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Brief Communication 

Abstract 

High-speed imaging is an excellent methodology to visualize complex features of a transient flow 

system. This diagnostic has been utilized in visualizing ignition behavior in shock tubes which are 

otherwise assumed to undergo homogeneous ignition process. In recent works, endwall high-speed 

imaging was implemented in shock tubes to study the ignition modes of different fuels, and these 

works have shown the existence of non-homogeneous ignition under specific conditions. Imaging 

from endwall provides a two-dimensional radial visualization wherein the depth of field is missing, 

thus making it difficult to detect and diagnose lateral position of non-homogeneous ignition. In 

this communication, we report the design and implementation of a novel imaging section which 

enables simultaneous lateral and endwall imaging by using a longitudinal slit window. In contrast 

to previous works, the new section maintains the circular structure of the shock wave and allows 

lateral imaging as far as 300 mm from the shock tube endwall. Representative measurements were 

carried out with ethanol, methanol and n-hexane to illustrate the potential of this three-dimensional 

diagnostic and its advantages compared to endwall imaging. 
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Introduction  

Shock tubes are commonly used as homogenous zero-dimensional batch reactors to investigate 

reaction kinetics, fuel pyrolysis and autoignition. However, shock tube ignition measurements 

affected by non-idealities have been observed in some recent experimental works [1-4] and further 

studied by computational methods [5-7]. High-speed imaging has become an important diagnostic 

method to visualize such non-ideal behavior and propose reasons for the departure from 

homogenous ignition.  

Shock tube endwall imaging was implemented in our previous work [8] to analyze ignition modes 

of ethanol, and several efforts have been made in literature to utilize endwall imaging for studying 

oxidation of various fuels and a range of conditions [9-13]. This methodology is able to 

differentiate between radially homogenous and non-homogeneous ignition. However, this 

technique cannot capture the axial location of ignition and axial propagation of flame kernels or 

detonations. A few works detected ignition far from the shock tube endwall by imaging diagnostics 

in transparent rectangular section shock tubes [14-16]. Fieweger et al. [14] visualized n-heptane 

and iso-octane combustion up to 15 bar, observing inhomogeneous processes at temperatures 

below 1105 K. Yamashita et al. [16] investigated acetylene oxidation up to 2 bar and identified the 

corners of the square-section shock tube as a source of non-homogeneity. The comparison of 

observations made in square cross-section tubes and circular shock tubes, usually employed for 

chemical kinetic studies, is, therefore, quite limited. Lee et al. [15] and Wang et al. [17] utilized 

optical sections in circular shock tubes for sidewall visualization of combustion. Lee et al. [15] 

only showed one result of far-wall ignition of ethanol at 10 bar, while Wang et al. [17] showed 

images of the combustion of H2-air-steam mixtures up to 4.6 bar, where mild ignition was 

identified occurring far from the endwall. 
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To our knowledge, this study demonstrates the first simultaneous endwall and lateral imaging of 

ignition in a shock tube. Furthermore, this work shows the first high-speed lateral imaging in a 

circular shock tube, with an axial distance farther from the endwall than reported in a previous 

work [15]. Here, we report the design and implementation of such a three-dimensional (3D) high-

speed imaging setup. We describe the unique advantages of this diagnostic method by analyzing 

spatial and temporal behavior of representative cases of fuel autoignition behind reflected shock 

waves. 

3D Optical Test Section 

Experiments were performed in the Chemical Kinetics Shock Tube facility at King Abdullah 

University of Science and Technology (KAUST). The driver and driven section of this facility are 

each 9.1 m long, separated by a polycarbonate diaphragm, with an inner diameter of 14.2 cm. 

Facility and instrumentation details are described in [8]. 

In order to visualize ignition process in three dimensions near the end of the shock tube, a new 

circular optical section was designed and attached to the driven part of the shock tube (see Fig. 1). 

This new section was made of stainless steel (SS 316) with a transparent endwall and two opposed 

slit windows of length 300 mm and width 30 mm. The fused silica slit windows (Corning UV), of 

thickness 21.5 mm, have a flat inner surface and their width was chosen to minimize the mismatch 

of the curvature of the stainless steel body to the slit window surface. The transparent endwall was 

designed to enable visualization of the entire circular section of 142 mm diameter. A stepped 

configuration was selected so the inner surface of the endwall would match the edge of the slit 

window, leaving no blind spot in the test section. This allows for a complete longitudinal 



 4 

visualization of the ignition processes near and far from the endwall. Thickness of the endwall 

window is 75 mm. The stainless steel body of the optical section enables measurements at high 

pressures and/or non-diluted fuel/air mixtures. The new optical test section is designed for 

maximum pressure of 30 bar.  

 

Figure 1. New optical end section for simultaneous lateral and endwall visualization. Optical access via 
two opposed slits and endwall allow uninterrupted visualization from endwall to 30 cm away. 

