements of stoichiometric (¢=1) propane in an oxygen-argon oxidizer
(21% O,, 79% Ar) were conducted behind reflected shock waves at unburned-gas temperatures from
800 K to nearly 1,200 K. As in previous shock-tube flame speed experiments, non-intrusive laser-
induced breakdown is used to ignite an expanding flame in the nominally quiescent gas following
the reflected-shock passage. In addition to the end-wall emission imaging employed in previous
works, a schlieren imaging diagnostic is employed utilizing side-wall optical ports. The high tem-
poral and spatial resolutions of the schlieren diagnostic allow for measurements to be made of small,
curvature-stabilized flames (r < 7 mm) with short measurement times (t < 600 ys). Direct compari-
son of simultaneous emission- and schlieren-based measurements illustrates that measurements per-
formed with the two techniques agree at comparable flame radii. The comparison further shows the
schlieren-based measurements do not show evidence of flame acceleration as is seen in the emission-
based measurements at larger flame radii and longer measurement times. Extrapolated, zero-stretch
flame speeds are compared with those calculated using detailed and reduced reaction mechanisms,
accounting for auto-ignition chemistry effects in accordance with the recent literature.
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1. Introduction

At the extreme conditions reached within modern combustion engines, flame propagation and
spontaneous ignition chemistry can occur simultaneously, coupling with one another to jointly
govern engine operability and performance [1]]. Zeldovich was the first to explicitly consider the
effect of reactions in a preheated substance on the flame propagation speed, determining that a
continuum of solutions to the chemistry-affected deflagration speeds are possible, bounded from
below by the unaffected flame speed [2]. Nevertheless, such chemistry-affected deflagrations are
governed by heat conduction and diffusion, making them distinct from the spontaneous propaga-
tion regime governed by nonuniform initial conditions [3]].

Recently, a growing number of efforts to predict the behavior of laminar flames at autoignit-
ing unburned-gas conditions have been reported, employing simulation-based methods of varying
complexity [e.g. 1, 4-9]. However, while significant advancements have been made in extending
the range of pressures accessible to flame speed measurement [e.g. |10, |11], practical limitations
have made progress in extending the experimentally accessible temperature range more protracted.
To the authors’ knowledge, the 873-K measurements reported by Kurata et al. [12] represent
the highest unburned-gas temperature (7,) reported in the literature, measurements made using a


mailto:asusa@stanford.edu

Sub Topic: Laminar Flames

Bunsen-flame configuration that has since fallen out of favor due to high experimental uncertain-
ties [[13]]. The confined spherically expanding flame (CSEF) method has been demonstrated up to
720 K [14]. While the CSEF method conveniently provides simultaneously elevated pressure and
temperature, the unburned-gas compression can also lead to end-gas autoignition [|15]], capping the
range of conditions accessible to flame speed measurement. The heated, diverging channel method
has been employed in flame speed measurements up to about 650 K [e.g. |16], conditions above
which turbulence and uncontrolled gas reactivity are encountered. Reactor assisted turbulent slot
(RATS) burners have been used in the measurement of turbulent flame speeds at 7;, up to about
700 K, but remain dependent on simulated laminar flame speeds to interpret the results [e.g. 17]].

The shock-tube flame speed method, first reported by Ferris et al. [18], brought promise for
unlocking experimental study at never-before-accessible, high-temperature conditions. Following
the initial demonstration of propane flame speeds up to 832 K, the method was applied to by Susa et
al. in studies reporting the first experimental evidence of negative temperature dependence in iso-
octane flame speeds [19] and the behavior of n-heptane flames at controlled extents of unburned-
gas reaction [20]. In the various prior works, the observation of instabilities has limited the highest-
temperature conditions at which flame speed could be measured. This work reports significant
progress in overcoming this limitation, wherein the implementation of a new schlieren-imaging
diagnostic and experimental refinements, informed by recent efforts to characterize the post-shock
flow field [21]], allow for extrapolated stretch-free flame speeds to be reported at extreme unburned-
gas temperatures up to 1,190 K for the first time.

