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Extended Summary 
An experimental study of flame kernel ignition and propagation in compressible flow is undertaken to 
understand whether classical flame speed models (developed in low speed flows) are valid in supersonic 
flows. In order to systematically cover a wide range of flow speed two new facilities were built to simulate 
isotropic turbulence in a channel under low Mach (~0.01) and supersonic (Mach 1.5-2.0) flow conditions. 
The flow Mach facility was designed with active turbulence generation to obtain flame propagation over 
a range of Taylor Reynolds numbers and the results were compared to classical flame bomb experiments. 
It is shown that realistic isotropic turbulence can be generated in this facility and that the spatially evolving 
flame kernels also provide flame speed scaling consistent with the flame bomb experiments. A similar 
strategy in a near identical facility operating in a supersonic flow conditions was used to investigate flame 
kernel formation and propagation characteristics under compressible conditions. It is shown that the laser 
energy required for successful ignition is fairly low and an ignition probability near 100% can be achieved 
repeatedly. Given enough time, the growth of subsonic and supersonic flames alike will become com-
pletely independent from the ignition event. It is shown that for M> 1 the effect of ignition on the flame 
speed measurement can be minimized by only including measurements at times ≥ 500 µs from ignition 
and with deposited ignition energies ≥ 25 mJ. The timescales for subsonic flows are much longer, therefore 
the ignition overdrive likely have a minimal effect on subsonic premixed flame speed studies. 

It is shown that supersonic flame kernels are self-propagating and grow in the downstream direction. Two 
corrections to the turbulent flame speed are necessary due to some unique features of the supersonic 
flow field. These are: (1) a correction to the laminar flame speed, the Markstein length, and the burned 
to unburned density ratio, which vary with the local thermodynamic conditions, and (2) a correction to 
the flame radius to remove artificial growth due to mean expansion. ST/SL has a linear dependence on Re 
as would be expected of flames in the thin reaction zone. However, ST/SL is larger than previous flame 
kernel studies suggesting that compressibility interaction increases the flame speed. The configuration in 
this study is a subclass of flame kernel problems where confining boundary conditions influence flame 
growth. Upon interaction with expansion waves, the pressure-density misalignment results in baroclinic 
vorticity deposition. The interaction causes a velocity slip between the reactants and flame and results in 
the formation of a kernel-wide vortex ring motion. Development of the reacting vortex ring and the re-
sulting kernel shape are shown to be Mach number dependent. Utilizing the vortex ring propagation ve-
locity, a refinement to the flame speed scaling is suggested. This can be thought of as adding a pseudo 
Mach number dependence to the ST/SL scaling. With some caution, the new scaling was shown to collapse 
low speed and supersonic flame kernel data. Future work will need to address the universality of the new 
scaling and its potential to capture the growth of an even broader range of subsonic and supersonic flame 
kernels exposed to unique confining boundary conditions.  

A comparison of global displacement and consumption speeds with the same scaling shows large devia-
tions between the two flame speeds. Scrutinizing the Favre-averaged transport equation for the flame 
progress variable leads to the conclusion that the initially used definition of the global displacement speed 
has no physical relevance with respect to the actual rate of consumption of the reactants.  
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1. Introduction and Objectives 
 

Turbulent premixed combustion is the fastest method of burning fuel and air for propulsion and would 
lead to the highest thrust to weight ratios and maximize air-breathing engine performance. However, due 
to a variety of practical challenges, e.g., flashback, instability, and extinction, etc., premixed systems are 
currently only used for land-based gas turbines where strategies have been devised to avoid such situa-
tions but with weight and efficiency penalties that makes them impractical for propulsion devices. Even 
in non-premixed systems where liquid fuel is injected, vaporized and mixed before combustion occurs, as 
in the current gas turbines and hydrocarbon fueled scramjets, the combustion process occurs in the pre-
mixed and/or partially premixed mode in many locations. Our interest is in high speed flows of Air Force 
interest such as the scramjet where significant turbulence exist in the high speed compressible flow. In 
particular we are interested in how flame-turbulence interactions occur in such high speed flows. 

The main propulsion system candidate for air-breathing hypersonic flight is the scramjet combustor. In 
order to progress the scramjet state of the art and assist in modeling endeavors, the supersonic combus-
tor is isolated and replaced by a simple geometry.  In that geometry, a series of experiments are conducted 
to study several fundamental issues common to premixed supersonic combustion.  These include ignition 
in high speed premixed flows, flame-vortex interactions, shock-flame interaction, shock-vortex interac-
tions, and mean production of turbulent kinetic energy.  Advanced optical diagnostics (PIV, OH/CH2O PLIF 
and Schlieren photography) are used to extract important flame, turbulence, and flow field information.  
These experiments are compared to classical low-speed and low-turbulence intensity studies where rele-
vant.  Validated numerical simulations are leveraged to enhance the understanding of these phenomena 
wherever possible. The experiments help elucidate the effects of compressibility and high turbulence in-
tensity on turbulent premixed flames; specifically, at the small scales. 

In this work, we have continued to investigate simultaneous flame/turbulence statistics for kernels prop-
agating in isotropic and anisotropic channels in both the subsonic-compressible and the supersonic re-
gime. Measurements have been used to evaluate scaling and model assumptions where applicable. Fur-
ther, we have investigated flames propagating in a new canonical supersonic flow with a well defined 
expansion waves. Ignition process and flame propagation in this type of flow has relevance for high speed 
air breathing propulsion systems. 

The study of flame-compressibility interaction is extremely important for the field of supersonic combus-
tion because even the best designed supersonic combustor will necessarily encounter compressibility (i.e., 
expansions in the thrust nozzle or shocks at the fuel injection location). Despite their importance, these 
compressibility effects are not well understood and quality models to capture their physics are missing. A 
thorough understanding of these interactions is necessary for the design of next generation hypersonic 
vehicles. Finally, we have investigated our diagnostics strategy to capture temperature-velocity simulta-
neously with the reaction zone location by establishing a Filtered Rayleigh Scattering (FRS) technique. 
Under conditions of constant pressure, the FRS measurement yields the instantaneous density.  

 

 

The key objectives for this phase of research are:  
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1. Investigate flame kernel-turbulence interactions in existing facilities especially for supersonic 
flows 

2. Combine PIV/PLIF and/or FRS/PIV/PLIF to obtain flame-turbulence statistics simultaneously in 
both incompressible and compressible reacting flows  

3. Ascertain any long-term memory associated with laser ignition in supersonic flows  
4. Investigate flame propagation scaling laws and compare with classical flame bomb (zero-Mach) 

results with a goal to establish new scaling for compressible flows. 
5. Reporting and documentation of results 

 

2. Summary of Results and Discussion 
 

The results of all these studies have been accomplished and reported in published papers and in theses 
submitted under this program. These published papers for the last 4+ years (2015-2019) are attached as 
Appendices and therefore, no detailed explanation is provided in the text below. We summarize below 
for completeness the salient points of our accomplishments.  

2.1 Diagnostics developed, analysis and application 
 

In this section, we report on the various diagnostics developed and applied to both subsonic and super-
sonic problems. 

2.1.1. Schlieren Systems for Supersonic Visualization 
 

Several arrangements of a Schlieren system were used for flame and flow field visualization in the super-
sonic studies. Below is a description of the system used in the supersonic laser ignition work performed. 
For further details, see the attached laser ignition manuscript in preparation (Ochs 2019b) and/or the 
supersonic flame kernel experiments (Ochs 2018). 

A folded Z-type mirror Schlieren system is used to visualize the flame. A schematic of the arrangement is 
depicted in Figure 1. The light source is a High-Speed Photo-Systeme Nanolite KL-L flashlamp with 18 ns 
flash duration. A 200 mm diameter, 2 m focal length parabolic mirror is used to collect/collimate the light. 
The collimated light passes through the test section before being refocused by another 200 mm diameter, 
2 m focal length parabolic mirror. The focused light falls on a horizontally oriented knife edge and images 
are captured using a Photron SA-Z camera and a Sigma 50-500 mm telephoto lens. The ignition laser, arc 
flashlamp, and camera are synchronized using a BNC model 575 digital delay generator, all operating at 
10 Hz. Once acquired, the images are processed for the kernel radius (R), perimeter (P), and width (W) 
using a Canny edge detection algorithm in Matlab. Additional details on this procedure are in our previous 
work (Ochs 2018). 
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Figure 1. Schematic of Z-Schlieren arrangement for flame growth studies. The ignition laser passes through the top window and passes Schlie-

ren passes through the side windows. 

2.1.2. Hot wire  
The hot-wire measurements of the velocity field were primarily conducted in the subsonic flow as at-
tempts to use them in supersonic flow were not successful. A combined single normal (SN)- and single 
yaw (SY)-wire probe technique was developed, based on the work by Bruun (1995) and Buresti and Di 
Cocco (1987), to record point measurements of flow and turbulence properties. The SN probe is oriented 
with the wire perpendicular to the mean flow, while the SY probe has a fixed yaw angle of 𝛼 = 45° and is 
rotated about the probe centerline using a rigid ceramic sting to record data at six angular positions 
(0°,45°,90°, 180°, 270°, 315°) combining measurements from the SN and SY probes all three fluctuating 
velocity components can be obtained and their statistics computed. In the case of the SN probe, high 
acquisition rates (~100	kHz) and large sample sizes (up to 8.3 million measurements) also yield statisti-
cally converged spectral and correlation data  

All measurements are conducted using a DANTEC StreamLine 90C10 frame and DANTEC 55P01 and 55P02 
gold-plated tungsten SN and SY probes, respectively. Their bandwidth is 90 kHz at the −4 dB response 
limit. All probes have an active sensor width of 1.5 mm and a diameter of 5 µm. Probes are calibrated 
using a DANTEC 90H02 automated laminar jet unit and set to an over-heat ratio of 0.8. Temperature var-
iations during the experiments are compensated for with a dedicated temperature. Data collection and 
conversion is accomplished using the DANTEC StreamWare software and a 12-bit DAQ board.  

