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ABSTRACT

Simultaneous, dual-perspective, high-speed imaging is used to provide new insight into the morphology
of flames generated at high unburned-gas temperatures behind reflected shock waves. Single-perspective,
end-wall imaging left previous applications of the shock-tube flame speed method reliant on an assump-
tion of axial symmetry when interpreting experimental results. Here, we report qualitative and quan-
titative observations from the first application of simultaneous side- and end-wall emission imaging to
characterize the three-dimensional morphology of these flames. Side-wall imaging reveals that, while the
expected flame symmetry is observed under static and relatively low temperature post-reflected-shock
conditions, symmetry can break down at higher temperatures. These results reveal that the concentric
regions of emission previously observed in flame experiments in the negative-temperature-coefficient ig-
nition regime can be explained as the axial integration of emission through a distorted flame. Several
physical mechanisms are evaluated towards the goal of identifying the underlying cause of flame dis-
tortion. The post-reflected-shock flow field and pressure-wave-flame interactions are both found insuf-
ficient to explain the results. Presently, not enough is known about the recently identified local-double-
flame structure to assess the likelihood of its relevance in the present experiments. As such, while the
dual-perspective imaging results provide important new insight into the morphology of high-temperature
flames and inform the correct interpretation of previous experimental observations, the specific mecha-

nism leading to the observed distortion remains a topic requiring further attention.

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The shock tube has been long regarded as a preferred, zero-
dimensional apparatus for the study of chemical kinetics at high
temperatures [1-4]. Nevertheless, it was not until the recent work
of Ferris et al. that the application of shock tubes to enable the
study of laminar flames at high unburned-gas temperatures (T)
was first leveraged [5].

To avoid disrupting the shock-tube flow field, non-intrusive
laser-induced breakdown is used to ignite flames in the post-
reflected-shock (region-5), unburned-gas environment. Plasma ker-
nels generated through laser-induced breakdown, their associated
flow fields, and flames ignited from such plasmas are all commonly
treated as axis-symmetric about the path of the igniting laser
beam [e.g. 6, 7,8, 9]. Applied to shock-tube flame experiments, this
assumption is a basis for the aspherical correction reported by Fer-
ris et al. [5] and is implicit in the multi-stage flame structure pre-
viously hypothesized as a possible explanation for the concentric
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rings of emission observed in end-wall images of n-heptane and
iso-octane flames at temperatures associated with low-temperature
ignition chemistry [10-12].

Multiple imaging diagnostics have been developed for shock-
tube experiments over the past decades. Early realizations of side-
wall imaging employed schlieren photography in rectangular shock
tubes to explore shock-induced autoignition [e.g. 13-15]. Side-wall
schlieren was later extended to round shock tubes utilizing config-
urations either consisting of an optical shock-tube section designed
as an acylindrical lens [16] or containing flat windows [17,18]. End-
wall emission imaging in a round shock tube was developed by
Troutman et al. [19] and has been used in prior works employ-
ing the shock-tube flame speed method [e.g. 5,10,11]. Extensions
of emission and fluorescence imaging to the side wall of a round
shock tube have employed windows designed as zero-power cylin-
drical lenses [20] and a custom endoscope installed in a diagnos-
tic port [21]. Most recently, simultaneous end- and side-wall emis-
sion imaging of spontaneous ignition behind reflected shock waves

0010-2180/© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Fig. 1. Schematic of the instrumentation used in this work, as viewed a) from the top and b) from the end of the tube. The shock tube is shown in cross section. The ignition
laser in (a) and cameras in (b) are out of plane and not shown for clarity. Schematic not to scale; imaging ray tracing is approximate.

has been realized in round shock tubes using flat [22] and annular
[23] side-wall windows.

In this work, simultaneous side- and end-wall emission imag-
ing is applied to expanding-flame experiments in a shock-tube,
providing the first characterization of the three-dimensional (3-
D) morphology of flames at high unburned-gas temperatures. Un-
like prior realizations of side-wall imaging in a round shock tube
that required custom optics [21] or shock-tube modifications to ac-
commodate special side-wall windows [16,17,20,22,23], this work
demonstrates side-wall emission imaging using standard optical
components and a conventional side-wall diagnostic port. Obser-
vations reported here provide a revised understanding of high-
temperature shock-tube flame experiments, wherein axial distor-
tion provides a likely explanation for previously reported flame
structure consisting of concentric rings of emission.