2. Experimental Methodology

2.1 Experimental Setup

Flames are generated in a shock tube following the general methodology introduced by Ferris et
al. [18]. The shock tube, described by Campbell et al. [22]], features a 11.53-cm inner diameter,
9.76-m driven section, and variable length driver to accommodate long test times. Stoichiometric
(= 1) mixtures of propane (C3Hg) in an oxidizer comprised of 21% oxygen (O;) and 79% argon
(Ar) are prepared manometrically in a stainless-steel mixing tank before being introduced into the
evacuated shock-tube driven section. The mixtures are subsequently heated and pressurized by
reflected shock waves to post-reflected-shock (region-5), unburned-gas conditions of P, ~ 1 atm
and temperatures in the range 800 K < T, < 1,200 K.

Eight ports provide optical access to the 2-cm measurement plane in which flames are gener-
ated in this work. This change from prior works, in which flames were studied at 10 cm from the
end wall, is intended to reduce the magnitude of any post-reflected-shock gas motion. A quartz end
wall provides axial optical access for emission imaging [23]. A Kistler pressure transducer pro-
vides high-speed pressure measurements, while a 3.41-ym laser absorption diagnostic [24] enables
in-situ verification of the manometric fuel-loading. Figure [I|displays schematics of the instrumen-
tation configuration used in this work from the top-down and end-on perspectives.

A schlieren imaging diagnostic is implemented utilizing the optical access provided by 18-mm-
diameter side-wall-port windows. A high-power light-emitting diode (LED) provides the illumi-
nation source. One-inch-diameter, 250-mm-focal-length mirrors (f/10) arranged in a z-fold optical
arrangement collimate and refocus the light; an extra, flat mirror is included to fold the optical
system for compactness. A vertically oriented slit positioned at the catch-side focal point serves
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Figure 1: Schematic of the instrumentation used in this work, as viewed from a) the top and b) the
end of the tube, with the shock tube shown in cross section. Schlieren optical path shown out of
plane in axial view for clarity. Schematic not to scale.

as the schlieren stop. The use of a slit, as opposed to the more conventional knife edge, results in
relatively low contrast, but symmetry between positive and negative density gradients.

A high-speed, Phantom v2012 camera (Vision Research) records the schlieren images through
a 50-mm-focal-length, /1.4 Nikon lens offset by a pair of 13-mm extension rings. Schlieren images
are recorded by a reduced 128x96-pixel region of the sensor at 500,000 frames per second (fps)
and a spatial resolution of 153 um per pixel; The high-intensity LED source enables use of a short,
300-ns exposure time, effectively eliminating any motion blur.

End-wall emission imaging is performed simultaneously using a Phantom v710 camera (Vi-
sion Research). The unfiltered, unintensified camera records broadband, visible emission from
electronically excited species (e.g. CH*, C,*) produced by the flame. The v710 camera is aligned
to image nearly the entire shock-tube onto a reduced, 544x536-pixel sensor region at 20,000 frames
per second and 165 ym per pixel resolution. Primary exposure times of 5 to 10 us were found to
provide adequate signal for flame images; the extreme-dynamic range (EDR) exposure is set to 1
us to avoid overexposure during autoignition events.

Flames are ignited non-intrusively by a laser-induced plasma spark. A g-switched, frequency-
doubled (532-nm), neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (Solo PIV 120,
New Wave Research) serves as the laser source. A 150-mm-focal-length, best-form spherical lens
focuses the beam to a waist at the center of the tube, defining the location at which laser-induced
breakdown occurs. Pulse-energy control is achieved by externally triggering the g-switch at a
controlled time after the flash lamp. In the present work, a delay of 114 us produces 14-18 mJ per
pulse, of which an estimated 8-12 mJ was deposited in the plasma spark.
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2.2 Image Processing

The first step employed in processing the schlieren images is to apply noise-rejecting filters. Image
sequences are sequentially filtered with temporal median and mean filters with spans of five frames
to reject noise without spatially blurring the images (Fig. [2h). To extract the weak schlieren signal
from the background, the optical density, OD, of the schlieren images is calculated pixel-wise

following Eqn. [T}
I.
OD:—ln( mg) (1)
Ibked

In Eqn. |I|, limg 1s the intensity of the filtered schlieren images and Jygq 1s that of the background
image. When a single, pre-flame background image is used, background intensity fluctuations
throughout an experiment are found to introduce objectionable noise and artifacts into the OD
images (Fig. [2b). To overcome this challenge, a rolling-average, skip-gap background image is
instead used, wherein the background is taken as the average over a number of frames prior to and
following the image of interest, offset by a number of buffer frames. This scheme effectively rejects
relatively slow variations in the background while enhancing relatively fast moving features, most
notably the flame front (Fig. ).