More details on the hot-wire data acquisition and processing can be found in Fries et al. (2017). 

2.1.3. PLIF 
Planar Laser Induced Fluorescence (PLIF) of the OH molecule was chosen to qualitatively image regions of 
the flow in which hot combustion products exist. An Nd:YAG laser, emitting at 532 nm, pumps a Lambda 
Physik dye laser operating on Rhodamine 6G and pulsing at 10 Hz. Together with a frequency-doubling 
crystal, the dye laser is tuned to provide a UV-laser beam at ∼283.2 nm (4.5 mJ/pulse), exciting the 𝑄/(7) 
line of the OH 𝐴4Σ6(𝜈8 = 1) ← 𝑋4Π(𝜈88 = 0) transition. The laser pulse is formed into a sheet with a 
width of up to 5.71 cm and a thickness of 0.5 mm (measured with the knife-edge method), the latter also 
representing the out- of-plane resolution. The OH fluorescence signal is recorded by a Photron SA-5 cam-
era coupled to a HiCATT intensifier and a bandpass filter centered at 310 nm, providing an in-plane pixel 
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resolution of ~0.13 mm/px. Measuring the effective resolution, the size of the smallest structures that 
can be resolved by our imaging setup is 0.33 mm.  

 

Figure 2: Example image processing of a subsonic methane-air flame kernel at 𝜙 = 0.9 using the passive vane grid for turbulence 
generation. The raw image was taken t=5.3 ms after ignition. From left to right: raw OH-PLIF image with detected edges overlaid, 
binarized flame image, and binarized image re-centered and averaged together to form geometric 𝑐̅-maps. Lines in the c-map 
images: blue 𝑐=̅0.02, red 𝑐=̅0.5 and green 𝑐=̅0.9. (Units in cm) 

An example of OH-PLIF image processing is shown in Fig. 1. The shape and size of the imaged flames can 
be correlated to several parameters, such as time since ignition, turbulence intensity and equivalence 
ratio, to study trends and sensitivities in turbulent combustion. Even though the image information itself 
is qualitative, post-processing can yield quantitative data to this end.  

In line with the OH-PLIF laser sheet, OH*-chemiluminescence images were recorded simultaneously from 
above, to assess the position of the expanding flame with respect to the UV-laser sheet. Since the expand-
ing flame kernels are convecting with the turbulent flow they could potentially move out of the laser sheet 
during an instantaneous PLIF measurement. This would lead to a bias towards smaller flames in the meas-
urement. A method was developed based on the histogram of instantaneous flame area and the available 
OH* data to correct for this bias and to improve the fidelity of the presented data.  

More details on the OH-PLIF data acquisition and processing can be found in Fries et al. (2019). 

2.1.4. Ignition 
 

Laser ignition was applied to both subsonic and supersonic flows to ensure repeatable kernel formation 
to obtain statistics. Some differences the procedure were required to obtain the flame kernels in sub-
sonic and supersonic flows and these features are summarized below. 

Laser Ignition for Subsonic Experiments 
 
A laser induced breakdown (LIB) ignition technique was developed to enable the initiation of spherically 
expanding flames at arbitrary locations in a premixed gas flow through a wind tunnel-like facility. The laser 
ignition sensitivity to imposed turbulence intensity and deposited laser energy was investigated in detail 
to ensure repeatable and reliable results.  
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For the subsonic experiments, freely propagat-
ing, spherical flames are created in a lean natu-
ral gas-air mixture via LIB ignition using a Con-
tinuum Powerlite 532 nm Nd:YAG laser at 10 Hz. 
The ignition energy is measured before every 
run with a Coherent LabMax-TOP Laser Power 
Meter (J-50MB-YAG sensor), after the first mir-
ror at the laser output. The flame mean radius 
is largely insensitive to the ignition energy over 
the measured range, as shown in Fig. 2. It is, 
however, smaller for the higher turbulence in-
tensity, which is to be expected. The flame de-
tection probability (i.e., images with detectable 
flame divided by total number of images) in the 
high turbulence case is lower, which can be at-
tributed to increased out-of-plane motion. It 
becomes nearly constant once the ignition en-
ergy exceeds ~15 mJ/pulse. Therefore, to en-
sure repeatable results, the ignition energy is 
fixed at 15−16 mJ/pulse for all the experiments conducted in the subsonic flow facility, see also Fries et 
al. (2019) for more details. 

Laser Energy Measurement System for Supersonic Flame Kernels 
 
A laser energy measurement system was constructed to measure the energy deposited into the kernel. A 
schematic of the ignition laser and deposited energy measurement systems is shown in Figure 4. Flame 
kernels are ignited with a frequency-doubled (532 nm) Continumm Powerlite ND:YAG laser. The laser en-
ters the test section through the first top window. The laser pulse energy can be varied (without changing 
the laser settings) by rotating the polarization using a half-wave plate (Thorlabs WPMH05M-532). The 
unwanted energy is sent to a beam dump using a polarizing beam splitter plate (Thorlabs PBSW-532). The 
laser energy is measured using two calibrated photodiodes (the calibration procedure is discussed Figure 
4below). For the incident energy, a beam sampler (Thorlabs BSF20-A) is used to extract a small amount of 
energy for measurement. The sampled beam travels through a one-inch opal diffuser glass (Edmund Op-
tics 43-717) then through one of several different absorptive neutral density filters (Thorlabs- NEK01) se-
lected based on the incident energy and is finally measured using a high-speed photodiode (Thorlabs 
DET25K). The diffuser, filter, and photodiode are mounted using a Thorlabs one-inch rail carriage system. 

Figure 3: Flame detection and flame radius at a fixed location as a 
function of laser ignition energy with 𝜙 = 0.7 (equivalence ratio), 
𝑡 = 5 − 7	ms after ignition. Triangle: low turbulence intensity, up-
side down triangle: high turbulence intensity. Full and dashed lines 
correspond to ignition probability and mean flame radius, respec-
tively. 
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Figure 4. Schematic of ignition and laser power measurement system. 

The incident energy is focused using a 100 mm plano-convex ashperic lens (Thorlabs AL50100) then travels 
through the test section windows where, if the energy is high enough, breakdown occurs. Some of the 
incident energy is deposited into the kernel, the rest is transmitted through the kernel and exits the test 
section. The transmitted light is partly scattered by the optical lensing effect of the dense plasma formed 
during breakdown. The transmitted/scattered light travels to a 50:50 beam splitter (Thorlabs BSW42-532), 
after which it is measured using a diffuser/filter/photodiode arrangement that is identical to the one dis-
cussed for the incident light measurement. Further details about the laser energy measurement system, 
including calibration procedures, are in the attached supersonic laser ignition manuscript (Ochs 2019b). 

2.1.5. Filtered Rayleigh Scattering 
 
The advantage of the Filtered Rayleigh Scattering (FRS) technique is the ability to conduct thermometry 
measurements in gas flows that contain solid particles or liquid droplets (Elliot et al., 2001; Boguszko & 
Elliot, 2005). Typically, these particles or droplets result in Mie scattering that has an intensity much 
greater than that of the Rayleigh scattering from gas molecules resulting in erroneous temperature meas-
urements. However, Mie scattering can be filtered out of the recorded signal by use of a molecular iodine 
filter when using a 532 nm incident light source. The intensity captured by the detector, S(v), is a convo-
lution of the both Rayleigh-Brillouin scattering intensity, I(v’), and the transmission of the molecular filter, 
T(v-v’), as defined in Eq. (1). In this representation, the Rayleigh-Brillouin scattering intensity (Tenti et al., 
1974) and iodine filter transmission (Forkey et al., 1997) are integrated across the spectrum of pertinent 
wavelengths. Finally, the signal captured from a flame, Fi,j, can be normalized by a signal captured in a 
known reference environment, Ri,j. Once background signals are removed, the normalized signal ratio, S*, 
can be computed as seen in Eq. (2). A visual representation of the recorded signal is displayed in Figure 5 
along with a modeled relation between temperature, T, and normalized signal ratio, S*. One can see that 
the normalized signal ratio is inversely proportional to temperature (e.g. lower signal equates to hotter 
temperatures).  

𝑆(𝑣) = 	G 𝐼(𝑣8)𝑇JK(𝑣 − 𝑣
8)𝑑𝑣′

6N

ON
 (1) 

𝑆∗ =
𝐹R,T − 𝐵R,T
𝑅R.T − 𝐵R,T

	∝ 	
1

𝐺𝑎𝑠	𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (2) 
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Figure 5: Integrated Filtered Signal to be Recorded (left) and Temperature and Signal Ratio (right) 

In order to properly predict the relation of temperature to signal detected, the optical density of the iodine 
cell must be known. The optical density was measured using fast photodiode along with the narrowband 
continuous wave (CW) laser as well as an injection-seeded pulsed Nd:YAG laser. An example of the optical 
density measurement setup is given in Figure 6. 

