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Coherent anti-Stokes Raman spectroscopy of a hydrogen diffusion flame in a ramjet 

Andrew D. Cutler*, Luca M.L. Cantu†, Emanuela C.A. Gallo‡, Gaetano Magnotti§,  

The George Washington University, Washington, DC 20052 

 Robert D. Rockwell**, Christopher P. Goyne†† 

University of Virginia, Charlottesville, Virginia 22904 

Dual-pump coherent anti-Stokes Raman spectroscopy (CARS) was used to measure the mole 

fractions of major species as well as the rotational and vibrational temperatures of N2 in a 

hydrogen fueled dual-mode scramjet flowpath operated in the “ram” mode.  Developments in 

CARS methods and uncertainties are described, including a detailed analysis of the effects of 

spatial averaging. Mean and standard deviation of the turbulent fluctuations of temperature and 

mole fractions at multiple planes in the flow path and scatter plots of vibrational and rotational 

temperature are presented.  The flame is stabilized downstream of the ramp and grows under the 

influence of turbulence and rollup of the counterrotating vortex pair formed at the ramp; 

combustion continues in accelerating flow approaching the end of the measurement domain. 

Thermal non-equilibrium is observed in the mixing of air with the H2 jet close to the injector. 

Spatial averaging errors are significant at some locations; new methods to correct these errors are 

described. 

1. Introduction 

1.1 Motivation 
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A series of dual-mode scramjet experiments have been conducted using the University of Virginia Supersonic 

Combustion Facility (UVaSCF) to examine the flow processes that take place in the isolator and combustor of a 

direct-connect scramjet model that is operated at flight enthalpy of Mach 5, and to obtain benchmark data sets to 

validate numerical models.  The scramjet combustor has optical access suitable for the application of advanced 

optical measurement techniques and long duration testing capability allows large data sets and converged statistics 

to be built up at multiple points in the flow. The diagnostics are aimed at capturing the physics of turbulent reacting 

flows using spatially and temporally resolved measurement techniques, such as dual-pump coherent anti-Stokes 

Raman spectroscopy (CARS). 

 

CARS can measure temperature and species concentrations, provide information on vibrational equilibrium, and has 

several advantages in the study of scramjet flows. It does not require addition of particles or gases nor does it 

significantly change local thermodynamic conditions.  It can be used where optical access is limited to small 

windows and slots.  The signal beam is coherent and can be relayed away from the model to detectors for analysis, 

while incoherent effects such as flame luminosity or fluorescence are spatially filtered from the signal. It is sensitive 

to pressure, but assumption of locally constant pressure (obtained by a wall static pressure tap) is usually sufficient 

for accurate results. It is temporally well resolved compared to combustor time scales and is spatially well-resolved 

compared to other instruments, though not in comparison to the smallest scales of turbulence.  Previous applications 

of CARS to the study of supersonic combustion include Refs. [1,2,3,4,5,6,7]. The later work at NASA Langley was 

focused on obtaining larger and more detailed data sets in which temperature was mapped in planes [6,7] and 

employed dual-pump CARS [8,9] to simultaneously map out temperature and species concentrations.[7] Because the 

test facilities had run durations of less than 30 seconds and substantial turnaround time between runs, these data sets 

had relatively few locations surveyed and/or insufficient instantaneous measurements to accurately map out point 

statistics of the fluctuations.  In more recent work at the UVaSCF facility, which had steady-state run durations of 

hours, the spatial structure of the flow was mapped with sufficient measurements at each location to provide 

converged statistics using CARS techniques developed by Magnotti.[10] Extensive CARS measurements were 

performed at the UVaSCF in a scramjet configuration with no inlet isolator (configuration A);[11,12] computational 

modeling of this flow field using large eddy simulation/Reynolds-averaged Navier-Stokes (LES-RANS) methods 

and comparisons to the CARS measurements are reported in [13].  
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These previous works did not estimate or correct for the errors due to spatial averaging where flames are thin 

relative to the CARS measurement volume. Since peak CARS signal strength varies strongly (inversely) with 

temperature, a mixed spectrum containing both cool and hot gas tends to be weighted to the lower temperature gas; 

measured temperature and composition are likewise weighted towards the temperature and composition of the cool 

gas.[14,15] If it is accepted that some form of spatial averaging is unavoidable then a measurement of 

thermodynamic mixed-mean temperature and composition in the CARS volume would be more useful than the 

CARS measurement. Bias error, the difference between the CARS measurement and thermodynamic mixed mean 

conditions, is often large and, indeed, for premixed combustion and thin flames the effects on the spectrum may be 

great enough to fit for separate temperatures of both cool and hot volumes, and hot/cool volume fraction and thus 

evaluate mixed mean conditions.[16]   

 

