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that were interrogated, and offer a new avenue for rapid and 
quantitative measurements of reactive flow.

List of symbols
I	� Radiation intensity (W/m2 sr)
Ib	� Blackbody radiation intensity (W/m2 sr)
s	� Path length (m)
α	� Absorptivity (–)
κ	� Linear absorption coefficient (1/m)
λ	� Wavelength (µm)
τ	� Transmissivity (–)

1  Introduction

The development of high-speed air-breathing propulsion 
systems depends upon the ability to understand the com-
plex fluid dynamic and combustion processes involved. 
Flows within these engines are supersonic, at high tempera-
tures, and are highly turbulent. The interactions involved 
in and between ignition, flame holding and stabilization 
at these unique conditions are highly coupled and com-
plex, requiring detailed interrogation in order to elucidate 
the specific controlling physics. Additionally, the spatial 
and temporal scales for the processes can be quite dispa-
rate, further exacerbating the situation. This has motivated 
considerable research targeting non-intrusive diagnostics 
to provide qualitative and sometimes quantitative insights 
into mixing and combustion. For example, particle image 
velocimetry (PIV) has been used at both Hz and kHz band-
width to examine non-reactive and reactive supersonic flow 
fields (Tuttle et  al. 2014; Peltier and Carter 2015). Planar 
laser-induced fluorescence (PLIF) of NO has been applied 
to investigate the mixing characteristics of jets in super-
sonic cross-flows (Lee et al. 1992; Allen et al. 1993; Gruber 
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et al. 2004; Ombrello et al. 2015b). PLIF of OH and CH2O 
has been employed to interrogate the turbulent burning pro-
cesses within supersonic combustors (Allen et  al. 1993; 
Gauba et  al. 1997; Gruber et  al. 2004; Rasmussen et  al. 
2005, 2007; Ryan et al. 2009; Do et al. 2010; Cutler et al. 
2014). More recently, the application of higher bandwidth 
(kHz) OH and CH2O PLIF has provided time-resolved 
measurements of ignition and burning processes within a 
cavity-based flameholder (Hammack et  al. 2013; Miller 
et  al. 2016). Additionally, tunable diode laser absorption 
spectroscopy (TDLAS) has been used with one or more 
lines-of-sight for quantitative temperature and species con-
centrations measurements  in the exhaust of a high-speed 
combustible flow (Brown and Herring 2012; Busa et  al. 
2015). While laser diagnostic techniques can provide valu-
able information, they can also require significant resources 
for equipment, set-up, and execution. Furthermore, applica-
tion of some laser diagnostics is not possible for high-speed 
applications because of limitations in optical access.

High-frame-rate emission-based imaging techniques 
have been implemented recently to reduce diagnostic 
resources when studying high-speed reactive flows and 
still provide insights into the fluid mechanic and combus-
tion processes. To this end, schlieren and shadowgraph 
imaging have been used to visualize fluid dynamic pro-
cesses through density gradients. These techniques have 
been applied at frequencies up to 100 kHz (Ombrello et al. 
2015a, b). Additionally, chemiluminescence imaging (vis-
ible spectra) has been applied to enable time-resolved visu-
alization of the location of heat release. This provided an 
unprecedented perspective of the combustion and ignition 
processes in supersonic flows (Ombrello et  al. 2015a, b). 
While implementation of emission-based techniques tend 
to be relatively simple and require fewer resources, they 
typically can be used only to provide qualitative informa-
tion. Thus, there is a need to consider other emission-based 
imaging techniques which can be quantitative and readily 
implemented.

Mid-infrared imaging can provide quantitative meas-
urements of the radiation intensity emitted or absorbed 
from gases such as H2O, CO2, CO, and hydrocarbons. 
Such measurements have been used to determine turbu-
lent radiation statistics of reacting and non-reacting flows 
(Blunck et al. 2012b; Rankin et al. 2014), quantify the spa-
tial distribution of combustion products in a flame (Rhoby 
et  al. 2014), determine the temperature in spark kernels 
(Blunck et al. 2012c), evaluate species concentrations in an 
exhaust plume (Gross et al. 2010), and estimate the water 
vapor concentration in a H2 flame (Blunck et al. 2009). In 
summary, the quantifiable aspect of infrared thermogra-
phy allows it to be used to provide insights into the fluid 
mechanics of reacting and non-reacting flows.