 

Figure 6: Configuration for Measuring Optical Density of Iodine Cell 

Through the process of scanning across the iodine absorption band centered near 18787.80 cm-1, we 
found that our 25 cm iodine cell had a poor optical density of ~1 in the condition we received the equip-
ment. A much higher optical density is needed for simultaneous PIV & FRS measurements. The iodine cells 
were vacuumed out for concern of possible contamination of the iodine. Post vacuum, the cell was refilled 
with iodine while maintaining a pressure less than 1 Torr. The narrowband CW laser (0.00017 cm-1 lin-
ewidth) was used to reassess the maximum optical density of iodine cells. A comparison of Forkey’s model 
for iodine transmission and the narrowband CW laser measurements is given in Figure 7. The CW laser 
measurement approach those of the maximum theoretical values predicted by Forkey’s model. The 
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densest part of the transmission band was not captured due to the limits of the neutral density filters on 
hand, and a maximum OD of 6.1 was measured while the actual OD is likely still greater.  

 

Figure 7: Optical Density from Forkey Model (Forkey et al., 1997) and measured with CW laser 

Efforts were made into improving the laser quality and increasing spectral purity of the pulsed injection-
seeded Nd:YAG incident light. The seed laser was realigned into the Nd:YAG cavity and internal Nd:YAG 
optics were adjusted to mitigate ‘hot spots’ in the beam profile. To further increase the spectral purity of 
the incident light, an air-spaced etalon with a high precision gimbal mount was acquired. The external air-
spaced etalon essentially acts as a narrowband-pass filter (0.04 cm-1) that passes a narrow line-width of 
the laser (increasing spectral purity) (Sutton & Patton, 2014). With the above improvements, the pulsed 
injection-seeded Nd:YAG achieved an OD of 3 without an external etalon. With the use of external air-
spaced etalon, the Nd:YAG had a maximum OD of 4. 

After improving the optical density, further validation of the FRS system was conducted. Using the FRS 
system, temperature measurements were taken of lean, premixed H2/air tubular flames. Due to prefer-
ential diffusion as described by a sub-unity Lewis number, the flame takes on a cellular structure as seen 
in Figure 8. The cellular structure is analyzed along two radial paths labeled as “Reaction Zone” and “Ex-
tinction Zone” due to the presents or absence of chemiluminescence.  

DISTRIBUTION A: Distribution approved for public release.



 11 

 

Figure 8: Tubular Cellular Flames 

The three different FRS strategies described earlier (Nd:YAG, Nd:YAG + etalon, and CW) were used to 
measure the temperature profile across the tubular flames. An example of the CW laser raster scan can 
be seen in Figure 9 where the Reaction Zone and Extinction Zone are labeled. Each method measured a 
100+ shot average along the radial x-direction, and the burner was translated along the radial y-direction 
to complete a raster scan of the radial plane.  

In Figure 10a, FRS temperature measurements using the CW laser were compared to previous Raman 
scattering temperature measurements (Hall & Pitz, 2013) as well as previous simulated temperatures (Hall 
& Pitz, 2016) of the tubular flame.   

 

Figure 9: FRS Temperature Profile of H2 & Air Premixed, Tubular Flame 
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Figure 10: Comparison of temperature by CW FRS, Raman scattering, and numerical simulation 

The CW FRS measurements and previous Raman scattering measurements agree quite well in Figure 10a. 
Some slight deviation in peak temperature exist with Raman measurements peaking up to approximately 
1625 K while the FRS measurements peak up to approximately 1575 K in the Reaction Zone. Tighter agree-
ment is seen in the Extinction Zone peak temperatures, but the FRS does drift slightly lower in tempera-
ture (approximately 50 K) near 3.75 mm. Both FRS and Raman measurements disagree with the numerical 
simulation peak temperatures near the center of the flame, but all three data sets agree in location of the 
temperature drop off between 2 mm and 4 mm.  

 

 

Figure 11: Temperature measurement in tubular flame zones using pulsed injection seeded Nd:YAG laser (with and without an 
external etalon) with respect to FRS temperature using a CW laser 
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In Figure 11, the FRS temperature measurements using the pulsed injection seeded Nd:YAG (Nd:YAG, 
Nd:YAG + etalon) are compared to the CW FRS temperature measurements. As seen in Figure 11, all of 
the FRS temperature measurements are in good agreement with the spectrally pure CW laser achieving 
the most accurate FRS temperature measurement (see Table 1). 

With accuracy quantified, the precision was analyzed statistically in terms of Signal-to-Noise Ratio (SNR) 
and uncertainty as defined by the standard deviation. The results are supplied in Table 1. The CW Laser 
method provides the lowest uncertainty with the combined Nd:YAG with external etalon containing the 
highest uncertainty. This result is counterintuitive since the external etalon should be providing higher 
quality data than the pulsed Nd:YAG by itself. However, when acquiring a long series of images, the etalon 
can be more sensitive to shot-to-shot spectral noise. For single shot images, this sensitivity is less of a 
concern since only one good image is needed. With the high agreement between the Raman and FRS data 
as well as the reasonable uncertainty, the FRS system was determined to be adequate for measuring tem-
perature of combustion fields. 

 

Method SNR Uncertainty 

Nd:YAG 40 ± 85 K 

Nd:YAG with etalon 28 ± 130 K 

CW Laser 51 ± 60 K 

Table 1: Signal-to-Noise Ratio and Uncertainty of FRS Measurements 

The FRS temperature system and supporting equipment was transported to wind tunnel facility at Georgia 
Tech for turbulent flame measurements. Turbulent, premixed CH4/air flame kernels were created by flow-
ing the mixture through a passive or active turbulent grid. Downstream of the grid, the mixture was laser 
ignited prior to the observation window. The pulsed, Nd:YAG laser (532 nm) was directed along the top 
of the tunnel and reflected from the top to bottom of the wind tunnel. The incident light was expanded 
into a 20 mm sheet (0.220 mm thickness) in order to capture the instantaneous 2D temperature profile 
of a CH4/air flame kernel along the streamwise and vertical directions. A PCO 2000 camera with 532 nm 
bandpass filter was placed perpendicular to the laser sheet along with a 25 cm iodine cell and achromat 
for filtered Rayleigh signal detection. The side and top view of the experimental setup for FRS measure-
ment of premixed CH4/air kernel flames is provided in Figure 12 and Figure 13.  
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Figure 12: Side View of Premixed Methane Flame Experiment 

 

Figure 13: Top View of Premixed Methane Flame Experiment 

DISTRIBUTION A: Distribution approved for public release.



 15 

Unfortunately, the optical density of the molecular iodine when using the pulsed Nd:YAG, OD of 3, was 
determined not adequate for the conditions of the wind tunnel. Figure 14 displays an image of a turbulent 
flame kernel, with and without using the molecular iodine filter. Without the filter, the flame kernel can-
not be discerned due to the saturating signal of Mie scattering from particles and walls of the wind tunnel. 
With the molecular filter, the Mie scattering signal is reduced enough to see the turbulent flame kernel. 
However, residual particles in the tunnel are still present in the captured image.  

 

Figure 14: Raw Image of Filtered Flame Kernel (left) and unfiltered flame kernel (right) 

The temperature field is evaluated via the FRS signal to temperature relation. However, the temperature 
field is distorted due to the presence of the residual particles. The flame images were digitally processed 
through a 7 x 7 median filter in order to mitigate the noise caused by residual particles, as done with 
previous simultaneous FRS and PIV measurements (Most & Leipertz, 2001). The comparative results can 
be seen in Figure 15. The median filter does clear up the image quite well, but the temperature field 
remains distorted due to the high particle signal. The median filter can be increased in size to further 
reduce the particle signal, but the sharpness of the flame front becomes blurred when larger size median 
filters are applied.  

 

Figure 15: Temperature Profile of Flame Kernel (left) and Temperature Profile with Digital Median Filtered Applied (right) 
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Further attempts were made to measure turbulent flame kernels after the initial attempts with the pulsed 
Nd:YAG. An external etalon was placed just downstream of the pulsed Nd:YAG to increase the optical 
density to 4 as previously discussed. Even with the increase of OD, similar particle signals were still pre-
sent, and the temperature field could not be captured without obstruction by Mie scattering. Additionally, 
the CW laser was used for possible measurements due its high spectral purity that results in an optical 
density greater than 6. Unfortunately, the time exposure of the camera needed to be increased to capture 
enough signal which led to flame ‘streaking’. Essentially, the long exposure time could not capture an 
approximate instantaneous shot and the flame images were blurred due to the movement as depicted in 
Figure 16. A summary of the FRS methods attempted and the unfortunate shortcomings of each are sum-
marized in Table 2.  