The present work describes CARS measurements performed at the UVaSCF in configuration C, which differs from 

earlier configurations in that a constant area duct or “isolator” is placed between the nozzle exit and the combustor, 

allowing both supersonic combustion mode and ramjet mode (where pressure rise in the combustor propagates 

upstream into the isolator, leading to subsonic flow at the entrance to the combustor and a thermal throat towards the 

end). A short constant area section of duct was also placed between the combustor and the extension to the 

combustor to stabilize the thermal throat in the ram mode. CARS measurements at the entrance plane of the 

combustor showed that N2 (and to a lesser extent O2) entering the combustor was not in vibrational equilibrium; the 

N2 vibrational temperature was equal to the temperature in the facility heater, greater than the rotational (and 

translational) temperature which was lower due to acceleration of the flow in the nozzle.[17] These results compared 

well with existing computational models for vibrational relaxation.  

 

We will describe a comprehensive data set of dual-pump CARS measurements consisting of rotational temperature, 

vibrational temperature of N2, and multispecies concentration measurements in the ramjet mode of configuration 

C.[18]  This work differs from earlier works in the following respects. It describes the development of mixing and 

combustion in a dual-mode scramjet operating as a ramjet; this mode is practically important and differs 

fundamentally from the scramjet mode in that mixing and combustion take place at high subsonic Mach numbers, 
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rather than supersonic. The data set should be useful (when taken with the previous sets) in the study of 

compressibility effects on turbulent mixing and combustion in scramjets. Spatial averaging effects on measurements 

both of temperature and for the first time species mole fractions are shown to be important, and are quantified and 

corrected in dual-pump CARS measurements of a turbulent hydrogen diffusion flame. The vibrational state of N2 in 

a scramjet in ramjet mode has not previously been investigated and the finding of vibrational nonequilibrium of N2 

in early stages of mixing of the fuel jet is new.  (Vibrational non-equilibrium may be important as it has the potential 

to affect flame ignition.)   

1.2 Other Studies of Configuration C 

The instantaneous spatial structure of the configuration C flow was visualized using planar laser-induced 

fluorescence (PLIF) of the OH radical.[19] This radical is formed at the flame front and tends to persist in hot 

combustion products, so is a useful marker of both flame front and products.  Hydrogen fuel is injected from the 

ramp as a jet which then mixes with the surrounding air to form a plume of reactants and combustion products. 

Figure 1 shows two single-laser-shot images of the PLIF, one at plane 1 and the other at plane 2.  The flame 

stabilizes at the base of the injector and instantaneous OH images at planes 1 and 2 show a ragged and often broken 

band of combustion products that separate, on the outside, the freestream air from, on the inside, the jet core flow 

consisting of a high local fuel-air equivalence ratio mixture of H2, and possibly air and/or reaction products.  Any 

unreacted air present in the core is presumably mixed into the H2 jet upstream of plane 1, where high local strain 

rates suppress combustion at the jet periphery, or through breaks in the flame. Also shown is a small portion of the 

image at plane 1 enlarged by a factor of 10, together with a 1 mm long reference line. Flames are highly convoluted, 

sometimes broken and often thin relative to the resolution of the images, which is limited by the imaging system and 

light sheet thickness to about 0.5 mm.[20]  It is expected that downstream of plane 2 a streamwise (“horseshoe”) 

vortex pair that is known to be generated by the ramp injector will tend to entrain air as well as flame and reaction 

products into the core, increasing the fraction of products in the core and growing the plume.   
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Figure 1. Planar laser-induced fluorescence images of OH.[19]  

In other work, stereoscopic particle imaging velocimetry (PIV) measured the three-dimensional velocity in the 

injector nearfield, but the data was limited to the fuel plume because seed particles could only be introduced to the 

fuel.[21]  Computational studies of configuration C flow using LES-RANS methods and comparisons to the OH-

PLIF, PIV and CARS measurements considered modeling of turbulence-chemistry interactions in the flame.[22] 

2. Test facility and dual-mode scramjet 

2.1 Experiment  

The UVaSCF is an electrically heated, continuous-flow scramjet wind tunnel that is operated in direct-connect 

mode, meaning that the inlet of the scramjet is not included and the flow from the facility enters directly into the 

inlet isolator of the engine. [23]  It is capable of simulating Mach 5 flight enthalpy and provides a clean flow of hot 

air that is free of contaminants (such as occur in vitiated or arc-heated air facilities). Facility run times of many 

hours are possible and, because of good optical access and proximity to laser diagnostics labs, the facility is well 

suited to the application of advanced instream diagnostics, such as CARS.   