2. Experimental methods

High-temperature expanding-flame experiments were per-
formed in a stainless-steel, 11.5-cm-inner-diameter shock tube, a
facility described in detail by Campbell et al. [24]. A dual-camera
imaging configuration was devised to perform simultaneous side-
wall and end-wall imaging (Fig. 1). A quartz end-wall window
provides axial optical access [19]. End-wall emission images are
recorded by a Phantom v2012 camera (Vision Research) paired
with an ultraviolet (UV)-sensitive, high-speed intensified relay op-
tic (HS-IRO-X, LaVision). In static experiments, images are recorded
through a 105-mm UV-Nikkor lens at 85.2 pixel-per-cm resolution,
providing a FOV greater than 10 cm at 20,000 frame-per-second
(fps). For reflected-shock experiments, a 200-mm-focal-length, f/4
Nikkor lens is used, providing a 7-cm field of view (FOV) at a
higher resolution of 124 pixels per cm and the same frame rate.

A side-wall imaging system is configured through the 1.8-cm-
diameter diagnostic port available in the shock tube. In order
to maximize the FOV at the center of the shock tube, a UV-
transparent lens with 100-mm focal length and f/2.8 aperture
(Sodern Cerco) is used. The lens is offset from the intensifier by a
13-mm extension ring and focused to produce a hypercentric op-
tical arrangement. An iris is positioned just outside the side-wall
plug to restrict the collection angle of light and flatten the spatial
intensity profile observed at the in-tube focal plane. With this ar-

rangement, and the intensification provided by a HS-IRO (LaVision)
to compensate for the low collection efficiency, a FOV of about
2.5 cm is realized. Images are recorded by a Phantom v710 cam-
era (Vision Research) at 20,000 fps synchronized with the end-wall
camera. By the Scheimpflug principle, and considering the side-
wall camera and mirror angles, the focal plane within the shock
tube will be slightly misaligned from the Y-Z plane [25,26]. This
results in a corresponding spatial resolution variation across the
FOV (185-197 pix/cm), as determined using a calibration image
of a ruler positioned in the Y-Z plane. The nominal value of 191
pix/cm is used for the side-wall resolution in the remainder of this
work, with the variation representing an uncertainty of about +3%.
While this uncertainty is negligible for the purposes of the present
work, it is noted here as it should be treated in detail if similar
optical arrangements are used for high-precision flame speed mea-
surements in the future.

The flame is initiated behind the reflected shock wave by a
plasma spark generated through laser-induced breakdown [5]. A
flash-lamp-pumped, Q-switched, neodymium-doped yttrium alu-
minum garnet (Nd:YAG) laser (Solo PIV 120, New Wave Research)
is used as the ignition-laser source. This laser is internally fre-
quency doubled to 532nm and produces quoted pulse lengths of
3-5 ns. The beam is focused by a 15-cm-focal-length, best-form bi-
spherical lens and enters the tube vertically though an optical port
10 cm from the driven-section end wall and perpendicular to the
port through which side-wall imaging is performed. The focused
beam forms a waist at the center of the tube where laser-induced
breakdown occurs, igniting an expanding flame. The Q-switch tim-
ing relative to the flash lamp is varied to control the energy of the
laser pulse. While it could not be directly measured during exper-
iments, the spark energy is estimated from offline measurements
to be in the range 5-10 m] for experiments reported in this study.

Fuel and oxidizer test-gas mixtures are prepared manometri-
cally in a stainless-steel mixing tank from research-grade com-
ponents. The mixture is allowed to homogenize for at least one
hour with agitation from a mechanically driven mixing vane prior
to being introduced into the tube. In static experiments, the
constrained-reaction-volume (CRV) gate valve [24] is closed, isolat-
ing the 40 cm of the shock tube nearest the end wall as a constant-
volume cylindrical combustion chamber, as was reported in simi-
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lar validation experiments with end-wall imaging by Ferris et al.
[5]. This isolated section is filled to the desired pressure at am-
bient temperature (~296 K), and the laser and camera are simul-
taneously triggered to ignite and record a flame under quiescent
conditions.

In reflected-shock experiments, the test-gas fill pressure (P;),
driver pressure (P4), and driver composition (a mixture of N
and He) are jointly selected in order to generate shock waves
of different incident mach numbers. Simultaneous adjustment of
both pressures and the composition is required to reach different
post-reflected-shock, region-5, unburned-gas temperatures (Ts =
T,) while maintaining a post-shock, unburned-gas pressures (Ps =
P,) near 1.25 atm (& 10%) across shocked experiments of differing
Ts.