Measured radiation intensities can be used to assess 
computational fluid dynamics calculations and provide  a 
better understanding of scalar distributions within flows. 
In one approach, the calculated temperature and species 
distributions are used to solve the radiative transfer equa-
tion (Modest 2003) and determine the radiation intensity 
for comparison to measurements (Blunck et  al. 2012a; 
Newale et  al. 2015). For example, Blunck et  al. (2012a) 
determined that three-dimensional calculations were 
required to adequately capture mixing and entrainment 
in an exhaust plume based on comparison of radiation 
intensity measurements and calculations. Using similar 
comparisons, Rankin et al. (2015) concluded that includ-
ing radiation losses are important in simulations even for 
flames with relatively low radiative heat losses. As a sec-
ond approach to evaluation, measured radiation intensi-
ties can be used to determine scalar distributions without 
directly calculating the radiation intensities. For example, 
Chuah et  al. (2016) found evidence that extensive fuel 
pyrolysis occurs within the core of alcohol pool flames 
based on the distribution of radiation emissions from C–O 
stretch bands, CO2, and H2O. This is in contrast to the 
common assumption that fuel pyrolysis occurs near the 
flame sheet from alcohol pool fires. Insight into the sca-
lar distribution is enabled because the radiation intensity 
depends on the concentration of radiating species, path 
lengths, and temperatures.

The focus of this effort is to assess the feasibility of 
infrared imaging of the ignition and combustion pro-
cesses in a cavity flameholder for a Mach 2 flow, in 
consideration of the potential advantages of radiation 
intensity measurements. The goal was to assess whether 
or not the diagnostic technique could provide quantifi-
cation like planar laser measurements, but retain the 
experimental simplicity of emission-based visualiza-
tion. This effort extended infrared diagnostics from lab-
oratory flames (Blunck et  al. 2009; Rankin et  al. 2014, 
2015; Rhoby et  al. 2014) to a more realistic engine 
environment which included transmission, absorption, 
and emission through windows. First, these evaluations 
report measurements of the radiation intensity emitted 
during a quasi-steady cavity burning process relative to 
the fueling rate, and hence equivalence ratio. The results 
were compared to calculated species and temperature 
distributions to understand what species generated the 
radiative emissions and the species distributions within 
the cavity. Second, the cavity ignition processes using 
two different energy deposition techniques were evalu-
ated using infrared thermography. By using a spark dis-
charge and a pulse detonator (PD) for cavity ignition, 
infrared imaging was explored for highly transient pro-
cesses and the sensitivity of the technique evaluated.
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2 � Experimental approach

2.1 � Arrangement

Experiments were performed in the supersonic wind tun-
nel of Research Cell 19 at Wright-Patterson Air Force Base 
(Gruber and Nejad 1995). A generic cavity-based flame-
holder configuration was used, as illustrated in Fig. 1. The 
entire flow path was 15.2 cm wide, with a minimum height 
of 5.08  cm upstream of the cavity and a 2.5° divergence 
throughout the combustor. The cavity had a backward-
facing step on the upstream side and a 22.5° ramp on the 
downstream. The cavity-based flameholder provides a sub-
sonic recirculation zone to increase flow residence time, 
and therefore allows for flame stabilization that would not 
be possible in a pure supersonic flow. The burning cavity 
would therefore provide the piloting necessary for main-
taining combustion in the supersonic flow. While there are 
many other flameholding techniques, cavities are com-
monly used and have been investigated extensively (Ben-
Yakar and Hanson 2001; Gruber et  al. 2001).The flow 
pattern created by the ramped cavity originates with the 
supersonic flow expanding over the front step of the cav-
ity, producing a shear layer (see Fig.  2). The shear layer 
impinges upon the closeout ramp and is the region that sep-
arates supersonic from subsonic flow and allows for mass 

exchange to and from the cavity. The bulk recirculation 
pattern produces a flow along the floor of the cavity that is 
opposite of the bulk supersonic flow direction.

Two ports were located at the base of the cavity, 1.9 cm 
off from the centerline. The ports accommodated both the 
spark discharge and PD ignition devices (Ombrello et  al. 
2015a). Fused silica windows formed the top and sides 
of the flow path near the cavity. Fuel (C2H4) was injected 
into the cavity through eleven holes toward the base of the 
cavity closeout ramp. Low global equivalence ratios were 
maintained in all experiments to ensure only burning in the 
cavity and no full-duct combustion. For the fueling rates 
of 40–200 standard liters per minute (slpm), the global 
equivalence ratio was 0.003–0.017. The cavity veloc-
ity flowfield was affected little across the range of fueling 

Fig. 1   Illustration of the cavity-
based flameholder used for the 
experiments, with demarcation 
of the top and side camera 
views through the windows

Fig. 2   Illustration of the bulk flowfield pattern within the cavity
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rates. While the global equivalence ratio was low, the cav-
ity equivalence ratio was much higher and changed during 
pre-ignition to quasi-steady burning because of the direct 
injection of fuel and the passive entrainment of air through 
the shear layer. Prior to ignition, the equivalence ratio was 
near stoichiometric, while the quasi-steady burning cavity 
was more rich. Nevertheless, since no measurements of the 
air entrainment into the cavity were performed, the fueling 
conditions are reported as the C2H4 flow rate (slpm) into 
the cavity for a relative perspective. A flow Mach number 
equal to 2, a total temperature of 600 K, and a total pres-
sure near 485  kPa were used for all experiments. These 
conditions correspond to a flight Mach number of approxi-
mately 4.