 

The flow path is shown in Figure 2. It consists of a Mach 2 nozzle directly coupled to an isolator duct that is 25.4 

mm × 38.1 mm (1” × 1.5”) in cross section and connected to the combustor inlet. A ramp fuel injector through 

which hydrogen fuel is injected is placed along the center of one of the 38.1 mm walls of the combustor. The ramp 

is 12.7 mm (0.5”) wide and the forward face is angled 10° to the injector wall. The injector height H (measured 

normal to the wall) is 6.35 mm (0.25”), which dimension is used to nondimensionalize the length variables. Fuel 
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injection takes place through a convergent conical-divergent Mach 1.7 nozzle at the base of the ramp with its main 

axis parallel to the ramp forward face. The side walls and the wall opposite the injector are linear extensions of the 

isolator walls. The fuel injector wall diverges at a 2.9° angle beginning at the leading edge of the fuel injector ramp. 

The divergence results in the ramp face having an angle of incidence to the incoming flow of 7.1°.  At the end of the 

combustor is a constant area section followed by an extender duct with 2.9° divergence which discharges into the 

atmosphere. Distances between nozzle exit, 1st divergence, beginning of the constant area section, end of constant 

area, and extender exit are respectively 332.6 mm, 222.4 mm, 149.0 mm, and 180.1 mm. All components in the flow 

path are made of stainless steel and the walls in the combustor section, including the ramp, are coated in a 0.38 mm 

thick layer of thermal barrier zirconia. The wall that houses the fuel injector is instrumented with low frequency-

response pressure taps that are mostly located on the combustor centerline. Type K thermocouples are also located 

in the wall along the centerline at six axial stations downstream of fuel injection. Reference [12] provides further 

details on the flowpath and instrumentation.  

 

The scramjet flowpath in the ramjet mode was fueled at global fuel-air equivalence ratio (ER) of 0.49  . The 

fuel-air mixture in the combustor autoignited at an ER of approximately 0.14 and combustion was self-sustaining 

following ignition. The vibrational temperature of the N2 and O2 flow in the facility nozzle is approximately 

constant at 1200 K.[17] Nominal total pressure, total temperature, Mach number, static pressure, and static 

temperature (rotational and vibrational) at the facility nozzle exit are 300 kPa, 1200 K, 2.07, 35 kPa, and 647 K 

respectively, and at the H2 injector nozzle exit are 1260 kPa, 300 K, 1.7, 255 kPa, 190 K. Properties at nozzle exits 

are calculated using nozzle area ratio and assuming isentropic flow (γ=1.40, since air is vibrationally frozen and H2 

is low temperature). Pressure and temperature were typically measured to within ±0.5% and average quantities 

typically have a 95% confidence interval of less than ±1.5%.  The operating conditions simulate about Mach 4.5 

flight. Results of measurements with the combustor fueled at ER=0.18 and 0.49, and operating in scramjet mode and 

ramjet mode, have been previously reported. [18,22] 

 

The five CARS measurement planes were at x/H=-10.3, 6.1, 18.1, 38, and 56.1 relative to the point of fuel injection 

and denoted planes 0, 1, 2, 3, and 4 respectively (Figure 2). Plane 0 (the entrance plane) was used to quantify the 

upstream boundary condition to the combustor, while the four downstream planes were to study of the fuel-air 
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mixing and combustion downstream of the injector. To enable CARS measurements the side walls of the flow path 

each incorporated a 3.18 mm wide slot that spanned the entire height of the duct at each plane. When CARS 

measurements were not conducted at a given plane the slots were filled with stainless-steel plugs. The active slots 

were sealed from the atmosphere using a box arrangement with Brewster’s-angle windows offset from the flow path 

by about 127 mm (to avoid damage by the focused laser beams), and the window box was purged by a small (80-

120 standard liters per minute) flow of air. 

 

Figure 2. Dual-mode scramjet flowpath (dimensions in mm)  

3. CARS method 

3.1 Principles  

 Coherent anti-Stokes Raman spectroscopy (CARS) is a non-linear spectroscopic technique in which three laser 

beams, two pump beams (with frequencies ωp1 and ωp2) and a Stokes beam (ωS), are focused and crossed at their 

focal point; a fourth laser-like signal beam (ωa-S) is generated at the intersection through a third-order non-linear 

interaction with the gases.  Resonances associated with Raman active molecular rotational-vibrational transitions 

strengthen the CARS signal in a manner dependent on gas composition and temperature.  The frequency of 

excitation or “Raman shift” corresponds to the difference in energy between the pump beam and the Stokes beam 

(longer wavelength) photons. Nanosecond, broadband, dual-pump CARS is employed in the current work. With 

nanosecond CARS the durations of the laser pulses are much greater than the rotational and vibrational time scales 

of the interacting gas molecules. In the broadband technique one of the laser beams, the Stokes beam, is spectrally 

broad whereas the other pump beams are spectrally narrow, which enables multiple resonances to be excited 
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simultaneously.  The signal is nanosecond, spectrally broad and carries with it the spectral signature of the gases 

present (over some range of frequencies). It is dispersed by a spectrometer and spectra are compared to theoretical 

models to obtain information on composition and temperature.  In dual-pump CARS the two pump beams are at 

different wavelengths, two CARS processes in which the roles of the pump beams are swapped are superposed, and 

two different ranges of Raman shift are excited.[8,9] A planar BOXCARS phase matching configuration is adopted 

in which the Stokes and one of the pump beams are nearly collinear and the signal beam is emitted nearly collinear 

with the other pump.[10] This configuration enables the CARS beams to pass through slot windows. 