0.15

300 us

Figure 2: a) Temporally filtered image from a T, = 988 K flame experiment. Corre-
sponding OD images calculated against a b) pre-flame and c) skip-gap, rolling-average
background image. Right intensity scale applies to both OD images (b) and (c). Times-
tamps shown relative to spark.

Flame fronts are extracted directly from OD images using an active contour model in which
a closed contour is optimized to follow the maximum image intensity [25]. Figure [3a,b shows
the resulting flame contours of the first and last schlieren images from which flame fronts are
extracted. A 100-point contour is first initialized using a OD image binarized with hysteresis
thresholding [26] and smoothed with a Gaussian filter. The last frame with the flame fully in the
field of view is used for the initialization, as binarization is found to be more robust for later frames
than early frames. After initializing to the binary image, the contour is re-optimized to the original
OD image (Fig. [3b). Each subsequent OD image, working backwards from the last frame, is
then sequentially contoured, with the previous optimal contour serving as the starting point for the
following frame. The points describing each contour are mapped to radial coordinates relative to
their centroid, providing measures of the flame radius at various angular locations, ry g, for each
frame.

Emission images are treated similarly to schlieren images, with minor adjustments. A temporal
median filter is applied to the image sequences; mean filtering is not used to avoid introducing
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1,900 ps

Figure 3: First and last flame contours (red dashed lines) overlaid on the corresponding (a, b)
schlieren OD images (c, d) and emission images. The first frame of each image type (a, c) is
shown zoomed for clarity, whereas (b, d) display the full recorded image region. All images
taken from the same T, = 988 K experiment. Timestamps shown relative to spark.

motion blur to the images. Background subtraction is next employed using the average of the pre-
flame images as the background. A binarized edge of the final frame is used to initialize a contour,
which then optimized directly to the emission images with the optimization parameter of the active
contour model set to follow the maximum intensity gradients (Fig. Bk-d). As is apparent in Fig.
B, flames exhibit significant cellularity at large radii not seen in the schlieren images obtained at
much smaller radii. For this reason, emission-based measurement are included in Sec. |§| only for
qualitative comparison to the schlieren results and are not included in the data extrapolations.

2.3 Data Interpretation

In a simple interpretation, the flame radius, rf, for each image can be estimated as an average over
the r¢ ¢ defining the optimal contour. This definition does not account for aspherical geometry, but
is considered to be a reasonable first-order approximation for the flames observed in the schlieren
images for which measurements are reported. In the limit of a spherical, expanding flame, the
burned flame speed, Sy, can be taken as the time derivative of rr,

dl”f

= —. 2

b= (2)

A Savitzky-Golay filter is used to calculate the derivative of the radius—time data with window
sizes of 11 and 3 for the schlieren and emission data, respectively.

Extrapolation of the measured flames speeds to zero stretch is performed using the linear-

curvature (LC) model first proposed by Markstein [28]],

Sp = Sp — SpLy, (3> . (3)
re

In Eqn. Sg is the burned, stretched flame speed, Ly is the Markstein length, and (2/r) is the

flame curvature in the limit of a spherical flame. The selection of the LC model is motivated by the

works of Chen [29] and Cai et al. [30], who have shown the LC model more closely captures both

the theoretical and numerically simulated burning behavior of flames with Le > 1 than alternative

models and allows for the extraction of flame speeds from highly stretched flame kernels.
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Extrapolated, zero-curvature (i.e. zero-stretch) flame speeds are converted from the burned
reference frame to that of the unburned gas using the density ratio,

0= (@) 0 4
o “4)

an oft-employed relation based upon continuity of the mass burning flux. The unburned-gas den-
sity, Py, is calculated at the known post-reflected-shock conditions; the burned-gas density, py, is
estimated as the density at thermo-chemical equilibrium.

