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Abstract 

Simultaneous schlieren and emission imaging through the side wall of a round shock tube is reported for 
application to experimental autoignition studies. A round, optically accessible shock tube featuring windows 
designed as aberration-corrected cylindrical lenses provides a large side-wall field of view compatible with 
both emission and schlieren imaging. Autoignition experiments are reported for non-dilute propane–oxygen–
argon mixtures ( φ = 1 C 3 H 8 in 21% O 2 , 79% Ar) at temperatures ( T 5 ) spanning the range 1,203–1,438 K and 
pressures near 1 atm. Experiments are performed using both conventional and constrained-reaction-volume 
(CRV) filling, allowing for the most detailed comparison to date of ignition dynamics between these two types 
of experiments. When T 5 exceeds 1,290 K, strong ignition is observed to initiate in the immediate proximity 
of the end wall regardless of the filling strategy. In lower- T 5 experiments, mild ignition is observed to initi- 
ate spontaneously at remote locations, which often exceeding the imaging FOV in conventional experiments 
but are constrained within about 5 cm of the end wall in CRV experiments. Measured ignition delay times 
(IDTs) are compared to predictions from three kinetic mechanisms. IDTs simulated using the San Diego and 
USC Mech II mechanisms are of the same magnitude as the measurements but exhibit a lower activation en- 
ergy; the propane submechanism from NUIG 1.1, meanwhile, systematically over predicts observed IDTs by 
roughly a factor of two. Comparisons are also made between the experimental measurements and predictions 
from a recently introduced 1-D axial-temperature-gradient model describing remote ignition in shock tubes. 
Considering the effect of a supposed d T 5 / d z = 150 K/m gradient, the 1-D model functionally predicts the 
remote ignition observed in T 5 < 1,290 K experiments and suggests the use of CRV filling may significantly 
reduce the error introduced into IDT measurements by remote ignition at low- T 5 conditions. 
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1. Introduction 

For nearly as long as shock tubes have been used 
in the study of autoignition, imaging has been em- 
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loyed to provide insights into the dynamics of ex-
eriments. In one of the first shock-tube imaging
tudies, Strehlow and Cohen performed schlieren
treak imaging through slit windows in a round
hock tube to study ignition of hydrogen (H 2 ) in
xygen (O 2 ) [1] . Voevodsky and Soloukhin used
treak imaging to identify a regime of mild igni-
ion that gave rise to large discrepancies in ignition
elay times (IDT, τign ) [2] . Meyer and Oppenheim
sed high-speed schlieren imaging in a rectangular
hock tube to inform their identification of the cri-
eria 

(
∂ τign /∂ T 

)
P 

< −2 μs/K as predictive of the
oundary separating the strong and mild ignition
egimes [3] . 
Through the years that followed, the use

f schlieren imaging continued, primarily using
quare shock tubes. In a study of engine-relevant
uels, Fieweger et al. observed both an initial, in-
omogeneous stage of ignition consisting of de-
agrative kernels and a subsequent deflagration-
o-detonation transition (DDT) [4] . Brown and
homas visually compared the effects of dilution
ith argon (Ar) and nitrogen (N 2 ) [5] . The facil-
ty used in that work utilized a valve in the driven
ection and an inert buffer gas to prevent “spuri-
us” ignition, a variation on a technique employed
y [1] and now known as the constrained-reaction-
olume (CRV) method [6,7] . 
Troutman et al. kicked off a wave of chemi-

uminescence imaging studies with a method of 
maging through an optical shock-tube end wall
8] . The utility of emission imaging for diagnos-
ng inhomogeneous ignition and compatibility of 
he technique with existing facilities are factors un-
erlying the method’s rapid adoption and subse-
uent widespread use [ e.g. , [9–15] ]. Recently, appli-
ations of dual-perspective emission imaging per-
ormed though the end and side walls of round
hock tubes have been reported using numerous ex-
erimental configurations. Ninnemann et al. added
n annular quartz optical section to their facility
16] , Figueroa-Labastida and Farooq implemented
igh-aspect-ratio slot windows [17] , Nativel et al.
sed a custom endoscope [18] , and Susa et al. im-
ged through a conventional side-wall port [19] . 
In the present work, simultaneous schlieren and