 

Two high-speed cameras were utilized to record simultaneous lateral and endwall natural 

luminosity (see Fig. 1) from the combustion of different test fuels. The Photron Fastcam SA-X2 

cameras were synchronized and images were recorded at 50,000 frames per second. Pressure rise 

of the incident shock wave was used as a trigger for recording the camera signals. UV lenses with 

optimized transmissivity between 250-650 nm and a focal length of 105 mm were used for both 

cameras. Only one slit window was used in the measurements reported here. Axial length shown 

in the sidewall images is limited to 208 mm due to space constraints and the utilization of same 

lens for both imaging. Spatial resolution is 0.26 mm/pixel and 0.17 mm/pixel for sidewall and 

endwall images, respectively. 

 

High-Speed 3D Ignition Measurements 

Representative imaging measurements were carried out for three fuels, namely ethanol, methanol 

and n-hexane, at reflected shock pressures ranging 1.34 – 2.76 bar and temperatures ranging 822 
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– 1370 K. Methanol (99.8%), ethanol (> 99.8%) and hexane (99%) were obtained from Sigma-

Aldrich; oxygen and argon (99.999%) were supplied by Air Liquide. 

Ideal operation of a shock tube facility dictates that the combustion process should happen at or 

very close to the endwall, which is the place where the fuel/oxidizer mixture has been heated up 

by the reflected shock wave earliest than any other position of the driven section. The lateral 

imaging helps in confirming the ideality of the process, i.e., the ignition process indeed starts very 

close to the endwall. See Supplementary Material for a video example of a nearly ideal high-

temperature (T = 1213 K) ignition of ethanol.

To depict the benefits of the simultaneous imaging diagnostic, Fig. 2 shows an example of the 

combustion of a mixture of 5% methanol / 15% O2 / Ar (φ = 0.5) using a false color scheme. For 

this relatively low-temperature condition (1037 K), endwall imaging shows an apparently fast and 

nearly homogeneous ignition with a core initiated volumetric combustion phenomenon. However, 

the sidewall imaging shows an emission feature starting at about 130 mm from the endwall, and it 

is correlated to the central luminosity in the endwall imaging. This emission kernel quickly 

propagates to the left and right simultaneously, compressing and igniting the mixture closer to the 

endwall, and posteriorly reflecting towards the diaphragm position. This is a case of far-wall 

ignition, which could not have been identified by endwall imaging alone. Additionally, lateral 

imaging can be used to track the front speed, which is calculated to be ~ 1500 m/s for axial 

propagation towards the endwall for this specific case. 
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Figure 2. Autoignition of 5% methanol / 15% O2 / Ar at 1037 K and 2.04 bar. High-speed imaging from a) 
endwall and b) sidewall. Ignition initiates far from the endwall as evidenced by sidewall imaging. See 

additional images in Fig. S1 (Supplementary Material). 
 

Figure 3 shows a process of localized non-homogeneous ignition for a mixture of 5% n-hexane / 

47.5% O2 / Ar (φ = 1) at 882 K. Here, a flame kernel initiates near the bottom of the shock tube 

and is located about 40 mm from the endwall; this kernel slowly grows until main ignition is 

reached. It may be noticed that the time for the emission features to fill the circular section in a 

strong ignition (Fig. 2) is significantly less than the one observed at the condition of Fig. 3. Similar 

observations were made previously for lean ethanol mixtures at low temperatures with the help of 

endwall imaging [8]. Another interesting observation from the images shown in Fig. 3 is the 

appearance of a second emission kernel further from the endwall (appearing at 2.138 ms and 165 

mm). Additional frames are shown in Fig. S2 (Supplementary Material). Since this feature appears 

later than the one near the endwall, it would not have been possible to identify it with endwall 

imaging alone since its luminosity is blocked by the expanding front. Additionally, this low-

temperature case of n-hexane ignition exhibits significantly expedited ignition delay time when 
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compared to chemical kinetic models, similarly to the observations reported by Javed et al. for n-

heptane [1]. Videos for the cases represented in Figs. 2 and 3 can be found in the Supplementary 

Material section. 

 

Figure 3. Localized ignition of a mixture of 5% n-hexane / 47.5% O2 / Ar at 882 K and 2.67 bar. High-
speed imaging from a) endwall and b) sidewall. See additional images in Fig. S2 (Supplementary 

Material). 
 

Conclusions 

A new optical section has been designed, manufactured and tested for simultaneous sidewall and 

endwall high-speed imaging of combustion phenomena behind reflected shock waves. Circular 

design of the optical section and stainless steel body enabled visualization at conditions similar to 

the ones used for conventional ignition delay experiments. Representative tests with fuels such as 

ethanol, methanol and n-hexane were performed to illustrate the potential benefits of this 

simultaneous 3D imaging. Homogeneous strong ignition was observed at high temperatures, where 

the sidewall imaging confirmed ignition taking place near the endwall. At lower temperatures, far 
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wall ignition was observed and lateral imaging helped to discern the relative depth of ignition 

features observed from the endwall. Future work will utilize this newly developed 3D imaging 

diagnostic to identify and understand the causes of non-homogeneous and far-wall ignition. In 

addition to luminosity measurements, schlieren photography will also be implemented via the two 

opposed slit windows for further investigation of flame kernels and ignition fronts.  
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