3. Results and Discussion

The results of stoichiometric propane/O,/Ar flame speed measurements for unburned-gas temper-
atures in the range of 806 K to 1,190 K are presented in Fig. [ Linear extrapolations of the Sy,
vs. curvature schlieren data to zero curvature are additionally presented. Pairs of experiments
performed at nearly matched conditions near 990 K and 1,090 K show close agreement. Emission-
based measurements show notable flame acceleration at larger flame radii, consistent with the
qualitative observation of flame-front instability observed in the emission images.
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Figure 4: Sy vs. curvature measurements obtained from shock tube flame speed experiments.
Measurements are shown as obtained from emission (open circle) and schlieren (closed circle)
images, which show satisfactory agreement at overlapping curvatures. Linear fits (dashed lines)
are based only upon the schlieren results and shown extrapolated to zero curvature.

Extrapolated values of SO and L, are shown in Fig. alongside laminar flame speeds S,
calculated using Chemkin-Pro with several kinetic mechanisms and various domain lengths for
comparison. Recent works have shown that steady-state flame solutions can provide both domain-
length insensitive St values when the domain length is kept sufficiently small; increasing the
domain length, and with it the pre-flame residence time, provides a simple manner of account-
ing for autoignition chemistry [e.g. 4-6]. Simulated flame speeds with 1-cm domains fall in the
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domain-length insensitive regime for all mechanisms shown, whereas the 5-cm and 7.5-cm do-
mains provide sufficient residence time to allow non-negligible pre-flame autoignition chemistry
at the highest temperatures, evidenced by the increases in Sy. The maximum uncertainties of Sg
and Ly, based on linear fits of the schlieren data are 2.3% and 18.4%, respectively, calculated at the
95% confidence level; corresponding error bars are included for all data point in Fig. [5|but are too
small to be seen for all but the highest-temperature value of SO.
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Figure 5: Extrapolated unburned, zero-curvature flame speeds (left) and Markstein lengths (right)
for extreme-temperature flames measured in this work. Modeled laminar flame speeds with varying
domain lengths are shown for comparison.

For T, < 900 K, experimentally derived 53 values agree well with Sy values calculated using
the USC Mech. II [31] and Aramco 3.0 [32] mechanisms, while the 2016 San Diego mechanism
[33]] and a single-fuel, skeletal propane mechanism derived from NUIGMech 1.1 [34] both over-
predict S9. Experimental results fall between values simulated with the various mechanisms for
measurement with 7; near 1,000 K. Above 1,000 K, experimental SIOl results exceed the domain-
length-insensitive (1-cm) St values of all mechanisms; this deviation comes in conjunction with
an increase in Ly, values, from between 0.1-0.15 mm for 7; < 1,000 K to 0.2-0.26 mm for higher
Ty. Increasing the domain length to 7.5 cm is insufficient to replicate this discrepancy for results
near 1,100 K. Flame speeds calculated with the USC Mech II and San Diego mechanisms are suffi-
ciently accelerated by pre-flame chemistry in a 7.5-cm domain to exceed the 1,190 K measurement.
However, the corresponding residence time in the simulation (= 3 ms) is significantly longer than
the time required to complete the highest-temperature measurement in the shock tube (=~ 600 us).
As such, the discrepancies between the highest-temperature experiments and simulations cannot
be explained by the residence-time effect alone, warranting further investigation.

4. Conclusions

Flame speed measurements at extreme temperatures in excess of 1,000 K are reported for the first
time. The measurements are performed using a high-speed schlieren imaging diagnostic optimized
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record small, curvature-stabilized flames. Experimental refinements are additionally employed,
including the use of the 2-cm measurement plane and using Ar as the sole diluent. Extrapolated S0
values are compared to Sy, computed with several combustion mechanisms, allowing for the effects
of autoignition chemistry. Measured SO values agree well with USC Mech. II and Aramco Mech.
3.0 up to 1,000 K. Above 1,000 K, an increase in the observed Ly, is observed, and experimental
S0 results are found to exceed simulated Sy values, except for when unrealistically long pre-flame
residence times are considered. As such, the effect of autoignition chemistry, as provided for
with the simulation method and mechanisms considered in this work, is found to be insufficient to
account for experimentally measured results, motivating future work to elucidate the causes of the
discrepancy at these previously inaccessible, extreme-temperature conditions.
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