Ignition was achieved using either a spark discharge or 
the PD. An automotive style exciter (AEM Model 30-2853) 
was used to provide up to 100 mJ/pulse of energy for the 
spark discharge, with a discharge duration of 3–4 ms. The 
PD provided a detonation plume with an excess of 100  J 
of sensible energy. The detonator was a 61  cm long and 
1.03  cm inner-diameter stainless steel tube. The fuel and 
oxidizer injection as well as the spark igniter were at the 
closed end of the tube. The fuel (C3H8) and oxidizer (N2O) 
were selected to produce detonations in the small diameter 
tube and at the low static pressure (approximately 62 kPa) 
in the cavity. Each firing produced a detonation wave near 
Chapman–Jouguet conditions, with wave speeds confirmed 
using ion probes near the exit into the cavity. The PD was 
operated at a 10  Hz repetition rate, with up to 10 pulses 
used for each cavity ignition study. Additional details are 
provided in refs. (Ombrello et al. 2015a, b).

Radiation intensity measurements were collected of 
spark discharges, detonation plumes, and quasi-steady 
burning within the cavity from both the top and side views 
of the tunnel. This allowed for sensitivities of the infrared 
imaging technique to be assessed for different times-scales 
in a windowed supersonic combustor. Additionally, broad-
band visible chemiluminescence was captured simultane-
ously through the side windows for some experiments to 
benchmark the infrared imaging technique.

2.2 � Visible chemiluminescence measurements

A high  frame-rate monochrome CMOS sensor camera 
(Photron FASTCAM SA-Z) was used to capture visible 
chemiluminescence from the quasi-steady burning cavity. 
The camera was positioned normal to the side windows of 
the tunnel (see Fig. 1). This allowed for simultaneous imag-
ing of the visible chemiluminescence and infrared radia-
tion, albeit from opposite sides of the tunnel. Imaging of 
the ignition transients with the spark discharge and the PD 
was performed during a previous set of experiments, when 
the infrared camera was not used. Nevertheless, images 

were captured under the same set of conditions as transient 
radiation measurements, upon which strong repeatability 
had been documented (Ombrello et al. 2015a). A framing 
rate of 1000 frames per second (fps) was used for the quasi-
steady burning cavity, while 50,000 fps was used for imag-
ing the ignition processes with both the spark discharge 
and PD. Time-averaged results include 1000 time-resolved 
images. The sensor on the Photron FASTCAM SA-Z cam-
era had greater than 20 % quantum efficiency between 400 
and 850 nm, therefore capturing the entire visible spectral 
range, as well as some near-infrared. A plot of the typical 
normalized visible emission from a cavity-based flame-
holder burning C2H4 is shown in Fig. 3. The emission was 
captured using a fiber-coupled Ocean Optics Maya 2000 
Pro spectrometer with 10  ms integration time. The spec-
trum showed that the main bands that the camera collected 
would be from CH* and C2*.

2.3 � Radiation intensity measurements

Two FLIR infrared cameras, an SC6700 and SC6800HD, 
were used to measure the radiation intensity emitted from 
top and side views of the cavity (respectively). The inten-
sity measured by the cameras is described by the radiation 
transfer equation integrated between the spectral range of 
the detector and optics (Newale et al. 2015),

Here, the optical thickness is defined as,
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Fig. 3   Spectrum of normalized emission collected from quasi-steady 
burning flame in the cavity-based flameholder. Excited CH (CH*) and 
C2 (C2*) produce the most emission within the quantum efficiency 
band of 20 % or greater for the Photron FASTCAM SA-Z
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and depends on the path length and the concentrations of 
the radiating species. Equation  (1) neglects scattering by 
the radiating species and reflected or emitted radiation 
from the surroundings. αλ accounts for transmission losses 
through the optics and window and variations in the spec-
tral response of the detector. The camera used for meas-
urements from the top of the cavity was sensitive between 
1 and 5 µm, while the side camera was sensitive between 
3 and 5  µm. In these  spectral  ranges, radiation emissions 
from the gases in the flow are primarily from H2O (2.7 µm), 
C–H stretch (3.4  µm), and CO2 (4.2  µm). The combus-
tor windows (Corning 7980) absorb all infrared radia-
tion between approximately 2.7 and 2.8 µm, while allow-
ing approximately 90  % transmission near 3.4  µm. Near 
4 µm, transmission decreases to approximately 10 %, with 
no transmission beyond approximately 4.3 µm. All values 
are for internal transmission at room temperature and for 
10 mm window thickness (versus 19 mm and 29.7 mm for 
the top and side windows used, respectively), and conse-
quently only provide a relative approximation of losses. 
Therefore, most of the radiation detected by the camera is 
attributed to emissions from the parent fuel (C2H4) or inter-
mediate hydrocarbon fragments. As will be shown, this was 
consistent with observations made when narrowband filters 
were used. It is noted that no soot was ever observed in the 
experiments, either visibly or because of coating on com-
bustor walls.