 

Figure 16: FRS Methods Used and Flame Streaking from Long Exposure 

Method Problem 

Pulsed Nd:YAG Inadequate OD 

Pulsed Nd:YAG + etalon Inadequate OD 

Continuous Wave Laser Flame Streaking – Long Exposure Time 

Table 2: FRS Methods and associated problems 

Considering the struggles of obtaining adequate FRS temperature measurements of the turbulent flame 
kernels, a study was conducted into the necessary optical density needed to achieve successful measure-
ments. The previous models for iodine transmission (Forkey) and Rayleigh scatter (Tenti S6) were com-
bined with the exact theoretical solution for Mie scattering (Bohren & Huffman, 1998). As typical PIV 
measurements have ~ 1 mm spatial resolution, the Rayleigh and Mie scattering signals are calculated from 
a 1 mm2 region of a particle laden flow. For this study, we assumed a flow at 300 K and 1 atm while the 
particle size and concentration varied from 0.05 – 5.0 µm and 5 – 50 particle/mm2, respectively. With 
these conditions, the cross-section and number density for the Mie scatter and Rayleigh scatter can be 
determined. If we assume an incident light intensity of 1, a line-width representative of the pulsed Nd:YAG 
used in our experiments (0.003 cm-1), and a maximum optical intensity of the iodine filter, we can directly 
calculate the ratio of expected accumulative Rayleigh signal to accumulative Mie signal from the particles 
in the 1 mm2 area. Figure 17 displays a simple diagram of the area under consideration as well as a map 
of the expected intensity ratio of Rayleigh scatter to Mie scatter. The intensity ratio axes have been nor-
malized by number density (ND) and cross section (σ) of Rayleigh to Mie as denoted by the subscripts R 
and M.  
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Figure 17: Rayleigh and Mie Scattering Field with the Intensity Ratio with an Iodine Optical Density of 3 

In Fig. 17, the map of intensity ratio shows that as we decrease the Mie scattering cross-section sM (and 
thus particle size) and particle number density NDM, we can expect a better ratio of signal intensity IR/IM. 
However, the goal of the analysis is to determine the adequate optical density needed for successful 
measurements. If we make the assumption of an acceptable ratio (e.g. IR/IM =1), we can iterate through 
the previous calculations in small increments of optical density until the intensity ratio desired is obtained 
at each normalized cross-section and number density value.  

The result of this iterative calculation is displayed in Figure 18. Similar to the intensity ratio map, with 
decreasing Mie cross-section sM (or particle size) and particle number density NDM [increasing cross-sec-
tion ratio (sR/sM) and increasing number density ratio (NDR/NDM)], we can achieve the minimal intensity 
ratio with less optical density needed. As an example, if 1 micron diameter particles with a concentration 
of 25 particles/mm2 were observed in a laser sheet through a flow at 300 K and 1 atm, we would need an 
optical density of 5.01 to achieve the desired intensity ratio of Rayleigh to Mie scattering.  

The particles used in the previous experiments at Georgia Tech appeared to be much larger than 1 micron 
due to agglomeration which leads to required optical density values beyond what we could achieve with 
the current FRS system (OD=4). However, the particles were not measured, and the size distribution is 
unknown. We suggest that a laser capable of 10 ns pulses with a spectral purity comparable to continuous 
wave lasers be used for future experiments. The FRS system’s optical density should be no less than 6 in 
order to achieve proper measurements in the current conditions of the wind tunnel.  
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Figure 18: The Minimum Optical Density Needed for a Minimum Intensity Ratio of 1 with example particle size and density 

Parameter Values 

Particle Diameter 0.05 – 5 microns 

Particle Number Density 5 – 50 particles/mm2 

Particle Index of Refraction 1.76 

Gas Species Air 

Gas Temperature 300 K 

Gas Pressure 1 atm 

Iodine Pressure 1 torr 

Iodine Temperature 85 °C 

Laser Centerline 18787.798 cm-1 

Laser linewidth (FWHM) 0.003 cm-1 

Table 3: Values for Optical Density Calculations 
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2.1.6. Mie-scattering and PIV  
 
Flow and turbulence measurements were also conducted using a planar and stereo Particle Image Veloc-
imetry (PIV) setup with different types of solid seed particles ranging in size from ~15 nm to 1 µm. The 
subsonic experiments were all performed utilizing aluminum dioxide particles while in the supersonic case 
silicone dioxide was found to perform significantly better in terms of agglomeration and relaxation time, 
as measured across a well-defined shock wave and described in more detail below. Depending on the 
experimental setup, different types of cameras are used: 1 Megapixel (MPx) Photron SA-5 or SA-Z cameras 
for higher-speed measurements (20 𝜇𝑚 pixel size and >60 Hz), 29 MPx Imperx Bobcat cameras with a 
framerate <2 Hz and 5.5 𝜇𝑚 pixel size for high-resolution applications and 5.5 MPx Andor Zyla cameras at 
~10 Hz and 6.5 𝜇𝑚 pixel size for intermediate data acquisition in terms of speed and resolution. Vector 
spacings are 1.43 mm, 0.48 mm and 0.25 mm, respectively. Each set of laser Mie-scattering image pairs is 
an independent ensemble which yields an instantaneous velocity field after applying a cross-correlation 
technique (Lavision DaVis processing software).  

The planar velocity fields are post-processed to compute turbulent statistics, flow properties and, in the 
subsonic experiments, to compare them to hot-wire results. Thus, we achieve a PIV setup that has been 
validated with hot-wire data. Care is taken that in all experiments the frequency response and Stokes 
number (𝑆𝑡 = 𝜏bcdeRfgh/𝜏jgkl, where 𝜏 is a characteristic time) is appropriate for the flow features to be 
investigated, i.e. the Nyquist criterion is met and 𝑆𝑡 < 0.1. Measured laser sheet thicknesses for the PIV 
studies vary between 1 and 0.5 mm (thicker for stereo PIV) while the spatial extend of the laser sheet 
varies between roughly 50 and 75 mm. In the supersonic case a laser pulse spacing of 300 ns has to be 
used to allow for low error reconstruction of the velocity field. This very short time delay is required due 
to the high flow velocities and the strong shear between the jet and crossflow. 

More details on the subsonic PIV data acquisition and processing can be found in Fries et al. (2017) and 
for details about supersonic PIV, refer to Ochs et al. (2018). 

For the experiments on the jet in supersonic crossflow (JISCF) the Mie-scattering signal itself is also em-
ployed for estimates of the jet fluid concentration. To this end, the laser sheet is imaged using a dye-cell 
providing an instantaneous laser sheet profile correction. Thus, improving the fidelity of the jet fluid con-
centration measurements. Additional standard image processing procedures include background and flat-
field correction of every instantaneous Mie-scattering image. Moreover, significant development efforts 
were made to come up with a seeding strategy for the jet and the crossflow that resolves all flow features 
of interest. This endeavor is challenging as the high flow velocities cause even larger flow structures to 
evolve with very high characteristic frequencies (estimated frequency of large-scale structures is 
~90	𝑘𝐻𝑧). By observing seed particles relaxation times across naturally occurring and imposed shocks, it 
was found that silicone dioxide particles with an approximate mean diameter of 15 nm combined with a 
swirl or reverse cyclone seeder setup provided the best results, both in terms of response to step changes 
in velocity as well as seeding quality. The measured Stokes number is 𝑆𝑡~0.09. Titanium and Aluminum 
dioxide particles and fluidized bed seeders did not perform as well. On the seed side due to strong attrac-
tive forces between the particles and hydrophilic properties resulting in clumping and on the seeder side 
since fluidized beds do not work well with particle size in the range of hundreds of nanometers or below, 
see Rhodes (2008).  
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Evaluation is performed on the ensemble averaged Mie-scattering image based on certain concentration 
values. The interpretation is made more complicated by the presence of dilatation in the flow field which 
can change the Mie-signal without any actual mixing taking place. Thus, a concentration value between 
10-1% is expected to delivery more reliable results, further away from possible sources of dilatation, such 
as the jet expansion region and the Mach disk. 

 

2.2. Facilities Developed 
 
This research project leveraged existing facilities in Georgia Tech but to address the specific questions 
regarding premixed scaling in subsonic and supersonic reacting flows new facilities had to designed and 
built. Unique facilities are now fully operational in GT and are summarized below. 

2.2.1. Turbulence Generation for Isotropic Turbulence 
 
Passive and active techniques have been used in the attempt to generate well-defined homogeneous iso-
tropic turbulence. The passive approach is based on the work done by Liu et al. (2004) and Comte-Bellot 
and Corrsin (1971) using grids with circular holes, a solidity of 20% and varying hole diameters. Specifically, 
we considered hole diameters of 8.9 and 12.2 mm, see Fig. 19 for an example of one of these grids.  

 

 
Figure 19: Example of one of the manufactured passive 
grids utilizing a pattern of equally sized holes and solidity 
of 20%.  

 
 

The active turbulence generator is derived from the design presented by Makita (1991), i.e. rectangular 
vanes with cut-off edges attached to five horizontal and six vertical rotating rods are used to stir the in-
coming air flow (see Fig. 20). The latter setup will also be referred to as a “vane grid”. Both frequency and 
rotational direction of the rods can be prescribed by the experimenter. Here, the solidity is 36% and the 
characteristic grid spacing is 24.1 mm. Tested rotational frequencies are in the range Ω = 1 − 10	Hz. Set-
ting the rotational speed to zero and making sure the vanes are parallel to the flow provides an additional 
passive turbulence generator mode (i.e., passive vs. active vane grid operation and nomenclature).  

Figure 20: Design of the active vane grid. Shown is the vane 
grid integrated into the gear box. The characteristic dimension 
𝑀 is the distance between vane centerlines, here 24.1 mm. The 
design consists of 11 driving shafts with 5 or 6 winglets each.  
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Earlier studies showed that counterrotation of adjacent bars prevents production of net vorticity and that 
the characteristic length scales can be controlled to some extent with the rotational speed of the vanes 
(Larssen & Devenport, 2011; Mydlarski & Warhaft, 1998). Faster rotation was shown to result in smaller 
scales and lower turbulent intensity. However, faster rotation also causes addition of non-turbulent, co-
herent large-scale energy content at wave numbers closer to the inertial subrange. The decision to oper-
ate at a certain rotational velocity Ω then becomes a trade-off between scale separation, turbulent inten-
sity and a clean inertial subrange. We decided to choose a rotation speed that adds energy at scales larger 
than the tunnel and outside of the inertial subrange, resulting in Ω = 2 − 5	Hz. To exclude any coherent 
energy content introduced by the rotating bars from the discussion of turbulence in our facility, the large 
scales below the tunnel wavenumber are removed on a mean-square basis from the hot-wire results.  