Following diaphragm rupture, passage of the resulting shock
wave is recorded by PCB pressure transducers at precisely known
locations. These records provide a measure of the incident shock
velocity, from which the post-reflected-shock conditions are cal-
culated using normal-shock relations. In applying the shock-jump
equations, it is assumed that vibrational equilibrium is reached in
the post-incident-shock (region-2) gas, an assumption supported
by the use of helium diluent and relatively high fuel loading in
the unburned-gas mixture [27]. The timing of the ignition laser
and cameras are controlled through external triggering relative to
the shock passing an upstream PCB. In the reflected-shock experi-
ments reported in this work, flames were ignited about 1.1 ms fol-
lowing passage of the reflected shock wave; this is comparable to
the shortest spark delay time (0.9 ms) in a previous study in which
concentric regions of emission were reported [11].

3. Data interpretation

From each image sequence, radius and observed flame-
propagation velocity measures are extracted to inform the quan-
titative discussion in Section 5. Radii are extracted from each
image along the major axes using a binarization-based method
implemented in the open-source Python programming language
[28] and using the Scikit-Image [29] and Scipy [30] packages
(Fig. 2). A Gaussian filter with a standard deviation of 1.5 pixels
is first applied to the images to reduce pixel-level noise (Fig. 2b).
Images are then binarized using a hysteresis thresholding method
[31]; high and low threshold values are taken as the respective
threshold values from a dual-threshold multi-Otsu method [32].
The binary images are then cleaned using a sequence of operations
to label and remove small regions from the images [33] and per-
form a morphological closing as a sequence of dilation, hole filling,
and erosion operations using a disk-shaped kernel of radius five
pixels (Fig. 2c).

The radius of the flame, R;;, along each major axis (j = X, y,
z; see Fig. 1) is defined as half the total extent, D;, of the binary
region along that axis (Fig. 2c),

Dj (ij,max - ij,min)

5 = f& (1)
Here, i;’s are pixel indices along axis j over which the flame ex-
tends and S is the physical scale of the image (units of cm/pixel)
determined from a calibration image. Following this process, x and
y radii can be extracted from end-wall images, and y and z radii
are available from side-wall images.

Once radii are determined (Fig 3a, symbols), the observed flame
propagation speed, S ;, is defined relative as the time derivative of
the radius,

Rej =

Stj= —2L. )

Raw radii data are first smoothed used a Savizty-Golay filter [34] to
locally fit a second-order polynomial to a centered window of 7
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data points (Fig 3a, line). Smoothed data are then differentiated
using a first-derivative Savizty-Golay filter in order to reduce the
impact of random noise on the computed S; ; values (Fig 3b).

As seen in Fig. 3, and is typical of the experiments reported
here, close agreement is observed between the matched Y-axis
radii and flame-speeds measurements obtained from the two per-
spectives, exhibiting only small discrepancies. One possible cause
of mismatch between the perspectives arises from uncertainty in
the image-scale calibration, which would manifest as a constant
scaling factor between the Y-axis measurements. Another factor is
that differences in the imaging systems’ response to emission from
the flame could result in slightly different locations on the flame
being identified as the flame front location by the binarization
routine when applied to images from different perspectives. A fi-
nal factor results from the hypercentric side-wall imaging arrange-
ment, which features a strongly diverging imaging FOV through the
shock tube (Fig. 1). This results in a side-wall magnification that
varies more strongly with working distance than that of the end-
wall camera. As a result, the effective physical scaling of the side-
wall images would be expected to increase as the flame grows, an
effect discussed by Halter et al. applied to imaging of flames in an
optically accessible constant-volume vessel [35].

The primary interest of the quantitative analysis included in
this work is to provide for comparison across the measurements
obtained along each of the three axes. As such, it is desirable to
correlate the side- and end-wall measurements in such a way as
to minimize the impacts of the non-ideal effects introduced above.
If the assumption is made that the non-ideality of the hypercentric,
side-wall imaging arrangement is greater than that of the end-wall
system, the desirable outcome would then be to correct the side-
wall images to be directly comparable to those obtained from the
end wall. Furthermore, by assuming the various non-ideal effects
affect the Y- and Z-axis measurements equivalently, corrected side-
wall radii measurements, R;_j, can be defined by scaling the side-
wall measurements by the ratio of the end- and side-wall Y-axis
measurements,

Rt
* \ylendwall o
Rfvy = RvK|5fd9Wﬂ” R = Rf,ylendwall 3)
f,y|sidewall
R¢
* \ylendwall
Rf,z = Rf,zlsidewall Ri . (4)
f,y|sidewall

In this manner, the duplicated Y-axis measurements are collapsed
to a single result (that from the end wall), and the side-wall Z-
axis measurement is scaled to be comparable to the end-wall re-
sults. The effect of applying Eqgs. (3) and (4) to the radii results of
Fig. 3 are shown in Fig. 4, which presents a single, unified set of
3-axis radii and propagation speed measurements.