Infrared measurements were collected from two differ-
ent side views (as illustrated in Fig. 1). A normal side view 
was used for imaging the quasi-steady cavity burning pro-
cess, while a view angled slightly downstream was used 
for measurements of the PD plume because of limitations 
imposed by other diagnostic equipment. The normal view 
was used to collect measurements from the cavity and flow 
path, while the angled view was restricted to the cavity. For 
the top view, the infrared imaging was collected normal to 
the window.

The cameras were calibrated using a blackbody to 
quantify the radiation intensity. The distance between the 
blackbody and cameras matched the experiment, and the 
same window used in the tunnel experiments was included 
during the calibration. This approach for calibration 
approximated for transmission losses through the window 
and from room CO2. The spectral response of the detec-
tor and transmission losses through the collection optics 
was considered for intensity measurements from the top. 
Thus, the reported radiation is what reached the detector. 
The spectral response of the camera from the side was 
not known, hence the reported radiation is approximately 
the radiation emitted from the flame. The difference in 
the approaches for the cameras is irrelevant for this effort 
because the intensity values between the two views were 

not compared for the analysis. It is important to note that 
what is reported for the time-resolved measurements is the 
difference between the radiation intensity emitted from the 
time-resolved images and the average intensity just prior 
to ignition being attempted. This allowed for radiation 
emissions from the flow to be analyzed while neglecting 
self-emission from the heated windows. This assumes that 
the temperature of the window does not vary notably dur-
ing the time that average and time-resolved measurements 
are collected. In this study, this time was on the order of 
10 ms; consequently, the temperature of the window was 
assumed to be constant. Moreover, it was assumed when 
subtracting time-resolved from average measurements that 
any changes caused by scattering are negligible. Average 
measurements of emissions from quasi-steady burning 
within the cavity included both emissions from the win-
dow and combustion process. Emissions from the gases 
were sufficient that they could be distinguished from emis-
sions from the hot window.

The integration time on the cameras was set to values 
between 20 and 100 µs in an effort to optimize the sensitiv-
ity of the detector. The sampling frequency for the quasi-
steady cavity burning was 190 fps, while 770 to 1450 fps 
were used for time-resolved measurements of the ignition 
process. The latter frequencies allowed for several consecu-
tive measurements of ignition kernels and PD plumes to be 
collected.

2.4 � Calculated species and temperature distribution

Numerical simulations were performed to provide inter-
pretation of what was observed from the infrared radiation 
measurements for the quasi-steady burning cavity condi-
tion. Three-dimensional steady-state numerical simulations 
were conducted using Metacomps’ CFD++ (Metacomp 
Technologies). For the simulations presented here, the 
nonlinear Harten–Lax–van Leer contact (HLLC) Riemann 
solver with a continuous total variation diminishing (TVD) 
limiter scheme was used to simulate the supersonic flow. 
Turbulence modeling was implemented using the nonlin-
ear cubic k-epsilon Reynolds-Averaged Navier–Stokes 
(RANS) model, which can be used to account for normal-
stress anisotropy, swirl, and streamline-curvature effects. 
An advanced two-layer wall function was applied to all 
wall surfaces, as it reduced the number of grids required. 
The turbulent Schmidt and Prandtl numbers were fixed at 
0.75 and 0.9, respectively. Turbulent Schmidt numbers of 
0.5 and 1.0 were also evaluated, but there were no signifi-
cant differences in the results that impacted the comparison 
to the infrared radiation measurements. Chemical reactions 
were simulated using the TP2-reduced C2H4 kinetic mecha-
nism including 22 species (H2, H, O, O2, OH, H2O, HO2, 
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H2O2, CH3, CH4, CO, CO2, CH2O, C2H2, C2H4, C2H6, 
C2OH, C2H2O, CH3CHO, C3H5, C3H6, N2) and 206 reac-
tions (Liu et al. 2006).