More details on the subsonic isotropic turbulence generation can be found in Fries et al. (2017). 

2.2.2. Homogeneous Isotropic Turbulence 
Building on the efforts to generate isotropic turbulence a modular flow blockage array was designed, 
based on the work by Shen & Warhaft (2000), and introduced downstream of the vane grid with the goal 
to generate homogeneous shear turbulence in the subsonic flow facility. The flow blockage is tuned to 
provide a uniform velocity gradient across the height of the subsequent test section. Thus, introducing 
constant shear in one direction and a turbulence generation mechanism in the turbulent main flow. A 
schematic of the resulting experimental setup are shown in Figs. 21 and 22. 

 

Figure 21: Schematic of the experimental setup to generate homogeneous shear turbulence 

2.2.3. Subsonic Turbulent Channel Flow 
 
 The previously mentioned turbulence generators are 
combined with small-scale wind tunnel-like facilities. The 
goal being well-defined, high-intensity turbulence in a fa-
cility that supports ignition and flame experiments. Un-
heated air is supplied to this facility at 1725 kPa, metered 
with a calibrated orifice plate and monitored by a 0–34.5 
kPa Omega PX-409 differential pressure transducer. The 
air temperature in the test section stabilizes after a tran-
sient period between 288 and 282 K. The 
utilized test-sections have a rectangular 
cross-section with a side length of 146.5 
mm. Two versions of the channel test sec-
tion were built and characterized. The first 

Figure 22: Isometric view of the entire experimental facility. Shown is 
the first iteration of test section but everything downstream of the flow 
conditioning screens is modular and can be exchanged as needed. The 
stagnation tank redirects the air supplied from a much larger array of 
high-pressure tanks. Image is to scale. 
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one provides optical access from three sides through 76.2 by 5 cm windows with a total length of 1.372 
m, while the more recent iteration provides access from all four sides with 24.4 by 8.53 cm windows and 
a total length of 0.984 m. The dimensions were chosen based on turbulence evolution and scale-separa-
tion considerations to arrive at fully developed turbulence and a reasonable range of wavenumbers over 

which an inertial range can exist, i.e. a scale separation of ℒ
u
∝ v𝒰

x
ℒy

z
{ > 𝒪(10). Moreover, the side-wall 

angle of the channels can be adjusted to compensate for boundary layer growth guaranteeing a zero-
pressure gradient, constant mean velocity flow. Figure 23 shows one of these subsonic test sections. 

 

Figure 23: Schematic of the 2nd iteration subsonic test section with hot-wire centerline traverse locations (black circles in the red 
box). PLIF measurement locations are distributed across the optically accessible region of the test section, i.e., the window outlined 
in red. Turbulence generators are installed at datum A. All dimensions in [cm]. 

A Pitot probe is used to set the velocity of tunnel and the divergence of the walls is set thereafter by 
equilibrating the pressure difference measured by a Dwyer MS2 Magnasense between the beginning and 
the end of the tunnel. 

More details on the subsonic flow facilities can be found in Fries et al. (2017) and Fries et al. (2019). 

2.2.4. Supersonic Premixed Channel with Mean Divergence 
 
Flow Facility 
Experiments were conducted in Supersonic Test Cell 1 (SSTC1) at the Ben T. Zinn Combustion Laboratory. 
A schematic of SSTC1 is shown in Figure 24. High pressure, preheated air is supplied by a blow-down type 
air storage system and an in-direct natural gas-fired heater. The air travels through supply piping into a 
vertical stagnation tank, designed to improve homogeneity in the experimental air by drastically slowing 
the air velocity. The stagnation pressure (P0) is measured in the stagnation tank using a pressure trans-
ducer with a standoff pipe to avoid excess temperatures. The stagnation temperature (T0) is also meas-
ured in the stagnation tank using a k-type thermocouple immersed in the flow. The temperature and 
pressure conditions are variable from T0 = 300 - 650 K and P0 = 0:3 - 0:6 MPa. Stagnation conditions are 
varied to achieve constant static temperature (Ts = 335 K) and pressure (Ps = 73,000 Pa) within the test 
section across all Mach number conditions tested. The air flow rate is metered using a choked flow calcu-
lation at the facility nozzle. 
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Natural gas with > 98% CH4 is injected into the air stream through an array of counter-flowing jets in the 
mixing section. The fuel flow is controlled by increasing the facility supply pressure and gas is directed into 
the mixing section by opening a LabView-controlled isolation valve. The fuel flow rate is metered by a 
choked flow calculation at the injection orifices as well as by a sub critical orifice further upstream. The 
flow rate can be varied to achieve an equivalence ratio in the range φ = 0 – 1.4, with typical runs between 
0:7 - 1. The fuel/air mixture then flows through the horizontal straightening/homogenizing section, which 
is sized sufficiently long to achieve complete mixing and uniform velocity. Premixedness in the mean was 
verified by traversing an extractive sampling probe and analyzing the samples using an online infrared 
absorption gas analyzer. Variation in the cross-stream air-fuel ratio is less than 5%. The hot/premixed 
mixture then travels through a turbulence generator, into a 9:1 area contraction, through the facility noz-
zle, and finally into the supersonic test section. A schematic of these components is shown in Figure 25. 
The 9:1 area contraction was included to reduce the upstream velocity, which improves premixedness 
and velocity uniformity. Additional details on the experimental facility are given in Ochs et al. (2018a) and 
Ochs et al. (2019a). 

 

 

Figure 24. Air and fuel delivery system in SSTC1.  

Supersonic Tunnel with Mean Divergence 
A schematic of the supersonic test section is shown in Figure 25. There are four viewing locations with 
both normal and orthogonal windows (data was collected at the first three). The fuel-air mixture enters 
from the left, passes through a turbulence generating grid, enters the converging-diverging (C-D) nozzle 
and exits at the design Mach number. Three C-D nozzles are available to vary the nozzle exit Mach number 
(M0). These are M0 = 1.5, 1.75, and 2.0. At the C-D nozzle exit, the test section has a 50 X 50 mm2 square 
cross-section. Approximately 140 mm downstream of the nozzle exit, the tunnel walls diverge at 1° to 
mimic a scramjet geometry, where divergence is added to avoid frictional and/or thermal choking. There-
fore, the flow field experiences a mean acceleration and ∇P ≈ 30,000 Pa across all cases.  
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Figure 25. Schematic of the optically accessible diverging tunnel shown with M0 = 1:75 nozzle installed. Distances are millimeters from the CD 
nozzle exit. 

2.2.5. Jet in Supersonic Crossflow (JISCF) 
 

The JISCF facility is a blow-down wind tunnel capable of supplying 2.5-3 kg/s of heated air for about 9 min 
of run time. The facility is shown in Fig. 26. Nominal operating conditions have a stagnation pressure of 
55 psia and a stagnation temperature of 600 K. The air flow is accelerated through a converging-diverging 
nozzle to a freestream Mach number of 1.72. The design of the minimum length nozzle is not perfect and 
some weak compression waves remain in the test section which must be accounted for in the analysis. 
The test section has an 80 x 80 mm cross section and is shown schematically in Fig. 27. 

 

Figure 26: Blow-down wind tunnel facility used for the JISCF experiments. 

The jet has a diameter of 2 mm and is fed by a heated manifold with stagnation pressures from 50 to 450 
psia (momentum flux ratios of 𝐽 = (𝜌𝑢)T/(𝜌𝑢)N~0.5 − 6.5), where 𝜌 and 𝑢 are density and velocity, respec-
tively, and subscripts 𝑗 and ∞ denote jet and freestream conditions. So far, nitrogen, helium, argon, car-
bon dioxide and ethylene have been tested successfully as injectants.  

To assess the flow quality in the test section, static pressure measurements are taken using a Scanivalve 
DS 3217 with 16 channels. The static pressure is measured along the sidewall of the nozzle and on top of 
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the test section (Fig. 28). As mentioned above, some weak shocks and expansion waves remain in the test 
section causing pressure variations of 10 % and vertical velocities close to the jet exit of up to 34 m/s (i.e. 
5% of free stream velocity), as measured via PIV.  

 
 
 
 

Figure 27: Schematic of the JISCF test section. Flow is from 
left to right. The broken-out section shows the injector de-
sign along the centerline of the test section. All dimensions 
in [cm]. 

 

 
Figure 28: Static pressure trace in nozzle and test section of the 
JISCF setup. The test section starts at𝑥 = 0	m. The red line in-
dicates the trend of the measured static pressure. It is increas-
ing slightly due to the remaining, reflected compression waves 
in the test section. 

 
 

2.3. Summary of Key Results  
2.3.1. Turbulence Assessment  
Isotropic, homogeneous and shear-free turbulence is achieved in both subsonic channel flow facilities. 
For the active vane grid case with a rotation rate of 2 Hz a spectral inertial range is well-defined over 
almost two decades of wavenumbers and trends in the turbulence dissipation rate follow that reported 
in relevant literature, see Ishihara et al. (2009). Spectral results for both hot-wire and PIV measurements 
are shown in Fig. 29. The data also shows that passive grids with too small holes (in this case < ~24	mm) 
do not result in significant turbulence intensities or isotropic turbulence. Most likely due to the largest 
structures being too small to establish a proper turbulent cascade down to the viscous dissipation range. 
Moreover, significant differences in the interpretation of turbulent flow content between hot-wire and 
PIV measurements were described and analyzed yielding, among other results, a general guideline for 
computing turbulence dissipation rates from PIV data. More detailed results and analysis can be found in 
Fries et al. (2007). 