In the ideal limit of a spherical flame and stagnant burned gas,
St,j would correspond exactly to the burned flame speed, S;, [36].
However, non-ideal effects can manifest as perturbations to the ra-
dius occurring at rate R¢ j» such that the S;; observed results from
a combination of Sy, and Ry j,

Sf_j:Sb—ka,j (5)

Sb = Stj — Rij- (6)

Here, positive Ry ; indicates the flame is being stretched along axis
J» leading to observed propagation speed S ; to exceed the actual
burned flame speed, Sp,. If the flame is instead compressed, Ry ;
will be negative, leading to S ; < Sp,. This formulation will be revis-
ited in the discussion of Section 5.1 to assess the extent to which
flow-field effects are able to explain observed distortion.
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Fig. 2. Example image pair recorded 1 ms after the spark during a static experiment illustrating the image processing procedure: (a) raw emission images, (b) Gaussian
smoothed images, and (c) clean binary images. Axis scales are in units of pixels; select 2.5-cm by 2-cm regions are shown for both perspectives, centered about the flame.
Experimental conditions: T, = 296 K, B, = 0.5 atm, unburned-gas composition = 0.056 C3Hg, 0.200 O,, 0.744 Ar.

4. Results

The dual-perspective imaging configuration provides the first
opportunity to evaluate the 3-D morphology of flames ignited in a
shock tube. In Section 4.1, simultaneous side- and end-wall imag-
ing are first demonstrated in static-flame experiments to validate
the experimental configuration in a fully quiescent environment.
Section 4.2 subsequently presents results obtained of flames ig-
nited behind reflected shock waves at high unburned-gas temper-
atures.

In all image sets that follow, end-wall images (left column) are
scaled and cropped to match the resolution and FOV of the side-
wall images (right column). Limiting the end-wall FOV in this way
restricts the maximum flame radius considered to about 30% that

of the vessel, the criteria put forth by Burke et al. as necessary to
avoid the impact of cylindrical-confinement effects on expanding
flames [37]. Videos containing additional frames and displaying a
larger end-wall FOV are provided in the supplemental materials for
each experiment!

4.1. Static-flame characterization

Results obtained from expanding flame experiments performed
with static unburned gas in the isolated CRV section are presented

T The top and bottom of the side-wall images in the supplemental materials are
padded with zeros (i.e. black) to match the vertical extent of the end-wall perspec-
tive.
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Fig. 4. (a) Corrected radii and (b) observed flame propagation data extracted from a static experiment. Experimental conditions: T, = 296 K, P, = 0.5 atm, unburned-gas

composition = 0.056 C3Hg, 0.200 O,, 0.744 Ar.

in Fig. 5. The unburned-gas mixture consisted of propane (C3Hg)
at a slightly lean equivalence ratio (¢ = 0.98) in an oxidizer com-
prised of 21% O, and 79% Ar. Experiments were performed at am-
bient T, (296 K) and sub-atmospheric and elevated P, (Fig. 5 a
and b, respectively). Radii and flame speed results for the sub-
atmospheric case are presented in Fig. 4 and dummyTXdummy- for
elevated pressure in Fig. 6.

In both experiments, the flames appear nearly identical in both
the end-wall and side-wall views. End-wall images appear more
grainy due to the lower spatial resolution of the end-wall camera
configuration and the use of an older image intensifier. The close
agreement between the measured X and Z radii and propagation
velocities are in keeping with the established theory and expecta-
tions of symmetry about the laser (Y) axis for a laser-ignited flame
in a quiescent environment. This result demonstrates that no sig-
nificant asymmetry is present in the plasma spark generated by
the current optical configuration that would inherently introduce
asymmetry into the resulting flame.

While the energies of the ignition laser pulses were closely
matched in the two experiments (within 10%), the elevated pres-
sure flame develops a lobe at the top of the flame, the side from
which the ignition beam enters, whereas the flame at lower pres-
sure transitions smoothly from a toroidal flame to one of an elon-
gated shape. This difference is understood to be indicative of a
higher spark energy at elevated P, resulting from the absorption

of a greater portion of the laser energy owing to a reduction of the
laser breakdown threshold at increased pressure [38]. Whereas the
Y-axis radius in the low-pressure flame is persistently lower than
the X- and Z-axis measurements (Fig. 4a), the third lobe has the
effect in the high-pressure flame of making up for this deficiency,
such that close agreement in the radii and propagation speeds is
seen across all three axes (Fig. 6).