hemiluminescence imaging of autoignition phe-
omena is reported for the first time. The unique
ide-wall imaging flame test section (SWIFT) pro-
ides optical access to the round shock tube. Ex-
eriments performed using conventional and CRV
lling are reported, providing a comparison of au-
oignition behavior between the two methodolo-
ies. Details of the present experimental setup are
rovided in Section 2 , followed by a presentation of 
he imaging results (Section 3). Aggregated results
f experiments are discussed in Section 4 in rela-
ion to their comparison with 0-D ignition simula-
ions and a 1-D model of ignition in the presence
f an axial temperature gradient predictive of the
bserved remote-ignition behavior. 
Please cite this article as: A.J. Susa and R.K. Hanson, Simulta
toignition phenomena in conventional and constrained-reactio
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2. Experimental methods 

2.1. Facility and instrumentation 

Autoignition experiments are performed in a
high-purity, constrained-reaction-volume (CRV)
kinetics shock tube, a facility recently modified
with the introduction of the SWIFT to enable
large-FOV, side-wall schlieren imaging. The driver
section and driven section up to the CRV gate valve
remain as reported by Campbell et al. [7] . The 9.7-
m driven section features a 11.5-cm-inner diameter;
the 3.6-m driver section is of larger diameter, but
annular inserts are used to reduce the effective di-
ameter to match that of the driven section. A driver
insert, designed in simulation using StanShock [20] ,
was used to counteract effects of d P/ d t to provide
near-constant post-reflected-shock pressures prior
to ignition [21] . 

The SWIFT, as instrumented for the present in-
vestigation, is shown in cross section in Fig. 1 . The
6061-T6 aluminum section features hard-anodized,
matte black surfaces to minimize reflections. The
side-wall windows, designed as afocal, cemented-
doublet, cylindrical lenses with an inner radius
matching the contour of the tube, provide a 5- by
18-cm field of view. Geometries of the inner fused-
silica and outer BK-7 elements were selected to cor-
rect cylindrical aberrations, making the windows
compatible with schlieren imaging. An inset end-
wall assembly ( Fig. 1 a) positions the end wall about
1 mm within the view of the side-wall windows. Ad-
ditional details of the SWIFT facility can be found
in [22, Ch. 6] 

Schlieren imaging is performed laterally
through the side wall windows using a modi-
fied Z-fold arrangement comprised of 4-inch-
diameter off-axis-parabolic (OAP) mirrors (30 ◦,
f = 32.7 cm) [23] . A green, high-power light-
emitting diode (LED) paired with a 0.5-mm
pinhole provides the light source; a 1-mm pinhole
positioned at the second focal point served as the
schlieren stop, producing an isotopic response
to density gradients [24] . Schlieren images are
recorded by a Phantom v2012 camera at 100,000
frames per second (fps) using a 512- by 336-pixel
sensor region with a short (1–3 μs) exposure time.
Distortion introduced by the optical configuration
and characterized using a dot-grid target is cor-
rected through “warp” functionality provided by
Scikit-Image [23,25] . Schlieren image resolution is
56 pix/cm over a 8.5- by 5-cm field of view (FOV). 

Emission imaging is performed at an angle
through a side-wall window to avoid interfering
with the schlieren optics. A Phantom v710 camera
captures images through a 430-nm band-pass filter
to isolate emission from CH 

∗ radicals. The long-
working-distance arrangement enables a 18.5- by
4.6-cm FOV to be imaged by a 256- by 128-pixel
sensor region (13 pix/cm) at 200,000 fps. Primary
exposure times of 1–4.6 μs were long enough to
neous side-wall-schlieren and -emission imaging of au- 
n-volume shock-tube experiments, Proceedings of the 
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Fig. 1. Experimental configuration for simultaneous side- 
wall emission and schlieren imaging in the SWIFT. (a) 
Top-down view showing all components of the imaging 
systems. (b) Axial cross-sectional view showing only the 
last mirror of imaging systems, with shaded regions in the 
tube indicating the overlapping fields of view (approxi- 
mate) for the emission (red) and schlieren (green) diagnos- 
tics. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of 
this article.) 