The tuned modular flow blockage array for homogeneous shear turbulence (HST) achieves a constant 
mean velocity gradient (up to the boundary layers). The mean velocity changes from ~0.4 times the set 
velocity at the bottom to 1.2 times the set velocity at the top of the test section, see Fig. 30. Moreover, 
the streamwise root-mean-square (RMS) velocities are weakly decaying in the downstream direction with 
a relative intensity of~5%. In the transverse direction a relatively constant streamwise RMS gradient re-
sults, where 𝑢′��� changes from ~1.1 times the centerline value at the bottom to ~0.9 times the center-
line value at the top. 
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Figure 29: One-dimensional turbulent power spectra from 
Fries et al. (2017). Hot-wire and PIV spectra for both stereo 
and higher-resolution planar PIV. The range of the particle re-
sponse limit is indicated by the dashed vertical lines. Case4: 
passive vane grid, Case 7: vane grid at 2 Hz. 

 
 

Figure 30: Measurement in the transverse direction of the 
mean velocity. The relatively uniform velocity gradient re-
quired for homogeneous shear turbulence is clearly discerni-
ble up to the facility boundary layers.  

 

2.3.2: Subsonic Flame Speed Analysis  
Spherically expanding flames were studied in isotropic, homogeneous turbulence. Properties of the cases 

of interest are given in Table 4. The cor-
responding OH-PLIF results were ana-
lyzed in two ways. For one, the growth of 
the mean flame radius was computed as 
1/𝑆�,�𝑑〈𝑅j〉/𝑑𝑡, for the other, the time 
evolution of the flame surface density 
and derived quantities. Here, 𝑆�,� is the 
burned laminar flame speed and 〈𝑅j〉 is 
the mean flame radius. The flame surface 
density was computed based Trends in 
the mean flame radius evolution agree 
well with data reported in the literature. 
They also support the validity of a scaling 

developed by Chaudhuri et al. (2013) for thermo-diffusively stable flames and, by implication, the concept 
of effective turbulence intensity (𝑢′hjj) for spherically expanding flames first proposed by Abdel-Gayed 
(1984), see Fig. 31.  

Table 4: Experimental conditions for the reported reacting flow studies. 
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To compute the flame surface density from pla-
nar experimental results we use the definition 
Σ(𝑟) = 𝐿(𝑟)/𝐴(𝑟), where 𝐿(𝑟) is the average 
flame length and 𝐴(𝑟) is the average flame sur-
face area at a given radial distance from the 
flame center, 𝑟. Detailed descriptions of how this 
expression is derived, how Σ is computed based 
on the method of Shepherd & Cheng (2001) and 
how the numerical value of Σ is corrected for 
three-dimensional effects based on the work by 
Halter et al. (2009), Veynante et al. (2010) and 
Hawkes et al. (2011) can be found in Fries et al. 
(2019).  

The flame surface density results in Fig. 32 under-
score the potential of the developed facility to 
provide statistically converged data for a reacting 
flow configuration that, traditionally, has been 
investigated mostly with time-resolved data sets 

providing only a low number of ensembles. Moreover, trends in the obtained data suggest a dominant 
influence of turbulence properties over the equivalence ratio in the detailed evolution of the flame brush, 
at least in the parameter space investigated.  

Finally, a comparison between experimental results and the Taylor theory for turbulent flame brush 
growth was made. Using the normal derivative of the mean progress variable 𝑐,̅ the flame brush thickness 
is defined as, 

𝛿� =
1

𝑚𝑎𝑥 v𝑑𝑐̅𝑑𝑛�⃗ y
, 

and the prediction made by the Taylor theory for turbulent dispersion, using a thin flame approximation 
and the Langevin model, gives, 

𝛿�(𝑡) = √2𝜋�2𝑢′hjj〈𝑅j〉𝑡�
//4 �1 −

〈𝑅j〉
𝑢′hjj𝑡

�1 − 𝑒𝑥𝑝 �
𝑢′hjj𝑡
〈𝑅j〉

���
//4

 

While trends agree well, the Taylor theory slightly underestimates the measured flame brush thickness, 
especially for the higher turbulence cases, see Fig. 33.   

More detailed analysis and results regarding this flame data can be found in Fries et al. (2019). 

Figure 31: Our normalized global displacement speeds collapse 
well and show similar trends as the reference data by Chaudhuri 
et al. (2013). The dashed blue line gives a trend for the linear re-
gime and 𝛿�,� is the burned laminar Markstein length. The uncer-
tainty for the curve-fit derived 𝑆�,�� is below 1% at a 95% confi-
dence level for all data points. 
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Figure 32: Change in flame surface density for all cases. The profiles of 𝛴 are centered around x-axis coordinates corresponding to 
the time after ignition multiplied by the respective mean convective velocity. Red solid lines represent the Gaussian fits used for 
integration. Turb1 = active vane grid, Turb2 = passive vane grid. The gray shaded areas represent 95% confidence bounds centered 
on the Gaussian fits. 

 

Figure 33: Growth of turbulent flame brush as a function of the mean flame radius 〈𝑅j〉. 𝛿e is derived as described in App. B of 
the publication Fries et al. 2019. The full and dashed lines correspond to predictions made by the Taylor theory for the active and 
passive vane grid cases, respectively.  

2.3.3. Laser Ignition of Supersonic Flows 
The characteristics of laser breakdown plasma kernels are studied under quiescent, flowing non-reacting, 
and flowing reacting conditions within the supersonic channel for a variety of Mach numbers and equiva-
lence ratios. Figure 34 shows Schlieren snapshots for the various conditions.  Qualitative agreement of 
the kernel shape with previous studies is shown and notable features include kernel eccentricity and third 
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lobe formation. In addition, quantitative agreement is shown for the kernel perimeter between these 
studies and those of Mulla et al. (2016). This agreement occurs despite the differences in optical tech-
niques and flow velocity, which suggests a universality in the early time growth of laser ignition kernels. 
Overall, the laser energy required for successful ignition is fairly low. The ignition probability (Figure 35) 
is near 100% when Ed = 10, and even at the lowest incident energies recorded, the ignition probability is 
greater than 50%. This means that over 50% of the laser pulses result in a self-propagating flame kernel, 
even when the incident energy is as low as 12.5 mJ/pulse. The breakdown probability was near 100% for 
all the conditions studied. The minimum ignition energy, i.e. smallest energy that results in self-propagat-
ing flames, for the M = 1:75, φ = 1:0 case is Emin = 1.94 mJ. 

 

Figure 34. Laser breakdown and ignition kernels for a variety of conditions (rows) and time delays (columns). Row 1 corresponds to the quies-
cent condition, row 2 corresponds to an un-fueled M=1.75 case where the static pressure and temperature match atmospheric conditions, row 3 

is an un-fueled M=1.75 case where the static pressure and temperature are matched to those used in the flame speed experiments, and row 4 
corresponds to a φ=1.0 version of row 3. 
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Figure 35. Ignition probability as a function of Ed at ∆𝑡R¡¢ = 680	𝜇𝑠. 

The kernel radius grows up until ∆𝑡R¡¢ = 250	𝜇𝑠 (Figure 36), which is true for fueled and unfueled kernels 
alike. However, after ∆𝑡R¡¢ = 250	𝜇𝑠, the kernels begin to dissipate for the unfueled cases. When the 
thermo-chemical conditions are such that the flame is not self-sustaining (for example, when φ = 0.5 case), 
the kernels also dissipate but at a later time. These observations suggest that kernel growth is driven 
entirely by the ignition overdrive up until ∆𝑡R¡¢ = 250	𝜇𝑠, after which the kernel grows due to a combi-
nation of the ignition overdrive and flame growth for the φ > 0.5 cases or begins to dissipate for the φ≤ 
0.5 cases. 

 

Figure 36. Dependence of R on Ed and ∆𝑡R¡¢  for M=1.75, (left) φ=1.0 and (right) φ=0.5 kernels. Each point corresponds to a sin-
gle ensemble. The surface is a 2D polynomial curve fit colored by the value of R. 

Given enough time, the growth of subsonic and supersonic flames alike will become completely independ-
ent from the ignition event. For the supersonic flows in this paper, the flame growth is never completely 
decoupled from the ignition event, which is easily visualized by looking at the dependence of dR/dt on the 
deposited energy (Figure 37). This has important implications for the interpretation of flame speeds de-
rived from premixed supersonic flame kernel studies: the flame speeds will be larger due to the persistent 
influence of the ignition event. This error in the flame speed measurement can be minimized, however, 
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by only including measurements at ∆𝑡R¡¢ > 500	𝜇𝑠 and with Ed > 25 mJ. The timescales for subsonic flows 
are much longer, therefore the ignition overdrive likely has a minimal effect on subsonic premixed flame 
speed studies. 

 

Figure 37. Contour plot of @R=@t versus Ed and ∆𝑡R¡¢ M = 1:75, φ = 1 kernels with regions of % change of dR/dt per mJ of deposited energy 
overlaid with black lines. 

More details on the laser ignition work can be found in our attached manuscript in preparation: Ochs 
and Menon (2019b). 