 

The optical system consists of a mobile laser cart located in a room adjacent to the scramjet lab, and components 

located in the scramjet lab.[11]  The laser cart contains an injection seeded Nd:YAG laser, frequency doubled to 532 

nm, a portion of which is split off to form one of the pump beams.  A narrow band dye laser (Spectra Physics PDL-

2) produces the second pump beam, centered at around 550.5 nm (FWHM 0.4 cm-1), and a home-built broadband 

dye laser produces the Stokes beam, centered at 603 nm (FWHM 8 nm).  Both dye lasers are pumped by the doubled 

Nd:YAG laser. The pulse width of the laser is 8 ns and the repetition rate is 20 Hz.  The second pump and Stokes 

laser beams are partially overlapped and parallel at the laser cart.  The cart also contains spherical-lens telescopes for 

controlling beam size and divergence, and a rotatable half-wave plate and polarizing beam cube combination that 

allows the energy of the Nd:YAG laser beam to be controlled.  Laser energies at the measurement volume are 

roughly 62, 32 and 19 mJ/pulse for the Nd:YAG, the narrowband and the broadband dye laser respectively. 

 

Laser beams are sent to a stepping-motor driven translation system, upon which relay mirrors, transmission optics 

(on one board) and collection optics (on a second board) are mounted. Located on the transmission board are mirrors 

that cross the Nd:YAG and overlapped dye laser beams (crossing angle of 3.9°), a 750 mm lens for focusing the dye 

laser beams, and a 600 mm lens for focusing the Nd:YAG. The latter lens is tilted with respect to the incoming beam 

so that, by introducing astigmatism, it shapes the focal spot at the beam crossing to a roughly 4:1 axis ratio ellipse 

with major axis orthogonal to the plane formed by the three laser beams. This helps in reducing beam steering 

effects due to refraction in flows with large, unsteady density gradients due to turbulence.[24] The focal length of 

the two lenses is long enough to ensure that laser irradiances are below the Stark broadening and stimulated Raman 

pumping thresholds.[25] The measurement volume formed by the beams intersection is measured to be 1.7 mm long 
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and 100 μm in diameter. This length is measured by scanning a 200 μm microscope slide cover across the 

measurement volume and contains 90% of the CARS signal.[10] Turbulent refractive index variations in the 

scramjet flow are likely to modify the laser beams at the beam crossing, altering the dimensions of the measurement 

volume in a manner that is not well known.  A focal plane imaging system is used to view the beams in cross-section 

at the crossing plane.[26]  It consists of a splitter (uncoated wedged glass plate) located after the focusing lenses that 

directs a small fraction of the beams energy towards a secondary beam intersection which is imaged by microscope 

objective lens, filters, and a CCD camera. The focal plane imaging system is used to help set the focus, lens twist, 

and location of the beams at the crossing plane. The wedged glass plate is removed during data acquisition. Located 

on the collection optics board is a 600 mm lens for collimating the signal beam and a series of dichroic mirrors that 

reflect and separate the signal from the Nd:YAG beam upon which it is superimposed.  A second focal plane 

imaging system is placed on this board, which uses a splitter and an achromatic lens to focus and cross the beams in 

front of a camera. The second system is used to monitor and realign the beams during a test. 

 

The signal is relayed back to the optical table through filters that remove remaining Nd:YAG light, a polarizer, and a 

spherical lens that focuses the signal at the entrance plane of a 1 m spectrometer with 2400 grooves per mm grating. 

The slit of the spectrometer is opened wide enough to accommodate small motions of the signal focus at the 

entrance plane. Thus, the spectral resolution of the system is determined by the size of the focus and the spectral 

width of the probe beam rather than the width of the slit aperture. The horizontally dispersed signal is recorded at the 

exit plane by an unintensified, scientific-grade, back-illuminated CCD camera.  The pixels of the camera are binned 

into 3 bins vertically × 1340 pixels horizontally; the CARS signal is focused on the center bin. For additional details, 

see Magnotti et al.[10] 

3.2 Analysis of CARS Spectra  

The measured spectra are preprocessed and fitted to theoretical spectra to obtain temperature and composition as 

parameters of the fit. The first preprocessing step is to subtract the background, the instrument baseline signal level 

and any contaminating light source (such as non-CARS emission from the flow field or room light), from the 

spectra.  The background is taken to be the signal measured in bins 1 and/or 3 of the CCD, above and below the bin 

where the signal is located (bin 2).  Every 20 laser shots the laser is not Q-switched and no CARS signal is 

generated; these shots are used to correct for interferences in the signal bin not present in bins 1 and 3.  The 
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spectrum is then normalized by a reference spectrum acquired in a flow of argon gas, which has constant 

susceptibility and no resonances, to remove the effect of the Stokes laser spectrum.  The wavenumber at each pixel 

is computed based on previous calibration. Argon spectra are acquired immediately before and after CARS 

measurements in the scramjet by moving the measurement volume outside the scramjet duct and into the argon jet. 