4.2. Reflected-Shock experiments

Figure 7 shows a comparison of select end- and side-wall im-
ages of flames ignited behind reflected shock waves at three differ-
ent Ts values. Lean n-heptane (¢ = 0.9) in an oxidizer of 18% O,,
41% He, and 41% Ar was used as the test-gas. The fuel-oxidizer
mixture used in the shocked experiments was chosen to match
that from a previous study in which concentric regions of emission
were observed using end-wall imaging [11]. The driven-section end
wall is to the left of the FOV in the side-wall images, such that
the slight bulk motion of the flames occurs towards the end wall
[39,40]. Z-axis radii and propagation speed data are truncated at
the frame in which the flame first exceeds the side-wall FOV.

For all three flames shown in Fig. 7, the initial flame ker-
nels (top row) appear the same in the end- and side-wall images.
This observation indicates that the expected axisymmetric ignition-
kernel structure is realized immediately following ignition at all
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Fig. 5. Select frames comparing the flame morphology in static experiments as seen in end- and side-wall images. Flames are observed to be axis-symmetric at both (a)
sub-atmospheric and (b) elevated pressure. Labeled times are relative to the first frame following the ignition spark. Unburned-gas composition: 0.056 C3Hg, 0.200 O,, 0.744

Ar.
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conditions shown, consistent with theory and the static results. At
the lowest unburned-gas temperature (T = 673 K, Fig. 7a), the
flame is observed to maintain its symmetric appearance through-
out its first 1 ms of growth. This qualitative observation is sim-
ilarly borne out in the quantitative results (Fig. 8), which show
close agreement between the X- and Z-radii up until the flame
exceeds the side-wall FOV at 0.5 ms, indicative of axial symme-
try; close agreement in the X- and Y-speeds at later times suggest
flame propagation becomes quasi-steady as the flame grows.

The higher-temperature flames are both seen in the images to
become distorted as they propagate. In Fig. 7b, the flame rapidly
loses symmetry in the Z direction, flattening on the left side and
forming an extended lobe on the right. While the presence of this
distortion would not be immediately obvious in the quantitative
results (Fig. 9), when viewed from the end-wall perspective, the
axial integration of the distorted structure leads to the appear-
ance of an inner, bright ring and outer annulus of emission. This
observation is consistent with the regions of concentric emission
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Fig. 7. Select frames comparing the flame morphology as seen in end- and side-wall images. a) Axis-symmetry flame at T5 = 673 K, b) highly distorted flame at Ts = 784 K,
and c) axially compressed flame at Ts = 935 K. Labeled times are relative to the first frame following the ignition spark. Unburned-gas composition: 0.0145 n-C;H;s, 0.1780

0,, 0.4030 Ar, 0.4015 He.
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Fig. 8. (a) Corrected radii and (b) observed flame propagation data extracted from a shocked experiment at conditions Ts = 673 K, Ps = 1.37 atm, unburned-gas composition

= 0.0145 n-C;Hy6, 0.1780 O, 0.4030 Ar, 0.4015 He.

reported in previous studies of n-heptane and iso-octane flames
at comparable conditions in the negative-temperature-coefficient
(NTC) ignition regime [10,11]. As such, while the repeatability of
the distortion could not be explicitly evaluated in this work due to
time constraints imposed by the use of a borrowed HS-IRO-X in-
tensifier, the similarity between the present end-wall images and
previous observations suggests comparable distortion occurs with
some level of consistency.

Figure 7c, the flame with the highest Ts shown, simultaneously
displays horizontal (radial) stretching in the end-wall view and
axial compression viewed from the side. In this case, the axial
compression effect is clearly observable in the quantitative results
(Fig. 10) as a deficit in S¢, on the order of 10 m/s relative to the
velocity along the other two axes by the time the flame leaves the
side-wall FOV at 0.6 ms. The horizontal (X-axis) stretching, mean-

while, is seen to be the result of both a larger initial R¢, and higher
initial Sg .

5. Discussion

In an effort to understand the basic phenomena underlying the
distortion observed in high-temperature flame experiments, three
candidate mechanisms are discussed. First, the effect of superim-
posing a supposed post-reflected-shock flow field on an expanding
flame is considered to determine the corresponding effect on the
observed propagation rate (Section 5.1). Next, the refraction of a
pressure wave with the discontinuity of the flame is presented as
a mechanism for higher-order flow interaction effects (Section 5.2).
Finally, the possibility of localized double-flame structures of po-
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tential relevance to the intermediate-temperature experiment is
introduced based on preliminary simulation results (Section 5.3).