2.3.4. Supersonic Flame Speed Analysis 
Experimental and numerical analyses were used to investigate the evolution of flame topology and the 
turbulent flame speed of supersonic flame kernels exposed to a mean expansion. This section gives a brief 
overview of the key findings from two published works: Ochs et al. (2018a) and Ochs et al. (2019a). 

Premixed turbulent flame speed experiments were conducted in SSTC1 using laser ignition. The goal was 
to investigate the influence of turbulence on supersonic flame kernel growth and to identify any Mach 
number or equivalence ratio trends. Figure 38 Schlieren images collected at different times from ignition 
for various cases. Using experiments, it was discovered that supersonic flame kernels are self-propagating 
and respond to the equivalence ratio in a fashion that is similar to low speed flames. However, supersonic 
flame kernels have features that are not present in subsonic flame kernels. Baroclinicity, resulting from 
pressure-density misalignment, creates a reacting vortex ring structure. Further, the mean kernel shape 
has a Mach number dependence and the vortex ring enhances the turbulent flame speed through entrain-
ment of reactants and augmented flame surface growth. Hence, the previously established (low speed) 
flame speed scaling is inappropriate for supersonic flame kernels. Drawing motivation from vortex ring 
literature, the ring propagation velocity is used as the characteristic velocity and a new flame speed scaling 
was proposed. However, limitations in experimental diagnostics kept us from making definitive conclu-
sions with the experiments alone. 
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Validated numerical simulations of the supersonic 
flame kernel were performed to expose infor-
mation that experiments alone could not give. 
Four cases spanning three Mach numbers and two 
equivalence ratios are discussed. A detailed com-
parison is conducted by processing numerical re-
sults in a similar fashion to experimental results. It 
is shown that the simulations qualitatively and 
quantitatively matched experiments for the flow 
field statistics, flame growth, and internal flame 
structure. For example, Figure 39 shows a compar-
ison between simulations and experiments for the 
evolution of the kernel radius. Clearly the simula-
tions match the experiments quite well. Building 
on these similarities, the numerical results are lev-
eraged to yield additional insights not available in 
the experimental data alone. 

 
Figure 39. Effective kernel radius versus ∆𝑡R¡¢ derived  
from Schlieren images for experiments (symbols) and  
simulations (lines). 

Access to the full 3D flame topology confirms that the flame kernel morphs into a reacting vortex ring 
upon interaction with the mean flow expansion (see Figure 40). This was previously hypothesized based 
on 2D observations (Ochs et al. 2018a) but could not be confirmed with the limited experimental diagnos-
tics. It is also shown that LOS measurements overestimate the calculated flame radii by as much as 20% 
because of the reacting vortex ring topology. Relationships between LOS and volumetric derived radii 
showed reasonable agreement with previous experimental observations (Bradley et al. 2011). Line of sight 
measurements under predict the turbulent flame speed by up to 30%. 

Figure 38. Schlieren snap shots for a. Case 4 (M0 = 1.5, φ = 1.0), 
b. Case 3 (M0 = 1.75, φ = 1.0), c. Case 8 (M0 = 1.5, φ = 0.7), and 
d. Case 5 (M0 = 2.0, φ = 1.0) at (left) Window 1 (∆xign ≈ 0.11 m), 
(middle) Window 2 (∆xign ≈ 0.32 m), and (right) Window 3 
(∆xign ≈ 0.51 m) 
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Figure 40. Evolution of kernel topology visualized using the 460 K temperature isocontour. Data is for the M=1.75, φ=1.0 case at 
the indicated times. 

Growth of supersonic flame kernels in a mean expansion is predominately influenced by hydrodynamic 
instability. Expansions force the kernel into motion with respect to the reactants. This process generates 
shear and acts like a flame surface source. The turbulent flame speed did not collapse when scaled against 
u’ because the shear induced by baroclinic torque influences the flame more than turbulence. A collapsed, 
and at least partially linear, regime is present when the turbulent flame speed is scaled against the vortex 
propagation velocity, UT. This observation lends support to the idea that turbulence plays a secondary role 
to the hydrodynamic instability in this problem. 

 
Figure 41. Scaling of normalized turbulent consumption speed based on volumetric data at the c = 0.05 isocontour. 

DISTRIBUTION A: Distribution approved for public release.



 34 

The turbulent displacement and consumption speeds are compared and the conditions for equivalence 
are shown in Fig. 41. The nature of the diagnostic used (LOS, planar, or volumetric) and the progress var-
iable iso-contour measured greatly affect the estimated flame speed. Numerical results suggest that the 
c = 0.5 iso-contour should be used when experimentally measuring the turbulent displacement speed for 
φ = 1.0 supersonic kernels in an expanding flow. This result is, however, equivalence ratio dependent and 
the c = 0.25 iso-contour may perform better for the φ = 0.7 Case. These results demonstrate the utility of 
combined physical and numerical experiments. 

For more details on the experimental and numerical works, refer to Ochs et al. (2018a) and Ochs et al 
(2019a). 

 

2.3.5. FRS Development and Applications 
A Filtered Rayleigh Scattering (FRS) system was assembled with minimal hardware costs. Despite the initial 
poor systematic performance of the system in terms of Mie scattering rejection, the optical density was 
improved from 10x absorption to 10000x absorption (e.g. OD of 1 to OD of 4) by refining the laser head’s 
internal alignment, applying an external air-spaced etalon, and refreshing the molecular iodine cell by 
pumping it out and resupplying the iodine at a pressure less than 1 torr. The FRS system was used to 
measure temperature of a premixed, lean H2/air tubular flame and compared to prior Raman scattering 
temperature measurements and numerical simulation for validation. The FRS measurements agreed well 
with prior data (Hall & Pitz, 2013) and the method was determined a valid means for thermometry. Addi-
tionally, multiple FRS methods (Pulsed Nd:YAG, Pulsed Nd:YAG with external etalon, and CW Laser) were 
used to measure the temperature in order to determine the accuracy of the various methods.  

After the system validation, the FRS system was moved to Georgia Tech in order to measure turbulent, 
premixed CH4/air flame kernels in subsonic flows. Due to extensive previous PIV measurements, the wind 
tunnel producing the flame kernels contained inherent, large particles in the gas flow that produced sub-
stantial Mie scattering signal when excited by the FRS system. The optical density (ability to reject Mie 
scattering) was not sufficient to reduce the scattering from these particles when using the pulsed Nd:YAG, 
with or without the external etalon. While the CW laser’s spectral purity led to an adequate optical density 
to remove the Mie scattering signal, the exposure time needed to obtain enough Rayleigh scattering was 
too great. The combined flow speed (Mach 0.7) and long exposure time led to flame ‘streaking’ on the 
detector, and the images contained blurred flame boundaries. All FRS measurement attempts at single-
shot temperature in turbulent, premixed CH4/air flame kernels in subsonic flows were unsuccessful. Vali-
dated models of Rayleigh scattering and iodine transmission were combined with known solutions to cal-
culated Mie scattering in order to assess the predicted intensity of a given flow condition, and therefore, 
the adequate optical density needed to achieve successful FRS temperature measurements. The com-
bined models confirmed that the current FRS system does not contain the adequate optical density for 
proper Mie scatter rejection. For the conditions of the wind tunnel, FRS system’s optical density should 
be no less than OD=6 for rejection of Mie scattering interference. For future considerations, flows that 
are dense with particles or flows containing large particles require high optical density values of OD=6 or 
greater for FRS temperature measurement system. Reducing the particle size and concentration to the 
minimum needed for PIV measurements is highly recommended in order to reduce the minimum optical 
density requirements of the FRS system.  
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2.3.6. Jet in Supersonic Crossflow – Gaseous Mixing 
It was originally planned to investigate the JISCF flow field using a combination of PIV and nano-particle 
Rayleigh scattering. However, the latter turned out to be a highly non-trivial task with development ques-
tions reaching into material science and material processing techniques. Thus, to be able to study large 
scale mixing and entrainment, a trade-off between acetone PLIF and Mie-scattering off particles was per-
formed and solid particle Mie scattering was chosen. 

Initial PIV and Mie-scattering results showed that the seeding strategy was not adequate to sufficiently 
capture the flow physics of the JISCF. Testing different seeding strategies and seed types (as described in 
Sec. 2.1.7.) yielded Silicone Dioxide (Aerosil R974) and a swirl or reverse cyclone seeder as a solution to 
this problem. With that, a relaxation time of ~1	µs is achieved. 

Without a crossflow, the jet acts as a sonic, under-expanded free jet. Schlieren and PIV measurements 
were performed to provide a good characterization of the jet. The Mach disk height, a specific character-
istic of this type of jet, is measured in the Schlieren images and compared to the correlations by Crist et 
al. (1966): 𝑦��/𝑑T = 1/√2.4§𝑝T,¨/𝑝N, and Velikorodny & Kudriakov (2012): 𝑦��/𝑑T = 0.5√𝛾§𝑝T,¨/𝑝N(𝛾 +
1/𝛾 − 1)¨.4«, where 𝑝T,¨ is the jet supply total pressure and 𝑝N is the ambient pressure. The experimental 
results show good agreement with the correlations, particularly at higher pressure ratios 𝑝T,¨/𝑝N, see Fig. 
42. The PIV measurements show a well-developed mean velocity top-hat profile right above the jet orifice, 
in the region before the Mach disk (MD) where the jet is still accelerating. It can also be seen that the 
Mach disk induces a velocity deficit at the jet center followed by development into a parabolic jet velocity 
profile (Fig. 43). 

 
 

Figure 42: Schlieren derived Mach disk heights compared with 
existing empirical correlations. 