Two hundred single shot spectra are acquired, the background is subtracted, and the spectra are averaged. The 

reference spectrum is found by interpolating between the before and the after averaged argon spectra.  

 

Theoretical spectra are calculated using the Sandia CARSFT code,[27] which was modified by Lucht [8] for dual-

pump CARS, modified by O’Byrne [7] for finite second pump line width, and modified by us to permit calculation 

of spectra with different rotational and vibrational temperatures of N2 and O2.[18] The N2 and O2 Q-branches, which 

are sensitive to both the rotational and vibrational states of these respective molecules, and several H2 rotational 

lines (sensitive only to the rotational state) are present in the acquired spectra. N2 and O2 are modeled with the Voigt 

line shape model while the Galatry model with variable narrowing parameter is used for H2.[10,28] The second 

pump frequency offset is 633.25 cm-1. Neglecting minor species, the remaining species in H2-air combustion is H2O. 

Since the buffer gas (the sum of all gases not resonant in the spectrum) is H2O, the CARS non-resonant 

susceptibility of the buffer gas is known, and spectrum fits give absolute mole fractions of N2, O2, and H2. Although 

only the shapes of the spectra are fitted, pressure still affects the measurements indirectly through the line shape.  

Pressure at a measurement plane was taken to be the pressure at the wall, interpolated from the pressure tap 

measurements, and provided as an input to the fitting code. 

 

The fitting code employs a library of previously calculated theoretical spectra.[29] It has an algorithm for 

interpolating theoretical spectra from the library for arbitrary values of temperature and composition, and a fitter 

which repeatedly calls the interpolator, minimizing the residual (the error between measured and theoretical 

spectra). The residual is:  

𝑅 ∑    (1) 

Sk is the experimental signal counts, k is the pixel number in spectrum, and Yk is the theoretical CARS signal, which 

depends on the gas composition and temperature. Ck = a + bk + ck2 is an experimental function that corrects for any 

small effect of changes with time of the phase matching efficiency frequency distribution.[29] 𝜎  is an estimate of 
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the variance of the instrument noise, which is itself a function of 𝑆 , camera read noise, shot noise, and Stokes laser 

mode noise. The fit error is normalized by the noise standard deviation in this manner to more strongly weight the 

pixels with the lower signal random error.[29]   Also fit is a horizontal shift of the experimental spectrum to correct 

for small shot to shot movements of the signal focus at the entrance of the spectrometer. 

 

Extensive tests of the accuracy of the algorithm are reported in Ref. [29].  Fitting errors were checked by fitting 

theoretical spectra in thermodynamic equilibrium that were computed by CARSFT at temperatures and 

concentrations intermediate between the library values.  Fitting errors are primarily due to interpolation from the 

library, and consequently depend upon the spacing between the library (rotational) temperature and concentration 

values.  Using 16 levels for temperature and 10 levels for each species mole fraction, errors in recovering rotational 

temperature, vibrational temperature, and concentrations of the fitted spectra were less than 40 K and 0.015 in mole 

fraction.  These fitting errors, while significant, are not the dominant cause of error in the temperatures and mole 

fractions, which are associated with single shot random error in the spectra (noise), spatial averaging, and modeling 

uncertainties (see Section 4.2). 

 

The measured spectra are fitted for one common rotational temperature, since only a few molecular collisions for 

rotational and translational temperatures are required to come into equilibrium, and for the vibrational temperature 

of N2. The vibrational temperature of O2 is not always equal to the rotational in the freestream air,[17] but the 

assumption of O2 equilibrium does not substantially affect the measurement of rotational temperature, which is 

dominated by N2.  In fuel-rich regions, measured rotational temperature can be strongly influenced by the H2 lines.   

4. CARS Measurements in the Scramjet 

4.1 Measured Spectra 

 CARS measurements are acquired at each plane of the combustor on a regular grid of 13 points in z and 11 in y. 

At each point in the flow 190 spectra are obtained of which not all produced acceptable fits.  Outliers are rejected by 

excluding all spectra for which the residual was greater than the mean plus three times the standard deviation of the 

residual, or for which the coefficient of determination (“R-squared”) is less than the mean minus 3 times its standard 

deviation. Means and standard deviations used in outlier rejection are computed separately for each point in the grid. 
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If less than 120 spectra at a point remained (typically only the case if there is wall interference with the laser beams) 

then all measurements at that point are rejected.  The average number of acceptable fits over all the points included 

in the final data set in planes 1 - 4 is 167/190 and yield is virtually 100% at plane 0. Since the number of samples 

used to form means and standard deviations is not large, statistics are not converged, but the statistical (random) 

error associated with the limited number of samples is less than other sources of errors. This compromise is required 

by test time limitations. 