5.1. Post-reflected-shock flow field

Here, the ability of the post-reflected-shock flow field to ac-
count for the observed flame distortion is evaluated. In this dis-
cussion, the two separable components of the post-reflected-shock
flow field are first considered individually. The magnitudes of the
combined predicted flow-field effects on the observed flame prop-
agation velocity are then compared to the discrepancy between the
component velocities obtained from the highest-temperatures ex-
perimental results to evaluate the extent to which the flow field
can account for the distortion.

5.1.1. Pressure-change induced flow

The rate at which the axial extent of a flame ignited behind a
reflected shock varies as a result of isentropic pressure change in
the region-5 gas can be predicted using the expression,

dRi,ip —Rp, 1dP

= —— =R , 7
dt Ya Pdt f,z|dP ( )
where R¢, is the flame radius measured in the z direction, P is the
pressure, and y4 is the unburned-gas ratio of specific heats. In this
formulation, 7'2f_z|dp is the time rate-of-change of Ry, attributable
to isentropic pressure change, dP. Eq. (7) is closely related to that

derived for the axial post-reflected-shock gas velocity that results
from isentropic pressure change, u,4p, at an axial location L within
the shock tube [39,40],

—-L1dP
=—_——. 8
UzAdr = B dr (8)
Combining Eqs. (7) and (8), Rﬂz‘dp can then be related to uygp
through the ratio of length scales Ry, and L,

. R
Rizidp = <£Z>uz|dl’~ 9)

In the simple model adopted from [39,40], post-reflected-shock
isentropic pressure change is assumed to manifest as a quasi-
one-dimensional compression (or expansion) of the gas contained
within the shock tube in the axial direction. As a result, while the
pressure change imparts a non-zero effect on R¢,, the extent of the
flame measured in the radial r directions (x and y in image coor-
dinates), are unchanged by the isentropic process,

Reriap = 0. (10)

A brief discussion of higher-dimensional interactions that may re-
sult from the refraction of pressure waves through a flame is pro-
vided in Section 5.2.
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5.1.2. Residual axial velocity

Using independently measured incident and reflected shock ve-
locities, it is shown in [39,40] that the reflected shock strength at
locations away from the end wall is inadequate to fully stagnate
the core gas within region-5. In the presence of constant shock
attenuation, the resulting residual axial velocity, u,s, changes
nearly linearly with axial position z, measured from the end wall,

Uz|res =~ CresZ, (11)

where crs is a negative constant, such that the axial velocity is
zero at the end wall and in the direction of the end wall for all
other locations (z > 0) within the shock tube. From this same form,
the rate of change imparted on the axial extent of the flame by the
presence of the residual velocity gradient, Rmres, is proportional to
z-directional radius,

7éf,zlres = CresRt 2, (12)

and can be related to the magnitude of the residual velocity at the
measurement location,

. R
Rf,zlres = <If"z>uz|res~ (]3)

The independence of the residual and isentropic-pressure-
change velocities suggests that the residual velocity is not respon-
sible for inducing the pressure change. As such, the residual core-
gas flow field can reasonably be assumed axisymmetric and in-
compressible as a first-order approximation, such that the velocity
components would be well-described by a scalar stream function,
V¥, to enforce continuity [41],

19y

Uzjres = ?W (14)
10
Upjres = _?Tf (15)

In order to solve for the radial velocity field corresponding to
the residual axial velocity, Eqgs. (11) and (14) are first combined,

199

CresZ = T o (16)
allowing for integration to find a functional form for 1,
V= f Creszrdr
CresZI™
==+ f@) (17)

An expression for u s can then be determined by substituting yr
from Eqgs. (17) into Eq. (15),

1 CresT? _ 1 df(2)

Urlres = =775 r dz
_ Gesr  1df(2)
T2 v dz o (18)

The unknown function f(z) is determined by evaluating Eq. (18) at
r=0,

Ues(r = 0) = — 240 o
0 =48 = 1),
Providing the final result for the radial velocity field,
CresT
Urjres = — r;s . (20)

The centroid of flames in the shock-tube environment remain
nearly stationary in the x and y (radial) coordinates [39,40], con-
sistent with the solution of Eq. (20) at r = 0. The perturbation rate
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of the radial flame extent induced by the residual velocity, R¢, is,
therefore, equal to u, s evaluated at the flame surface,

. CresR
7?'f.r\res = re52 f1r~ (21)

Through substitution of Eqs. (12) and (13), the Rf,r‘res expression
(Eq. (21)) can be cast in terms of Rmres OF Uyjres,

. . R
Rf.r\res = _Rf,z|resﬁ (22)
¥
R
= *uzlres%- (23)