 

 

 

 

 

 

 

 

capture weak emission at the onset of spontaneous
ignition. The extreme-dynamic-range (EDR) expo-
sure was set to 0.2–1 μs to prevent image saturation
from intense detonations. Distortion correction us-
ing a dot-grid target is applied to remove both opti-
cal distortion associated with the windows and ro-
tation induced by the turning mirrors. 

A suite of conventional diagnostics completes
the experimental setup. Four fast-response PCB
Please cite this article as: A.J. Susa and R.K. Hanson, Simulta
toignition phenomena in conventional and constrained-reactio
Combustion Institute, https://doi.org/10.1016/j.proci.2022.08.06
pressure transducers distributed along the SWIFT 

are recorded to determine the incident shock speed 
used as an input to a normal-shock equation solver 
(FROSH) to calculate the post-reflected-shock 
(region-5) conditions [26] . A Kistler pressure trans- 
ducer 3 mm from the inset end wall provides high 
fidelity pressure–time ( P–t) measurements. A 3.41- 
μm laser-absorption diagnostic [27] provides in situ 
verification of the fuel loading. An ultraviolet- 
(UV-)sensitive photodetector was used to record 
end-wall emission signals. While IDT determina- 
tions based on these conventional diagnostics are 
beyond the scope of the present work, plots of data 
recorded in each experiment are provided for refer- 
ence in Supplement 1. 

2.2. Image interpretation 

Here, the image processing applied to the 
schlieren and emission videos is described. Videos 
saved in raw “cine” format are read using pycine 
[28] and processed using open-source tools from 

Scikit-Image [25] . All final figures and videos were 
generated using Matplotlib [29] . 

Following distortion correction, schlieren im- 
ages are background corrected through their con- 
version to optical density (OD), which is calculated 
pixel-wise as OD k = − ln (I k /I bkgd ) . Here, values I k 
and I bkgd represent pixel intensities of video frame 
k and a pre-shock background image, respectively. 
OD image values are zero where I = I bkgd and pos- 
itive for the typical case of I < I bkgd for schlieren 
images. In practice, a small amount of jitter in the 
intensities of schlieren images is observed when 
short exposure times are used, an artifact removed 
by subtracting the median OD k value from each 
frame. 

The treatment of CH 
∗ emission images recorded 

on a dark background is quite straightforward. Fol- 
lowing distortion correction, background subtrac- 
tion was employed utilized a global median over all 
dimensions of the image sequence. Emission inten- 
sities were then globally normalized, producing rel- 
ative emission levels on the range 0 to 1. 

For compact presentation in print, image se- 
quences are converted to synthetic streak ( z –t) im- 
ages by collapsing the vertical image axis, produc- 
ing a 2-dimensional image in which the horizontal 
axis represents axial distance ( z ) and the vertical 
axis corresponds to time ( t). In the figures that fol- 
low, schlieren and emission z –t images are overlaid 
to create composite streak images, in which the ab- 
solute value of the mean OD is shown for schlieren 
values and the maximum intensity is taken for emis- 
sion images to preserve the normalization and facil- 
itate visualization of weakly emitting regions. 

Ignition times ( t ign ) and locations ( z ign ) are de- 
termined from the z –t images. Ignition criteria are 
defined as the time and location at which the rela- 
tive emission intensity first reaches a critical value 
( e ). Three criteria ( e ∈ { 0 . 1 , 0 . 2 , 0 . 5 } ) are evaluated 

neous side-wall-schlieren and -emission imaging of au- 
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n Section 3 , represented on z –t diagrams as green,
ellow, and red stars, respectively. In Section 4 ,
easured values corresponding to the earliest on-
et of ignition ( i.e. , e = 0 . 1 ) are compared to model
redictions. 