 

Several typical experimental spectra (at an ER of 0.18) at plane 2, z/H=0, and their fits are shown in Figure 3 and 

Figure 4. Also shown is the ratio of experimental spectra to fit spectra, a measure of fit error. Figure 3 shows 

averages of the measured spectra compared to averages of the fitted spectra while Figure 4 shows typical individual 

fits.  Parts (a) and (b) of these figures are respectively at y/H=-0.91, in the freestream air, and y/H=0.60, in the 

reacting part of the fuel plume. The independent variable is the signal frequency minus the second pump frequency 

(ωa-S - ωp2) with units of wavenumber (cm-1) and the dependent variable is the square root of signal intensity.  The 

N2 and O2 Q-branches are identified in (a) and the H2 rotational lines in (b).  The logarithmic vertical axis allows 

fitting near the non-resonant baseline to be assessed but tends to highlight the baseline random error (noise). Fits to 

all species are good, including to the detailed rotational band structure.  Some of the spectra in the fuel/combustion-

products plume are quite noisy at the baseline.  

 (a) (b)  

Figure 3. Typical mean spectra and mean of fits at plane 2, z/H=0: (a) y/H=-0.91, (b) y/H=0.60.   
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(a)  (b)  

Figure 4. Typical individual spectra at plane 2, and z/H=0: (a) y/H=-0.91 (b) y/H=0.60. 

4.2 CARS Uncertainty 

The uncertainties in our CARS methods were previously assessed by comparing CARS measurements with 

calculated conditions in the equilibrium, atmospheric pressure combustion products above the surface of a Hencken 

burner. [10]  The (±) bias errors, determined as the difference between measurement in the Hencken burner and 

calculated conditions, are less than 60 K in temperature and 0.015, 0.005, and 0.01 in absolute mole fraction of N2, 

O2 and H2. The precision errors (± one standard deviation) vary with temperature from 10 K to 65 K in temperature, 

from 0.005 to 0.017 and 0.015 to 0.034 respectively in mole fraction of O2 and N2, and are 10% of measurement for 

H2.  Uncertainty of the N2 vibrational temperature is like the rotational (i.e., 60 K). These uncertainties are 

associated with single shot random error (noise in the spectra) and modeling uncertainties 

 

The CARS spectra depend upon local pressure, which is an input to the theoretical calculations (and not a fit 

parameter).  Pressure was assumed to be the pressure on the fuel-injector wall at the give measurement x-location, 

but in fact pressure may vary from the wall value due to local streamline curvature or shock waves. The sensitivity 

of the fitted temperature and mole fractions to assumed pressure was estimated over the range of pressures, 

temperatures, and compositions encountered by fitting (as if they were experimental spectra) theoretical spectra 

computed at one pressure using libraries of theoretical spectra computed at a different pressure.  Variation from the 

assumed pressure estimated from CFD calculations [22] is less than -8% at plane 1 and less than ±2% elsewhere, 

and errors in the fitted parameters are roughly in proportion to the error variation in pressure. Compared to baseline 
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uncertainties assessed in the Hencken burner, resulting errors in fitted parameters from pressure variation can be 

neglected. 

 

Errors in measured mole fractions (but not temperatures) may arise due to effect of minor species on buffer gas 

susceptibility. Greater-than-chemical-equilibrium mole fraction of minor species are predicted in the hottest part of 

the plume (less than 0.06 atomic H, 0.01 atomic O, 0.02 OH, while the remaining minor species are negligible), a 

maximum at plane 1 and decline substantially downstream.[22]  The non-resonant susceptibility of the minor gas 

constituents for the mixture of minor gases (assumed to be H, O, and OH in the above ratios) is 9.1×10-18 cm3/erg 

amagat.[30]  The buffer gas susceptibility used to fit the scramjet data is the same as used in Ref. [10] (19.74×10-18 

cm3/erg amagat), which was set to give best fit to results in the products above a Hencken burner where mole 

fraction minor species was about 0.02 (calculated assuming thermodynamic equilibrium).  The bias error in the 

measured mole fraction of resonant species in the scramjet from assuming this value of buffer gas susceptibility is 

+2% of measurement or less: compared to baseline errors assessed in the Hencken burner, errors from this source 

are can also be neglected. 