5.1.3. Combined flow-field effect

Using the expressions derived in the previous subsections, re-
lations for the combined post-shock flow-field effects on the ob-
served burning velocity can be found as the sum of individual con-
tributions from pressure change and residual velocity. Looking first
to the axial direction, Eqs. (9) and (13) are combined,

Rf.z = Rf,z\dP + 7.?'f,z|res

Ry R¢
= <I:Z>uzdl° + (ljz)uzlres

R
= <£Z> (uz|dP + uzlres)

R
~ (F>u2‘0b57 (24)

where u, o in the final form is the observed, axial centroid veloc-
ity of the flame. By combining Eqs. (10) and (23), a similar expres-
sion can be found for the radial directions,

Rf,r = ,Rf,rldP + 7.?'f.r\res
Re
2L

()

through which the radial perturbation rate is seen to scale with the
same Rg/L factor as the axial rate and the residual component of
the axial velocity, Uy, calculated using measured shock velocities
and normal shock relations.

Given the result that the signs of both u, g and iy are typ-
ically negative [39,40] (i.e. core gas flows towards end wall), it can
readily be found that R¢, < 0, leading to compression of flames in
the Z direction, and R, > 0, resulting in the radial stretching of
flames. From this, it is seen that the direction of these perturba-
tive effects are expected to occur in such a manner as would be
required to induce the distortion seen in Fig. 7c.

Using values obtained from the highest-temperature experi-
ment (i, gps = —3.5 m/s and U5 = 2.3 m/s), the magnitudes of
the flow-field effects at a representative radius of 1 cm are found
to be R¢, = —0.35 m/s (Eq. (24)) and R¢, = 0.12 m/s (Eq. (25)) in
the Z and radial (X and Y) directions, respectively. This analysis has
shown that, for the Ts = 935 K case, flow-field effects would only
explain about 0.5 m/s of the roughly 10 m/s propagation speed dis-
crepancy documented in Fig. 10. Additionally, the flow-field mech-
anism only predicts relatively uniform compression and stretching,
not the highly asymmetric distortion observed in the intermediate
temperature (Ts = 784 K, Fig. 7b) case. As such, while the frame-
work for evaluating flow-field effects developed here does predict
a distortion effect, the magnitude is found insufficient to explain
the amount of distortion observed in the side-wall imaging results.

=0- Uy|res
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Fig. 11. Pressure-time histories recorded at the 10-cm plane during post-reflected-shock flame experiment; spark timings are shown as stars on the corresponding pressure

data.

5.2. Pressure-wave-flame interactions

The flame front of a spherically expanding flame marks a dis-
continuity in properties between the unburned and burned gases.
When a pressure wave passes through this discontinuity, the wave
refracts, introducing effects beyond the quasi-1-D, axial compres-
sion of flames that arises from post-shock pressure rise as dis-
cussed in Section 5.1.1.

The effect of pressure waves on flames finds an analog in the
widely studied shock-bubble interaction (SBI) configuration used
as a basic configuration of impulsively accelerated fluid interfaces
and the Richmyer-Meshkov instability [42]. Many investigations of
SBI have been reported, both experimentally, using either dissim-
ilar gases contained in soap bubbles [e.g. 43-45] or by studying
the interaction of shock waves with expanding flames [e.g. 46-48],
and through numerical simulations [e.g. 49-51]. Additional studies
of shock-flame interactions have also been reported related to the
deflagration-to-detonation transition (DDT) and flame-front insta-
bility [e.g. 52-57].

While the morphologies of the bubbles reported in the refer-
enced works show some qualitative similarity to those of the dis-
torted flames observed in this study, particularly that at the high-
est temperature (Fig. 7c), they are not directly comparable. Flames
in this work, ignited following the passage of the reflected shock,
would only be expected to interact with relatively weak pressure
waves, not the discrete shock waves universally considered in SBI
studies. This can be seen in the pressure-time histories from the
shocked experiments (Fig. 11), recorded by a PCB pressure trans-
ducer at the 10-cm plane in which the flame is ignited. The inci-
dent and reflected shock waves are seen as the two step changes
near times of -0.5 ms and zero, respectively. Following the re-
flected shock, all three experiments exhibit near-constant pressure
through when the flame is ignited at about 1 ms; only gradual
pressure changes are observed during the subsequent 2 ms, the
time over which flame propagation is recorded.

After the flame is ignited, the lowest-temperature experiment
(Ts = 673 K) exhibits the most significant pressure change, ris-
ing somewhat steadily over the ensuing 2 ms. The pressure in the
intermediate-temperature experiment (Ts = 784 K) remains nearly
constant through 3 ms post-reflected-shock, while the highest-
temperature experiment (Ts = 935 K) exhibits a slight decrease in
pressure, followed by a return to the calculated Ps, in the time fol-
lowing the spark.