.3. Experimental conditions and test-gas filling 

Experiments were performed using a test-
as mixture comprised of stoichiometric ( φ = 1 )
ropane (C 3 H 8 ) in an oxidizer of 21% O 2 and 79%
r. Ignition was observed at region-5 temperatures

 T 5 ) in the range 1,203–1,438 K near atmospheric
ressure (0.98–1.05 atm). Both conventionally and
RV-filled experiments are reported, providing a
irect comparison of ignition behaviors observed
ith each method. 
In conventionally filled experiments, the entire

.7-m-long driver section is filled with test-gas mix-
ure. In CRV experiments, the driven section is filled
ith the CRV gate valve closed, allowing the 40-cm
est section to be filled with test-gas and the buffer
ection to be filled with an acoustically tailored,
ensity-matched mixture of propane, Ar, and N 2 
7,12] 1 . After filling each section, the pressures of 
he buffer and test sections are equilibrated through
he filling manifold. The gate valve is opened just
rior to diaphragm rupture ( i.e. , within seconds) to
inimize the time available for diffusive or gravity-
urrent-induced mixing of the buffer and test gases
12] . In the present CRV experiments, no evidence
f test-gas dilution or stratification was observed. 
The shock waves compress the test gas, of ini-

ial extent, L 1 (9.7 m for conventional fill, 40 cm
or CRV), to a region-5 length, L 5 = L 1 (ρ1 /ρ5 ) . For
ypical density ratios ρ1 /ρ5 ≈ 8 , L 5 ≈ 1 . 2 m is typ-
cal for conventionally filled experiments, such that
he test gas extends well beyond the imaging FOV.
or CRV experiments, however, L 5 ≈ 5 cm making
he entire extent of the test gas observable in both
he schlieren and emission FOVs. 

. Imaging results 

In this section, experimental imaging results
re presented as composite streak images and dis-
ussed. Across all images, schlieren OD values are
epresented by gray; emission intensities are over-
aid in red. The driven-side end wall is located at
he right edge; times are shown relative to the shock
ave reflecting from the end wall. Fig. 2 a is anno-
ated to show the extents of the schlieren and emis-
ion FOVs. Triangles mark the arrival of the in-
ident and reflected shocks at the PCB locations;
1 Non-ideal results from an experiment with an untai- 
ored buffer gas are presented and discussed in supple- 
ents S1.4 and S4 to illustrate the importance of buffer- 
as tailoring. 
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solid lines trace the inferred shock positions. The
nominal location of the test–buffer contact surface
is shown as a brown dash-dot line in CRV z –t dia-
grams. In addition to the z –t images presented here,
full videos for all experiments are provided in the
supplementary materials. 

3.1. Conventionally filled experiments 

Fig. 2 displays composite z –t images for conven-
tionally filled experiments, illustrating a transition
in the ignition mode and location as T 5 is reduced.
In the highest- T 5 experiments (1,423 K in Fig. 2 a
and 1,390 K in S2g), ignition initiates adjacent to
the end wall in what can be readily classified as
“strong” ignition [3] . This mode of ignition is ideal
for shock-tube IDT measurements, as the region-5
conditions are precisely known at the end wall and
“time zero” from which ignition is referenced is pre-
cisely defined as the time of shock reflection. 

At somewhat lower T 5 (1,271–1,343 K), ignition
occurs in a more distributed manner. In Fig. 2 b and
c (and S2h), weak levels of emission are first ob-
served about 2 cm from the end wall. In Fig. 2 d,
emission is first detected farther from the wall, near
8 cm. Looking to the full-frame videos (S2b–d, h),
localized regions of expansion can be seen in the
schlieren recordings about 10 μs preceding the first
observance of emission at those same locations.
The local homogeneity and consistent structure of 
these expanding regions do not align with the ex-
pected stochastic appearance of deflagrations ig-
nited by a hot particles [10] or pockets of gas [ e.g. ,
30 , 31] . Instead, the observations support an inter-
pretation of these remote ignition events as having
been spontaneously induced by zero-dimensional
(0-D) chemistry, a possibility revisited in the later
discussion Section 4.2 . 

Following the onset of ignition (green stars),
emission is observed over a distributed region be-
fore coalescing into a discrete detonation fronts. In
Fig. 2 b and c, detonations are seen as the thin red
line angling upward to the left in z –t images. In
Fig. 2 d, detonations form traveling in both direc-
tions, with the right-traveling front producing a re-
flected shock upon reaching the end wall. 