The computational domain consisted of the half-width 
and height of the test section with a total of 4.7 million cells. 
The grids were clustered near the walls with a y +  <52. 
These grid dimensions were based upon previous grid meth-
odologies, in which the first spacing away from the wall was 
0.076 mm, and the stretching ratio was less than 1.2. This 
practice has shown that the grid resolution was sufficiently 
refined in terms of spatial convergence. A grid resolution 
study, including coarse and fine grid cells, was performed 
previously using the same geometry and similar conditions 
as the current experiment (Tam et  al. 2013). The solution 
showed good agreement with the fine grid topology as well 
as the experimental data collected at that time. Note that 
the fine grid topology had the grid points doubled in each 
direction, while the coarse grid had half of the original grid 
mesh. Similar to the previous study (Tam et al. 2013), the 
numerical simulations were extended from the facility noz-
zle plenum to the entrance of the test section to provide the 
appropriate inflow conditions for the test section. This meth-
odology obviates the use of ad hoc profiles at the test sec-
tion entrance and allows for boundary layer growth.

3 � Results and discussion

3.1 � Quasi‑steady cavity burning

3.1.1 � Visible chemiluminescence

The time-averaged visible broadband chemiluminescence 
from the quasi-steady burning cavity is shown in Fig. 4 for 
cavity fueling rates of 40–200 slpm. These fueling rates 
created conditions within the cavity ranging from lean to 
fuel-rich burning. Visible broadband chemiluminescence 
predominately came from excited CH (CH*) and C2 (C2*) 
species produced during the reactions (see Fig.  3), and 
provided information about the burning flux. All chemilu-
minescence images have the same collection and intensity 
scale for ease in comparison. Note that the images were 
path-integrated, therefore making it difficult to interrogate 
the spanwise structure of the burning. Nevertheless, the 
radiation intensity measurements were path-integrated as 
well, therefore providing a good means for comparison. 
For 40 slpm, there was a weak shear layer flame, with the 
majority of the burning flux occurring in the base of the 
center of the cavity. As the fueling rate was increased to 
55 slpm, the burning flux in the shear layer increased, with 
diminished burning in the base of the cavity. For 75 and 
90 slpm, the burning flux in the shear layer moved down-
stream until at 150 slpm, there was concentrated burning 

on the cavity closeout ramp. With increased fueling rate 
to 200 slpm, the cavity burning changed dramatically with 
significantly decreased intensity and slight shift of burning 
flux toward the front step of the cavity. Note that similar to 
the 40 slpm case, the 200 slpm case had decreased burning 
flux compared to the intermediate fueling rates, indicating 
that the upper bound of cavity burning (blowout) was being 
approached. The results of the visible broadband chemilu-
minescence in Fig. 4 are important because it showed how 
burning within the cavity varied for different fueling rates. 
Consequently, shifts in infrared emissions were expected 
because of the dependence of radiation on the temperature 
and species concentrations.

3.1.2 � Infrared radiation emissions

Measurements of radiation emissions (reported as photon 
counts) from flames within the cavity are shown in Fig. 5 

Fig. 4   Time-averaged visible broadband chemiluminescence of 
quasi-steady cavity burning from side view for fueling rates from 
40 to 200 slpm. An artificial look-up table was used and consistently 
applied to each image for enhanced contrast
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for fueling rates from 55 to 90 slpm. Measurements col-
lected at the other fueling conditions corresponding to 
chemiluminescence are not reported because radiation 
emissions from the heated windows of the combustor 
masked radiation emissions from the gases. The left panel 
of Fig.  5 shows results when no filter was used with the 
infrared camera, while the right panel shows those when 
a narrowband filter centered on 3.4  µm was used. These 
measurements provide insight into the distributions of 
reactants, combustion intermediates, and products, and 
can be used for evaluating simulations [e.g., (Blunck et al. 
2012a; Rankin et al. 2015)]. It is apparent that the burning 
flux (visible chemiluminescence) shown in Fig. 4 and the 
radiation emissions in Fig.  5 have different distributions 
throughout the cavity. For the infrared emissions, there was 
a fairly uniform distribution throughout the cavity and an 
increase in emissions with increased fueling rate. Radia-
tion emissions from the shear layer were not evident. Two 
different narrowband filters, centered near 3.4 and 4.2 µm, 
were used with the camera to establish the dominant spec-
tral bands of infrared emissions. With the 4.2 µm filter (not 
shown), no emission from inside the cavity was measured. 
This was expected because the fused silica windows had 
minimal transmission (on the order of several percent) at 
4.2 µm. This showed that radiation emissions without the 
filter were not from CO2. When using the 3.4  µm filter, 
the images showed emission throughout the cavity, simi-
lar to the results without a filter. Additionally, the emission 
increased with increased fueling rates with or without the 
filter being used. To provide a more quantitative compari-
son, line plots are shown in Fig. 6 of the normalized emis-
sions for the 75 slpm case at the streamwise location illus-
trated by the dashed lines. The two profiles agreed well, 
further indicating that the majority of the emission shown 