4.3 Results in the planes 

Figures 5 to 8 show the measured mean and the standard deviation of the fitted experimental temperatures and 

species mole fractions.  The figures show a three-dimensional representation of the geometry, consisting of lines 

representing the internal flow path corners, and the 3-D axes; the inlet isolator is on the left, the fuel injector on top, 

and flow is from left to right and towards the viewpoint. Contour plots are placed on the planes where the 

measurements were made. The planes from left to right are 0, 1, 2, 3, and 4 respectively.  CARS measurements were 

interpolated from the measurement grid to a regular 50×50 grid using Kriging interpolation prior to plotting. The 

results show the penetration and spreading of the fuel/combustion products plume.  The plume (or jet) is small at 

plane 1 but nearly fills the combustor by plane 4. Since the fuel jet is relatively small and parameter gradients are 

steep the fuel jet is not fully resolved by the measurement grid at plane 1.   

 

Mean rotational temperature and N2 vibrational temperature are shown in Figure 5. The small circular symbols in 

Figure 5(a) show the location of the data of the scatter plots to be discussed in Section 5.2.  At plane 0 (freestream), 

the rotational temperature is around 1000 K and the vibrational temperature of N2 is only a little higher, indicating 
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approximate vibrational equilibrium of N2.  This may be compared to a rotational temperature of around 700 K and 

a vibrational temperature approaching 1200 K (close to the facility stagnation air temperature) for the ER=0.18 

experiment. [17]  This difference is due to the shock train in the inlet isolator for the ramjet case that drops the Mach 

number and raises the pressure and rotational (and translational) temperature. There is some spatial non-uniformity 

of the temperatures at plane 0 due both to the boundary layers and to temperature non-uniformities in the flow 

exiting the facility heater. [17] At plane 1, the first plane after fuel injection, the temperatures have risen at the 

periphery of the fuel jet on the top and sides, indicating the start of combustion.  The N2 vibrational temperature at 

the center of the H2-air plume is as much a 650 K above the rotational. (Vibrational non-equilibrium of N2 in the H2 

jet near the injector exit is discussed in Section 5.3.) At plane 2 hot combustion products wrap around and engulf the 

fuel plume, and at plane 3 temperature continues to rise and is distributed more axially symmetric. At planes 2 and 3 

the measured N2 vibrational temperature in the plume is (apparently) higher than the rotational by 200 K to 300 K, 

while at plane 4 the difference is much reduced; note that the peak level of H2 is 0.25 at plane 3 and falls to 0.10 at 

plane 4.  (Discrepancies between CARS vibrational and rotational temperature measurements in the fuel plume will 

later be attributed to CARS spatial averaging as discussed in Section 5.2.) 

 

Mean mole fraction of N2, O2, and of H2 are shown in in Figure 6.  The N2 tracks mixing of air into the fuel plume 

and shows both the growth of the plume and the penetration of air to the center.  The O2 distribution is similar to the 

N2, except that as combustion takes place in the plume O2 is consumed.  Thus, towards the center of the plume, O2 

levels fall to zero.  The H2 distribution similarly reflects the growth of the plume and mixing of H2 and the 

consumption of H2 by combustion. 

(a)  

(b)  
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Figure 5. Mean temperature: (a) rotational, (b) N2 vibrational.  

(a)  

(b)  

 (c)  

Figure 6. Mean mole fraction: (a) N2, (b) O2, (c) H2. 

 

Standard deviation of rotational temperature and N2 vibrational temperature are shown in Figure 7. These standard 

deviations are close to zero in the freestream, generally higher at the periphery and towards the bottom side of the 

plume than at the center, and scale in amplitude with the peak mean temperatures.  There are high fluctuations in N2 

vibrational temperature at the center of the fuel plume at plane 1 due to mixing of air with the cool H2 jet. Standard 

deviations of mole fraction N2 and mole fraction O2 (Figure 8a,b) are close to zero in the freestream (as expected) 

and peak at the edge of the fuel plume.  The absence of O2 at the center of the plume ensures that fluctuations levels 

there are smaller while the fluctuations at the periphery are larger.  Standard deviation of H2 (Figure 8c) generally 

follows the distribution of H2 itself, although relatively larger at the plume periphery.  

(a)  
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(b)  

Figure 7. Standard deviation of temperature: (a) rotational, (b) N2 vibrational. 

(a)   

 (b)   

(c)  

Figure 8. Standard deviation of mole fraction: (a) N2, (b) O2, (c) H2. 

5. Analysis 

5.1 Modeling of spatial averaging 

 A potential source of measurement error comes from the finite size of the measurement volume.  If it is accepted 

that the CARS measurement will not be perfectly spatially resolved then measurements of the thermodynamic 

mixed-mean conditions - the conditions that result from mixing all the gases in the measurement volume 

adiabatically, at constant pressure, and without chemical reaction - are preferable to uncorrected CARS 

measurements. Hereafter, the thermodynamic mixed-mean conditions are denoted “thermal” conditions. As 

mentioned in the Introduction, for premixed or partially premixed combustion, if the measurement volume contains 
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volumes of both cool and hot gases, spatially-averaged CARS temperature measurements tend to be biased (relative 

to thermodynamic mixed mean) towards the lower temperature due to strong dependence of N2 signal on 

temperature. For non-premixed combustion of H2 and air there can also be biases at locations (e.g., close to the 

center of the fuel plume, near the injector) where hotter N2 containing gases (heated air or combustion products) are 

present in the measurement volume together with cooler H2 rich gases. Since both the S(6) and S(9) lines of H2 

become negligible approaching 300 K [31], the temperature of the cool H2 cannot influence the measured 

temperature which is then determined by the temperature of N2; the measured temperature will then be higher than 

the mixed mean temperature. 