 
Figure 43: Free-jet velocity profiles at different transverse 
distances from the jet orifice. 

 

Mie-scattering images of a seeded jet in the full JISCF flow field are used to obtain the time-averaged jet-
trajectory. The latter is defined as the iso-contour at which the scattering signal decreases to 10% of the 
reference intensity and this reference is set to be the scattering intensity measured right above the jet 
orifice. Then, an iterative procedure is used to determine the coefficients in the jet power-law: 𝑦/𝐽𝑑T =
𝐴�𝑥/𝐽𝑑T�

¬, as exemplified in the publications by Gruber et al. (1995) and Gevorkyan et al. (2016), where 𝑑T  
is the jet diameter. The resulting fitting coefficients (𝐴 and 𝐵) are shown in Fig. 44 as a function of the 
momentum flux ratio (𝐽). The pre-multiplier 𝐴 follows the same trends as predicted by the expression 
derived in Portz & Segal (2006) from different sets of experimental data, including effects from momen-
tum flux ratio, boundary layer thickness, injectant molecular weight and crossflow Mach number. On the 
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other hand, the exponent 𝐵 shows a dependence 
on injectant molecular weight (𝑀𝑊) that has not 
been reported before. The molecular weight of the 
test gases is ordered as follows: 𝐶𝑂4 > 𝐴𝑟 > 𝑁4 >
𝐻𝑒. In general, the trend for 𝐵 is to increase 
with𝑀𝑊, however, there might be an additional ef-
fect from the changes in the specific heat ratio of 
the gas, which goes as 𝐻𝑒 = 𝐴𝑟 > 𝑁4 > 𝐶𝑂4. It can 
be seen in Fig. 44 that 𝑁4 and 𝐶𝑂4 have the oppo-
site trend as 𝐽 increases, with 𝐵 being higher at high 
𝐽 for 𝐶𝑂4 and vice versa for 𝑁4.  

At this point, it is speculated that the observed 
trends in 𝐵 are due to the expansion behavior of the 
jet and the resulting jet velocity and velocity gradi-
ent between jet and crossflow. The former depend-
ing on 𝛾, the latter on 𝑀𝑊. Since the specific heat 

ratio tends to decrease as the molecular weight increases (more complex molecules have lower 𝛾), com-
peting effects influence the jet development. 

 

2.3.7. Liquid Jet in Supersonic Crossflow 
 

A preliminary investigation of the performance of both a simple circular pressure atomizer and a twin-
fluid air-blast atomizer injecting liquid water into a Mach 1.5 cross flow has been carried out. The existing 
experimental supersonic flow facility was modified to allow a liquid fuel supply system and to inject it into 
the supersonic cross stream. The facility modified the test section for new flush wall mounted liquid at-
omizers. Jet penetration, jet spread, and plume instabilities were observed using both low and high-speed 
Schlieren photography and their impact on liquid atomization, evaporation and mixing was the focus of 
this study. Liquid and gas mass flow rates and jet-to-free stream momentum flux ratios were estimated 
from pressure transducer and mass flow meter data. To validate the performance of the new experi-
mental facility, pure liquid jet penetration heights from Schlieren images of simple circular pressure at-
omizer are compared to established correlations in literature. Least squares curve fits compare favorably 
to existing shadowgraph pure jet penetration correlations. Figure 45 shows Schlieren snapshots of the 
two injectors as well as penetrations heights. The pure liquid jet images were then used as means of 
comparison to highlight air-blast jet features and characteristics. While the cost in coaxial atomizing air 
flow is high, the intensity of instabilities revealed the air-blast jet are highly favorable to achieving prompt 
atomization and rapid jet plume breakup. 

Figure 44: Trends in the fitting coefficients of the jet trajectory 
power-law for changing momentum flux ratio and different in-
jectants. 
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Figure 45. Comparison of (left column) air blast atomizer and (right column) simple orifice atomizers in a M=1.5, Ts=334 K, Ps= 
73,000 Pa. (Top) Magnified Schlieren instantaneous images comparing the injection regions. Images are not to the same scale. 
(Bottom) Penetration heights. The air blast atomizer was set to 3,447 kPa water and various air pressures.  

 

2.4. List of Publications 
2.4.1. Journal Publications 

1. Journal of Turbulence (2017): Fries et al. (2017) 
2. Flow, Turbulence and Combustion (2018): Ochs et al. (2018a) 
3. Combustion and Flame (2019): Fries et al. (2019) 
4. Combustion and Flame (2019): Ochs et al. (2019a) 
5. In preparation (2019): Ochs and Menon (2019b) 

2.4.2. Reviewed Conferences 
1. Propulsion and Energy Forum: Ballance et al. (2019) 
2. Propulsion and Energy Forum: Huggins et al. (2019) 
3. 11th National Combustion Conference: Carpenter and Pitz (2019a) 
4. Gordon Research Conference of Energy and Combustion Diagnostics: Carpenter and Pitz (2019b) 
5. AIAA SciTech (2016): Fries et al. (2016a) 
6. AIAA SciTech (2016): Ochs et al. (2016) 
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2.4.3. Conferences 

1. APS Division of Fluid Dynamics 2016: Fries et al. (2016b) 
2. APS Division of Fluid Dynamics 2018: Fries et al. (2018) 
3. APS Division of Fluid Dynamics 2018: Ochs et al. (2018b) 

 

2.5. Metrics 
2.5.1. Graduate Students Supported 

• Dan Fries, Ph.D., expected May 2020 
• Chad Carpenter, Ph.D. expected Fall 2019 
• Brad Ochs, Ph.D., October 2019, Ignition, Topology, and Growth of Turbulent Premixed Flames in 

Supersonic Flows 
• Steven Roth, M.S. Graduated 2018 
• Jordan Thomas, M.S., graduated 2018 
• Nathan Grady, Ph.D. Graduated 2016, Laser Diagnostics of Turbulent Flames in High Speed Flows 

2.5.2. Undergraduate Students Supported 
• Kian Shirazi, B.S., expected 2022 
• Grayson Huggins, B.S., expected 2019 
• Spencer Mikus, B.S., expected 2019 
• Alejandro Boxill, B.S., graduated 2019 
• Sam Majidi, B.S., graduated 2018 
• Nico Inghilleri, B.S., graduated 2018 

 

3. Conclusions 
The overriding purpose of this study is to extend the community’s knowledge of flames and turbulence 
occurring within supersonic flows and to advance current or to propose new modeling closures under 
these extreme conditions. Several key conclusions are discussed below. 

Overall, the laser energy required for successful ignition is fairly low. The ignition probability is near 100% 
when Ed = 10, and even at the lowest incident energies recorded, the ignition probability is greater than 
50%. This means that over 50% of the laser pulses result in a self-propagating flame kernel, even when 
the incident energy is as low as 12.5 mJ/pulse. The breakdown probability was near 100% for all the con-
ditions used in these studies. The minimum ignition energy, i.e. smallest energy that results in self-prop-
agating flames, for the M = 1.75, φ = 1.0 case is Emin = 1.94 mJ.  

Given enough time, the growth of subsonic and supersonic flames alike will become completely independ-
ent from the ignition event. For the supersonic flows in this paper, the flame growth is never completely 
decoupled from the ignition event. This has important implications for the interpretation of flame speeds 
derived from premixed supersonic flame kernel studies: the flame speeds will be larger due to the persis-
tent influence of the ignition event. This error in the flame speed measurement can be minimized, how-
ever, by only including measurements at times ≥ 500 µs from ignition and with deposited ignition energies 
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≥ 25 mJ. The timescales for subsonic flows are much longer, therefore the ignition overdrive likely have a 
minimal effect on subsonic premixed flame speed studies. 

A new configuration for studying the propagation of turbulent premixed flames in supersonic flows is 
presented. It is shown that supersonic flame kernels are self-propagating and grow in the downstream 
direction. Two corrections to the turbulent flame speed are necessary due to some unique features of the 
supersonic flow field. These are: (1) a correction to the laminar flame speed, the Markstein length, and 
the burned to unburned density ratio, which vary with the local thermodynamic conditions, and (2) a 
correction to the flame radius to remove artificial growth due to mean expansion. ST/SL has a linear de-
pendence on Re as would be expected of flames in the thin reaction zone. However, ST/SL is larger than 
previous flame kernel studies suggesting that compressibility interaction increases the flame speed. The 
configuration in this study is a subclass of flame kernel problems where confining boundary conditions 
influence flame growth. Upon interaction with expansion waves, the pressure-density misalignment re-
sults in baroclinic vorticity deposition. The interaction causes a velocity slip between the reactants and 
flame and results in the formation of a kernel-wide vortex ring motion. Development of the reacting vor-
tex ring and the resulting kernel shape are shown to be Mach number dependent. Utilizing the vortex ring 
propagation velocity, a refinement to the flame speed scaling is suggested. This can be thought of as add-
ing a pseudo Mach number dependence to the ST/SL scaling. With some caution, the new scaling was 
shown to collapse low speed and supersonic flame kernel data. Future work will need to address the uni-
versality of the new scaling and its potential to capture the growth of an even broader range of subsonic 
and supersonic flame kernels exposed to unique confining boundary conditions.  

A comparison of global displacement and consumption speeds with the same scaling shows large devia-
tions between the two flame speeds. Scrutinizing the Favre-averaged transport equation for the flame 
progress variable leads to the conclusion that the initially used definition of the global displacement speed 
has no physical relevance with respect to the actual rate of consumption of the reactants.  
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