in the unfiltered images was emitted at wavelengths near 
3.4  µm. Consequently, radiation emissions are attributed 
to emissions from the parent fuel (C2H4) and intermedi-
ate hydrocarbon fragments; the C–H stretch in hydrocar-
bons has strong emission near 3.4 µm. This explains why 
emissions from the chemiluminescence tend to be closer 
to the ramp and in the shear layer and the peak infrared 
emissions tend to be closer to the step. The latter occurs 
because the cavity tends to have richer equivalence ratios 
near the step because of being a lower speed region down-
stream of where fuel is introduced. The former observation 
of the chemiluminescence occurred because the fuel breaks 
down and completes oxidation in the shear layer and near 
the ramp. 

Fig. 5   Radiation emissions 
emitted from the side for quasi-
steady burning for fueling rates 
of 55, 75, and 90 slpm. The 
measurements include emis-
sions from both the window and 
the gases

Fig. 6   Normalized line profiles of the radiation intensity in the cav-
ity for the lines marked in the unfiltered and filtered measurements 
shown in Fig. 5 for a fueling flow rate equal to 75 slpm
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3.1.3 � Simulations of quasi‑steady cavity burning

Simulations were performed of the quasi-steady burning 
cavity at different fueling rates to provide insights into the 
temperature and species distributions. Figure  7 presents 
the temperature and the distribution of combustion species 
with mole fractions greater than 0.001 for the 75 slpm of 
fuel condition. Only at these mole fractions would infrared 
radiation emissions be expected to quantifiably contribute 
to the unfiltered measurements, because of the depend-
ence of the radiative transfer equation on concentration. 
Consequently, only the species distributions reported could 
contribute to the unfiltered radiation intensity measure-
ments. The plots are a series of streamwise slices averaged 
across the span of the cavity in order to provide an aver-
age view from the side for comparison to the imaging (top 
panel). The three major hydrocarbon species present were 

the parent fuel (C2H4), C2H2, and CH4. Peak C2H4 was 
observed along the base of the cavity, as expected because 
of the fuel injection at the base of the ramp. The C2H2 and 
CH4 had similar distributions, with the largest concen-
trations near the front step of the cavity. Relatively high-
radiation emissions were observed in this region. Near the 
cavity closeout ramp a discrepancy between the hydrocar-
bon distribution and infrared measurements was observed: 
low concentrations of species but relatively high-radia-
tion emissions. Note, however, that the infrared radiation 
depended on both the concentration and the temperature. 
Consequently, while the concentration was lower in this 
region the higher temperatures near the ramp caused higher 
radiation emissions. Water vapor was the other potential 
species whose distribution could correspond to the infrared 
images. However, this was not the case in this experiment 
because the window absorbed all radiation emissions near 
the spectra at which water vapor emitted.

Contour plots of the summation of all the hydrocarbon 
species for fueling rates of 55, 75, and 90 slpm are shown 
in Fig.  8 (top) along with the corresponding temperature 
distribution (bottom). The concentrations of the primary 
hydrocarbons locally were combined for analysis, in con-
sideration that each of the species could contribute to 
infrared emissions from C–H stretch. There was a notice-
able increase in hydrocarbon concentration and tempera-
ture with increased fueling rate, as expected and noted in 
the infrared images in Fig. 5 by increases in peak intensity. 
While the calculations did not provide a direct comparison 
since the radiation was not simulated, it did show that the 
flow features and distribution of species and temperature 
were correctly captured by the infrared imaging technique. 
With different window material and narrowband filters, 
radiation emissions from specific species can be targeted.

3.2 � Transient ignition process

With the confidence gained in applying infrared measure-
ments for quasi-steady cavity burning, the next step was 
to extend the technique to investigate transient processes, 
such as ignition within the cavity. The entire process from 
energy deposition to a quasi-steady burning cavity was on 
the time-scale of approximately 3–12 ms, for the ignition 
techniques evaluated. This highly transient process was 
particularly challenging to interrogate considering the sen-
sitivities needed to measure a large dynamic range process, 
from weakly burning to robust combustion. Infrared imag-
ing was applied to capture the initial ignition event for two 
energy deposition devices. This included tracking of igni-
tion kernels shed from a spark discharge in the base of the 
cavity and the plume of a detonation from a pulse detona-
tor. The latter was highly disruptive to the flow field within 
the cavity, which was evident in measurements.