In the two lowest- T 5 experiments, the loci of the
first detected emission are found even farther from
the end wall ( Fig. 2 e and f). At 1,228 K ( Fig. 2 e),
emission is first detected near 10 cm. Looking to the
full video (S2e), disturbances are seen to enter the
schlieren frame from beyond its FOV. That obser-
vation, combined with the apparent presence of a
second ignition front initiating outside the emission
FOV, complicates the determination of the mecha-
nism responsible for inducing ignition. The inter-
pretation of the 1,210-K ( 2 f) experiment is more
evident; the ignition front entering the emission
FOV from the side clearly indicates that the onset
of ignition occurred at z ign > 18 . 5 cm prior to its
detection in the images. 
neous side-wall-schlieren and -emission imaging of au- 
n-volume shock-tube experiments, Proceedings of the 
3 

https://doi.org/10.1016/j.proci.2022.08.063


A.J. Susa and R.K. Hanson / Proceedings of the Combustion Institute xxx (xxxx) xxx 5 

ARTICLE IN PRESS 

JID: PROCI [mNS; October 15, 2022;9:13 ] 

Fig. 2. Composite synthetic streak images of CH 
∗ emission (red) overlaid on schlieren records (gray) from six C 3 H 8 -O 2 - 

Ar ( φ = 1) autoignition experiments using conventional shock tube filling. Times are shown relative to the shock reflecting 
from the end wall; broken time axes are used in (d-f) to show only the time ranges of interest. The extent of the schlieren 
images is indicated in (a). Incident (green) and reflected (blue) shock trajectories are overlaid, as determined from PCB data 
(triangle markers). Stars ( � ) mark the times and location of ignition, defined as the first instance of the relative emission 
reaching a critical value, e : green = 0.1, yellow = 0.2, red = 0.5. Full videos of convention-fill experiments are provided as 
supplements (S2a–h). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

3.2. CRV Experiments 

Fig. 3 presents the composite z –t image results
of autoignition experiments performed using CRV
filling. Notable differences are evident in the CRV
ignition experiments as compared to those using
conventional filling. At the three highest T 5 condi-
tions (1,342–1,438 K, Fig. 3 a–c), strong ignition de-
velops spontaneously in close proximity to the end
wall. The ignition fronts propagate away from the
end wall until they reach the buffer–gas contact sur-
face (brown dash-dot line), where the reaction ter-
minates but a shock wave is transmitted. 

At a lower T 5 of 1,299 K ( Fig. 3 d), emission is

first detected about 2 cm from the end wall follow- 

Please cite this article as: A.J. Susa and R.K. Hanson, Simulta
toignition phenomena in conventional and constrained-reactio
Combustion Institute, https://doi.org/10.1016/j.proci.2022.08.06
ing spontaneous expansion visible in the schlieren 
video (S3d). More intense emission is then first ob- 
served adjacent to the wall; the lack of transmitted 
shock beyond the contact surface indicates that the 
ignition front does not undergo DDT. Another ex- 
periment at this same T 5 condition (S3g) exhibits 
remarkable similarity to that shown in Fig. 3 d, 
demonstrating the repeatability of the experiments 
and supporting a 0-D-chemistry interpretation of 
the ignition mechanism. 

In the CRV experiments with the lowest T 5 
(1,203–1,247 K, Fig. 3 e and f), ignition occurs in a 
mild, spatially distributed manner over an extended 
duration. This behavior differs from that observed 
in conventionally filled experiments at comparable 
neous side-wall-schlieren and -emission imaging of au- 
n-volume shock-tube experiments, Proceedings of the 
3 

https://doi.org/10.1016/j.proci.2022.08.063


6 A.J. Susa and R.K. Hanson / Proceedings of the Combustion Institute xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: PROCI [mNS; October 15, 2022;9:13 ] 

Fig. 3. Composite synthetic streak images of CH 
∗ emission (red) overlaid on schlieren records (gray) from six C 3 H 8 -O 2 -Ar 

( φ= 1) autoignition experiments with CRV shock tube filling. Times are shown relative to the shock reflecting from the end 
wall; broken time axes are used in (d-f) to show only the time ranges of interest. The brown dash-dot line traces the nominal 
path of the test–buffer contact surface, which stagnates at L 5 . Incident (green) and reflected (blue) shock trajectories are 
overlaid, as determined from PCB data (triangle markers). Stars ( � ) mark the times and location of ignition, defined as 
the first instance of the relative emission reaching a critical value, e : green = 0.1, yellow = 0.2, red = 0.5. Videos of CRV 

experiments are provided as supplements S3a–g. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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 5 ( Fig. 2 d–f) in which mild ignition led to the de-
elopment of detonations. The differing ignition
ehaviors are likely attributable to the nature of 
ow confinement in experiments using different fill-
ng methodologies. The limited axial extent of reac-
ive mixture in CRV experiments allows the test gas
o expand more freely than in conventionally filled
xperiments, such that the confining effect required
or DDT to occur may not be present; the presence
f CH 