These trends in the pressure behavior run counter to that
which would be expected if pressure-wave-flame interactions
were a dominant effect in distorting flames. Specifically, the
low-temperature experiment exhibits both the greatest post-
shock pressure change and the least distortion. Conversely, the

10

intermediate-temperature experiment that results in highly a dis-
torted flame exhibits virtually no pressure change. As such, while
the refraction of pressure waves through the burned gas would
give rise to flame distortion, the recorded pressure data do not
suggest that pressure waves of sufficient strength were present in
the experiments shown to account for the observed flame distor-
tion. Nevertheless, awareness of this mechanism does highlight the
importance of ensuring pressure stability throughout flame exper-
iments to prevent the occurrence of refracted-pressure-wave ef-
fects.

5.3. Localized double flames

A final, possible explanation for the anomalous distortion in the
intermediate-temperature experiment (Fig. 7b) could be the pres-
ence of localized double flames existing over discrete portions of
the flame surface. Numerous numerical studies, including that of
Zhang et al. near the conditions of the present observations [58],
have shown that spherical double-flame structures can exist at
NTC-regime temperatures and drastically accelerate laminar burn-
ing velocities. Two-dimensional simulations of laser-induced igni-
tion processes at high unburned-gas temperatures have since pro-
vided evidence that spark-induced non-uniformities in the vicinity
of the plasma kernel may lead to double flames selectively form-
ing over portions of the flame surface and lead to the develop-
ment of aspherical distortion [59]. As only preliminary results of
the numerical simulations have thus far been reported, and a con-
clusive explanation for the experimental observations cannot be
ascertained from the presently available emission imaging results,
additional study is warranted to explore the possible role of the
local-double-flame phenomenon as a mechanism underlying the
observed results.

6. Conclusion & future work

Dual-perspective imaging provided the first opportunity to eval-
uate the 3-D morphology of flames at high unburned-gas tem-
peratures in a post-reflected-shock environment. While the previ-
ously assumed axis-symmetric structure is confirmed under static,
constant-volume conditions and behind a reflected shock at a com-
parably low Ts = 673 K, flames at higher temperatures exhibit axial
distortion not unambiguously apparent from the end-wall perspec-
tive. The observed distortion provides a new understanding that
previously reported flame structure featuring concentric rings of
emission [10,11] can be attributed to end-wall images axially in-
tegrating emission through distorted flames.

Several candidate mechanisms were introduced and evaluated
based on their ability to explain the observed flame distortion.
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While the framework developed to predict the effect of a post-
reflected-shock flow field predicts that it would induce the ax-
ial compression of flames, the expected magnitude was found to
be too small to explain the present observations. Similarly, while
the interaction of pressure waves with expanding flames would
be expected to induce asymmetric distortion, the experimental
pressure-time histories do not show evidence of the post-shock
pressure changes that would be expected if pressure waves of any
significance were present. Finally, based on the findings of recent
numerical simulations, the presence of localized double flames was
introduced as a mechanism that may be capable of explaining the
asymmetric distortion observed in the intermediate temperature
(Ts = 784 K) experiment, though limits of the present experimen-
tal results, and preliminary nature of the simulations, precluded a
detailed evaluation of the double-flame mechanism. As such, while
a number of phenomena were evaluated, and some ruled out as
a dominant cause, conclusive identification of the primary phe-
nomenon underlying the observed axial distortion is identified as
a topic requiring further study.

The morphology observations reported in this study demon-
strate the value brought by the addition of side-wall imaging to
shock-tube flame experiments. While the ability to perform side-
wall imaging through a standard optical port was a key develop-
ment enabling the present study, future experimental flame stud-
ies within a shock tube would greatly benefit from enhanced side-
wall optical access to provide a wider FOV. Additionally, the exten-
sion of side-wall imaging to include a wider array of diagnostics,
such as planar laser induced fluorescence (PLIF), could provide the
additional experimental insights necessary to conclusively identify
the physical phenomena that may be affecting high-temperature
flames.

Finally, the addition of side-wall optical access presents an op-
portunity to enhance the fidelity of laminar flame speed measure-
ments performed in the shock tube. While the present results il-
lustrate that symmetry assumptions used in prior works are likely
not valid under all conditions, the use of end- and side-wall imag-
ing together presents an opportunity to more fully characterize the
area and volume of flames even under conditions where distortion
does occur. This could enable more accurate determinations of the
mass burning flux of high-temperature flames and be an important
step towards fully realizing the capabilities of the shock-tube flame
speed method.
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