Fig. 7   Calculated species and temperature distribution in a quasi-
steady burning cavity at a fueling rate of 75 slpm. The scale to the 
right of the images denotes counts, mole fraction, and Kelvin, for the 
infrared measurements (top), species concentrations (middle), and 
temperature (bottom), respectively
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3.2.1 � Spark discharge ignition

Radiation intensity measurements were collected of emis-
sions from kernels which formed from spark discharges, 
and then propagated within the cavity. Similar measure-
ments have been reported by Blunck and co-workers and 
Okhovat (Blunck et al. 2012c; Okhavat 2015) for quiescent 
conditions, but never for measurements through a warm 
window in a high-speed flammable mixture. The pockets 
of hot gas formed from the sparks had very weak chemi-
luminescence because of the relatively small quantity of 
heat release; therefore, these measurements provided a 
good assessment of the sensitivity of the infrared imaging. 
A comparison of infrared and chemiluminescence imag-
ing of spark kernels is shown in Fig.  9. The infrared and 
chemiluminescence measurements were of different spark 
events and should not be compared directly; comparison 
should be made of the structures observed throughout the 
ignition process. The separation time was roughly 0.7 ms 
for the infrared images (a)–(d) in Fig. 9. Therefore, no cor-
relation between images with regard to the shedding ker-
nels could be achieved. For the chemiluminescence, each 
image (e)–(h) was only separated by 0.08  ms and, there-
fore, showed the time-resolved kernel shedding process. 
Plasma discharge and the hot igniter tip were evident near 
the top of the images as the highest intensity. Downstream 

of the igniter (i.e., bottom of images) localized pockets of 
emission in the infrared and visible was observed. Multiple 
regions with higher radiation intensity in the same image 
indicated a shedding like phenomena of the kernels. The 
radiation intensity measurements showed that the mixture 
temperature was elevated in multiple discrete regions, in 
consideration of the strong dependence of radiation inten-
sity on temperature. The shedding phenomena occurred 
because the spark discharge duration was relatively long in 
comparison to the local flow residence time (average cav-
ity cycling time of 1–2 ms with a velocity on the order of 
10–100 m/s at the electrodes). The spark discharge was pre-
sent for 3–4 ms, creating a high-temperature plasma chan-
nel. As the flow in the base of the cavity interacted with 
the high-temperature plasma channel, pockets of elevated 
temperature gas were created in its wake. The radiation 
intensity measurements showed that regions of higher tem-
perature could be distributed on either side of the igniter 
and may not be connected downstream. One or more of 
these elevated temperature regions were what typically led 
to ignition within the cavity flameholder (Ombrello et  al. 
2015a). In future work, estimates of the temperature of the 
kernels could be determined from radiation intensity meas-
urements for non-reacting conditions (from emissions from 
CO2 or H2O in the air) [e.g., (Blunck et al. 2012c; Okhavat 

Fig. 8   Calculated average hydrocarbon and temperature distribu-
tion in a quasi-steady burning cavity at fueling rates of 55, 75, and 90 
slpm. The scale to the right of the images denotes the mole fraction 

and Kelvin for the combination of all hydrocarbons (CnHm) and tem-
perature, respectively

Fig. 9   Infrared imaging (top 
panels) and chemiluminescence 
imaging (bottom panels) of the 
base of the cavity through the 
top window of spark discharge 
ignition with a fueling rate 
equal to 75 slpm. Infrared and 
chemiluminescence measure-
ments were of different spark 
events. The time between each 
infrared image was roughly 
0.7 ms, while for each chemilu-
minescence image was 0.08 ms
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et  al. 2016)] now that the viability of such measurements 
have been established.

3.2.2 � PD ignition

Representative radiation intensity measurements and 
chemiluminescence images of consecutive stages of deto-
nation plumes entering the cavity are shown in Fig.  10. 
Note that the infrared and chemiluminescence images are 
for different pulse detonation events, and that infrared 
measurements were collected for an off-angle view (see 
Fig. 1) because of experimental limitations. Three specific 
portions of the early stage of the ignition process were evi-
dent in the radiation intensity measurements and chemilu-
minescence images. The first was the initially highly under-
expanded plume with a large barrel shock terminating in a 
large Mach disk in the upper portion of the shear layer (left 
panels). This was evident in the top of the images by the 
horizontal region of elevated emission, which is the Mach 
disk. The second was when the Mach disk was located 
below the shear layer and within the fueled cavity as the 
barrel shock decayed (middle panels). Lastly, the shock 
diamonds were observed as the pressure in the detonation 
tube decreased throughout the blowdown process to static 
pressure conditions (right panels). The multiple stages of 
the PD exhaust process shown in Fig. 10 are vital to under-
standing cavity ignition with this device. The initial highly 
underexpanded portion of the pressure pulse (left panels) 
forced larger regions of mixing of the fuel and air and ele-
vating the temperature. This can be detrimental by altering 
the normal cavity cycling that may lead to failed ignition 
attempts (Ombrello et al. 2015a). After the initial stage of 
the detonation emerging into the cavity in the left panels, 
the jet underexpansion diminished, and the high-temper-
ature exhaust from the PD was dumped into the cavity, 
which served as the main ignition source.