∗ emission beyond the nominal contact sur-
ace location in Fig. 3 e and f confirms the pres-
nce of an expanded test-gas region. In the com-
lete videos (S3e and S3f), it is apparent that the
istributed nature of the onset of emission is not
onsistent with a deflagration, suggesting instead
Please cite this article as: A.J. Susa and R.K. Hanson, Simulta
toignition phenomena in conventional and constrained-reactio
Combustion Institute, https://doi.org/10.1016/j.proci.2022.08.06
that an interpretation of ignition being induced by
spontaneous, 0-D chemistry cannot be ruled out.
In these experiments, deflagrations do appear to
spread outward from the initial ignition location,
controlling the spread of emission at later times. 

4. Discussion 

Ignition times ( t ign ) and locations ( z ign ) deter-
mined from the 8 conventionally filled and 7 CRV
experiments using the e = 0 . 1 threshold (green
stars in z –t diagrams) are aggregated in Fig. 4 . The
choice of the lowest e threshold reflects a desire to
capture the initial, apparently spontaneous onset
neous side-wall-schlieren and -emission imaging of au- 
n-volume shock-tube experiments, Proceedings of the 
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Fig. 4. Ignition results extracted from emission images 
using an ε = 0 . 1 criteria. Markers represent experiments: 
solid-filled when the onset occurs within the imaging FOV 

and half-filled markers when evidence of ignition initiat- 
ing outside the FOV is present. (a) Measured t ign (top) 
and residuals ( εt , bottom) calculated against an Arrhe- 
nius fit of T 5 > 1,290 K data (black dash-dot line). Also 
shown are τign values from 0-D simulations (solid lines) 
performed with a constant- HP reactor model. (b) z ign in- 
ferred from composite streak images. In both subplots, 
predictions of a 1-D axial-temperature-gradient model 
[22] calculated using a d T 5 / d z = 150 K/m gradient are 
shown as dashed lines. 

 

 

 

 

 

 

of ignition. More intense emission levels tend to
result from subsequent phenomena, such as DDT,
not immediately relevant to the characterization
of autoignition chemistry. Half-filled markers are
used to represent the two lowest- T 5 conventional-
fill experiments, recalling evidence that ignition ini-
Please cite this article as: A.J. Susa and R.K. Hanson, Simulta
toignition phenomena in conventional and constrained-reactio
Combustion Institute, https://doi.org/10.1016/j.proci.2022.08.06
tiated outside the imaging FOV at an earlier t ign and 
larger z ign than plotted. 

4.1. IDT comparison to 0-D simulations 

The top axis of Fig. 4 a presents an Arrhe- 
nius diagram of t ign values measured relative to 
the shock-wave reflection from the end wall. Mea- 
surements are overlaid on τign values simulated us- 
ing a 0-D, constant-enthalpy–pressure (- HP ) model 
in Cantera [32] with ignition defined by a �T of 
500 K. Three kinetic mechanisms — the propane 
sub-mechanism from NUIG 1.1 [33] , the propane 
mechanism from UC San Diego [34] , and USC 

Mech II [35] — are evaluated through the compar- 
ison of their predicted τign to the present measure- 
ments. Also shown is an Arrhenius fit to t ign val- 
ues from T 5 > 1,290 K experiments, the range over 
which the onset of ignition occurred near the end 
wall ( z ign � 2 cm in Fig. 4 b). 

The bottom axis of Fig. 4 a shows residuals ( εt ) 
of the measured t ign and simulated τign values cal- 
culated against the Arrhenius fit, τArr : 

εt = 

(
t ign − τArr 

)
/τArr . (1) 

Over the range T 5 > 1,290 K, t ign measured in con- 
ventional and CRV experiments are found to be 
consistent with one other and well described by the 
Arrhenius expression, exhibiting residuals of about 
5% or less. The agreement of simulated τign values, 
however, is less than stellar. Values τign simulated 
using the San Diego and USC Mech II are generally 
of the correct magnitude but exhibit a weaker T 5 
dependence ( i.e. , lower activation energy) than seen 
in the data; this leads to the mechanisms over pre- 
dicting t ign by more than 20% at T 5 > 1,400 K and 
under predicting t ign by a similar amount for T 5 < 

1,290 K. Despite its extensive validation, the NUIG 

1.1 propane sub-mechanism performs even worse, 
over predicting t ign by roughly a factor of 2 across 
the T 5 > 1,290 K range but with a T 5 dependence 
that more closely aligns with the measurements. 

4.2. 1-D temperature-gradient model 

At temperatures below 1,290 K, measured val- 
ues t ign values are found to be shorter than ex- 
pected based on the Arrhenius fit ( Fig. 4 a), coincid- 
ing with z ign being found farther from the end wall 
( Fig. 4 b). Mechanisms such as burning particles 
[10] and hot spots arising from the boundary layer 
[ e.g. , 30 , 31] have been discussed in the literature 
as being responsible for locally igniting deflagra- 
tions away from the end wall. However, the present 
imaging results reveal that ignition appears to initi- 
ate spontaneously and not from a singular ignition 
point. This finding suggests that even remote igni- 
tion events observed in this work may have been in- 
duced by 0-D chemistry, a notion requiring deeper 
consideration. 
neous side-wall-schlieren and -emission imaging of au- 
n-volume shock-tube experiments, Proceedings of the 
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A typical expectation of shock-tube experi-
ents holds that the test gas nearest the end wall,
eing the first to pass through the reflected shock
nd reach region-5 conditions, has the longest time
o react and should therefore be the first to ignite
hen ignition is induced by 0-D chemistry. Impor-
antly, this expectation is premised on an assump-
ion that the thermodynamic state of the region-5
est gas is uniform. 
Here, the effect of relaxing the uniform-test-gas

ssumption is evaluated in relation to the present
xperiments through a presumed presence of an ax-
al temperature gradient ( d T 5 / d z ) in the test gas.
he basis for axial temperature variation in shock
ubes dates at least as far back as Belford and
trehlow, who noted that shock attenuation pro-
uces a gradient in the post-shock conditions [36] ;
ater works suggested a temperature gradient may
e related to remote ignition without investigat-
ng the premise further [ e.g. , 6 , 37] . Recently, Lip-
owitz et al. identified the presence of d T 5 / d z of 
(100 K/m ) in simulations of shock-tube au-

oignition experiments, which they identified as a
ause of remote ignition in those simulations [38] . 
The predicted effect of imposing a T 5 gradient

f d T 5 / d z = 150 K/m was evaluated using the 1-
 temperature-gradient model reported by Susa

22, pp. 257–267] . Results of the 1-D model are
hown in Fig. 4 as dashed lines; colors correspond
o the filling method. Briefly, the model assumes
hat ignition initiates at location z ign within the test
as ( i.e. , z ign ≤ L 5 ) of minimum lab-frame ignition
ime, t ign : 

 ign (z ) = t r (z ) + τign (T 5 (z )) (2)

= 

z 
V r 

+ τign 

(
T 0 5 + z 

d T 5 
d z 

)
. (3)

ere, t r (z ) is the lab-frame time for the reflected
hock (velocity V r ) to reach z . τign (T 5 (z )) is the IDT
valuated at the local temperature T 5 (z ) . T 0 5 is the
emperature at the end-wall, which is plotted as the
orizontal axes in Fig. 4 . In applying the model to
he present experiments, the empirical Arrhenius fit
 τArr ) is used to evaluate τign . 
Looking first to the z ign plot ( Fig. 4 b), it is seen