Radiation emissions from the PD plume were com-
pared between failed and successful cavity ignition events 

to investigate the cause of ignition or non-ignition for the 
same flow conditions. One specific example of where cav-
ity ignition could be intermittent was at a fueling rate of 75 
slpm. This condition was at the limit of where the PD could 
successfully ignite the cavity because of the disruption to 
the cavity fueling and burning from the detonation exhaust 
(Ombrello et  al. 2015a; Miller et  al. 2016). The PD was 
typically fired for 1 s at 10 Hz to attempt ignition. At the 
75 slpm cavity fueling rate, multiple pulses were required 
prior to achieving ignition in the cavity. It was observed 
that the peak radiation intensity emitted by the plumes 
increased with each successive firing of the PD. When the 
experiments were repeated shortly thereafter for the same 
operating conditions a single detonation plume achieved 
ignition. In the corresponding infrared image, combus-
tion within the cavity was evident as well as the detonation 
plume. The peak radiation intensity emitted from the flame 
and the plume exceeded that corresponding to the previous 
sequence of PD firings (without ignition). These findings 
suggest that the temperature of the plume, which the radia-
tion intensity depends upon, has a direct effect on igni-
tion and that the temperature of the plumes increased with 
multiple pulses. The increase in temperature could occur 
because of decreased heat losses from the detonation to the 
walls of the PD. The wall temperature rises rapidly with a 
detonation and cannot equilibrate through wall conduction 
in the inter-pulse time, leading to less heat loss with succes-
sive pulses. The post-detonation products that remain in the 
tube and are exhausted into the cavity therefore increased 
in temperature with each pulse until ignition was achieved.

The hypothesis that the radiation intensity measure-
ments show an increase in temperature between successive 
firings of the PD was further evaluated using the same PD 
with a high-frequency pressure transducer (PCB Piezo-
tronics) placed near the tube exit. Pressure measurements 
normalized to the peak value achieved for the first pulse 
are shown in Fig. 11. For a burst of pulses, the maximum 
pressure and the blowdown time remained constant within 

Fig. 10   Infrared (top) and chemiluminescence imaging (bottom) 
of early stages of ignition by PD exhausting into the cavity with a 
fueling rate of 75 slpm. Infrared and chemiluminescence measure-

ments were of different PD events, but have the same scale. The time 
between each infrared and chemiluminescent and image was approxi-
mately 0.7 ms
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the uncertainty of the measurements. Therefore, the pres-
sure pulse and fluid dynamics of the detonation plume did 
not change as a function of pulses. The remaining factor 
that could affect cavity ignition would be the detonation 
plume temperature and the species concentrations. From a 
first order, the temperature would be the driving factor in 
whether ignition would be achieved, while the composition 
would lead to further enhancement. In summary, both the 
radiation intensity and pressure measurements show that 
the sensitivity of cavity ignition to the sequence of PD fir-
ing was caused by changes in plume temperatures. There-
fore, heat loss and plume temperature should be considered 
when a PD is used to ignite a high-speed flow.

4 � Summary

The utility of infrared thermography for studying high-
speed transient and steady-state combustion processes 
in a windowed combustor has been evaluated for the first 
time by collecting measurements in a Mach 2 cavity-based 
flameholder. The majority of the infrared radiation was 
from C–H stretch, based on measurements and analysis 
of quasi-steady burning. The results illustrated the ability 
to use this tool to provide guidance into the hydrocarbon 
and temperature distribution within the cavity. This was 
supported by comparison to numerical simulations of the 
cavity burning process. The distribution of other radiat-
ing species (e.g., CO2, CO, H2O) can be determined using 
appropriate filters and windows. The utility of using radia-
tion intensity measurements to interrogate transient ignition 
processes was explored by measuring the radiation intensity 
emitted from spark discharge and pulse detonation plumes. 
Ignition kernels from a simple spark discharge were read-
ily measured. Shedding of high-temperature regions from 

the spark discharges was evident, as expected because of 
fluid mechanic interactions. The shedding of these regions 
affects ignition. The exhaust from a pulse detonator was 
captured with imaging of the barrel shock, Mach disk, and 
overall exhaust process. Comparison of the radiation inten-
sity indicated that the temperature of the plume increased 
with consecutive firings. This explained the higher proba-
bility of cavity ignition with consecutive firings. This study 
shows that infrared radiation measurements are feasible in 
the windowed combustion environments and can be inter-
rogated to provide insights into the dynamic fluid and com-
bustion processes.
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