hat the 1-D model predicts remote ignition to oc-
ur when T 5 < 1 , 300 K. In modeled results us-
ng conventional filling, the predicted z ign increases
apidly, exceeding the values observed in the exper-
ments. Notable, however, is that the predicted lo-
ation exceed the emission FOV for T 0 5 < 1,270 K,
onsistent with the evidence of ignition beyond the
OV in the two lowest- T 5 conventional-fill exper-
ments. In CRV experiments, the predicted z ign is
imited by the shorter extent L 5 of test gas, closely
atching the transition observed in the experi-
ents from ignition at the end wall to ignition near
he contact surface. 
Please cite this article as: A.J. Susa and R.K. Hanson, Simulta
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The predicted effect of T 5 -gradient-induced re-
mote ignition on measured t ign is shown in Fig. 4 a.
For T 0 5 > 1,290 K, t ign predicted with d T 5 / d z coin-
cides with τArr , a result of ignition at or very near
the end wall. At lower T 0 5 , predicted values of t ign
are shorter than the 0-D τArr due to ignition oc-
curring remotely at a location of locally higher T 5 .
The magnitude of the error in t ign compared to τArr
resulting from remote ignition is predicted by the
d T 5 / d z model to be much smaller in CRV exper-
iments ( ∼10%) than those using conventional fill
(reaching > 50% ). Experimentally determined t ign
show less distinction between filling methods than
predicted, though the suspected onset of ignition
beyond the FOV (and at earlier t ign than observed)
in the low- T 5 , conventionally filled experiments im-
pedes direct comparison to CRV results for which
the time and location of ignition is clearly observ-
able. 

The deviation of the CRV results from τArr by
more than the magnitude predicted by the 1-D
model could have any number of explanations. One
likely factor is non-Arrhenius behavior in the IDT,
which is evident in the simulated values but not con-
sidered in the Arrhenius fit used to apply the 1-
D model. Only a small amount of fall off in the
underlying, ground-truth τign values would be re-
quired at low- T 5 conditions to bring the 1-D model
in line with t ign measured in CRV experiments. An-
other likely possibility is that the d T 5 / d z gradi-
ent is not accurately described by a constant value
across all experimental conditions, with variation
across different T 5 conditions likely; differences be-
tween filling methods is also a possibility. As such,
while the 1-D model predictions are functionally
predictive of the observed ignition behavior, addi-
tional investigation into the presence, magnitude,
and nature of d T 5 / d z , in particular experimental-
condition and facility dependencies, would broadly
benefit the understanding and interpretation of 
shock-tube autoignition experiments. 

5. Conclusion 

Simultaneous side-wall-schlieren and -emission
imaging of shock-tube autoignition experiments
was reported for the first time in experiments per-
formed using conventional and CRV filling. This
novel diagnostic technique revealed significant dif-
ferences in the ignition dynamics between the two
methods. Qualitative observations revealed that
even at conditions exhibiting remote ignition, the
onset of ignition occurred in a locally homoge-
neous manner suggestive of initiation by sponta-
neous autoignition chemistry. 

Quantitative experimental measurements of t ign
and z ign were extracted from synthetic z –t diagrams
generated from video sequences. Extracted values
 ign for high- T 5 experiments not affected by remote
ignition were found to be consistent between the
neous side-wall-schlieren and -emission imaging of au- 
n-volume shock-tube experiments, Proceedings of the 
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43–53 . 
conventional- and CRV-filled experiments and well
described by an Arrhenius fit (within about 5%).
Comparing the high- T 5 measurements to 0-D sim-
ulations, τign values predicted by the San Diego
[34] and USC Mech II [35] mechanisms were found
to be of roughly the correct magnitude but exhib-
ited a lower activation energy than suggested by
the measurements; a propane submechanism from
NUIG 1.1 [33] was found to systematically over
predict the measured t ign by roughly a factor of two.

Measurements of both t ign and z ign were also
compared to predictions of a recently proposed
1-D axial-temperature-gradient model. Consider-
ing the effect of a supposed d T 5 / d z of 150 K/m,
remote ignition is correctly predicted for T 5 <
1,290 K. The 1-D model additionally predicts mea-
sured t ign values falling below τign (T 0 5 ) when re-
mote ignition is present. Model results indicate
use of the CRV method should effectively mitigate
the measurement-error magnitude at low- T 5 condi-
tions. Further investigation to confirm the presence
and nature of d T 5 / d z in shock tube experiments
promises to inform improved methods and inter-
pretations of autoignition experiments and thus en-
able improved kinetic mechanisms that rely upon
such measurements in their development. 
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