 

Since the details of the temperature and composition gradients along the measurement volume will vary from shot to 

shot, some simple limiting cases are modeled to establish the magnitude of errors that might be expected. These 

results are extended and used to correct the experimental data for spatial averaging errors in Section 5.2. 

Thermodynamic equilibrium is assumed in the cool and hot gas volumes because the reactants (hot freestream air 

and cold H2) are assumed to be in thermodynamic equilibrium, and substantial water vapor, which is known to 

quench vibrational non-equilibrium are present in any reaction products - this is a plausible postulate that will be 

proven or disproven by comparison with results.  Assume then that the flow within the measurement volume 

contains only volumes of cool gases at a condition nominated here as “A” and volumes of hot gases at condition 

“B”, separated by thin flames.  The flow is not premixed and the local equivalence ratio in the cool and hot volumes 

are not the same, but thermodynamic equilibrium within each separate volume is assumed.  Synthetic spatially-

averaged CARS spectra are generated using the same spectroscopic modeling parameters as used in fitting our 

experimental spectra, and the synthetic spectra are fitted in the normal way, with rotational and vibrational 

temperature of N2 among the fitted parameters (even though thermodynamic equilibrium exists separately within the 

cool and hot volumes).  Since our spectroscopic codes compute the CARS signal on a per unit volume basis, the 

synthetic spectra are generated by separately summing the real and imaginary parts of the CARS susceptibility 

distributions of volume A and volume B for both ranges of Raman shift, weighting by their volume fraction in the 

measurement volume, convolving with laser and probe line widths, and computing the CARS spectrum in the 

normal way.[14,15,32] 
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Table 1 summarizes the results of fitting spatially-averaged thin-flame spectra for two different combinations of cool 

and hot gas conditions at pressure, temperatures and compositions present in the experimental flow. In the first 

example, A is freestream air at 1000 K and B is the equilibrium products of combustion of a stoichiometric mixture 

of air at 1000 K with H2 at 300 K; B is typical of the outer boundary of the plume. In the second example, C is 

thermal (thermodynamic mixed-mean) mixture of 75% by mole of gas A and 25% of gas B; D is a thermal mixture 

of 25% A and 75% B.  There are four rows of data in the table for each example. The cool (A, C) and hot (B, D) gas 

conditions; A+B or C+D thermal (thermodynamic mixed-mean) temperatures and mole fractions; A+B or C+D “fit” 

are the conditions that result from fitting the A+B or C+D spatially-averaged spectra. Columns of the table are 

mixture fraction (f, defined as the mass fraction of hydrogen in all chemical forms), fitted rotational and vibrational 

temperature (K), mole fractions of species, and the parameter C, defined as follows: 

𝐶 𝑇 𝑇 / 𝑇 𝑇       (2) 

The mole fraction of H2O used to calculate mixture fraction was found by subtracting the mole fractions of N2, O2, 

and H2 from one, neglecting minor species. The difference between the fit and the thermal conditions is the error 

incurred from spatial averaging.  The table shows that the spatial averaging error is potentially large, especially for 

temperature. While the errors are different between the A+B and the C+D cases, the coefficient C is approximately 

the same for both. This is an important point and is the basis for the error correction technique that will be discussed 

in Section 5.2 

Table 1. Results of fitting synthetic spatially averaged spectrum of air and stoichiometric products 

   f  Trot  Tvib  H2  O2  H2O  N2  C 

A  0.000  1000  1000 0.00  0.21  0.00  0.79    
A+B 

thermal  0.013  1918  1918 0.01  0.11  0.15  0.71    

A+B fit  0.018  1260  1487 0.01  0.11     0.66  2.9 

B  0.029  2689  2689 0.02  0.01  0.31  0.64    

C  0.006  1480  1480 0.01  0.16  0.08  0.75    
C+D 

thermal  0.013  1918  1918 0.01  0.11  0.15  0.71    

C+D fit  0.015  1744  1800 0.01  0.10     0.70  3.1 

D  0.020  2319  2319 0.02  0.06  0.23  0.68    
 

In a turbulent flame with thin flames separating gases A and B or C and D the measurement volume will contain a 

volume fraction of the gas A that varies between 0 and 1. Spectra are computed and fitted for a series of such 
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volume fractions, and the fitted temperatures and mixture fraction are plotted in Figure 9 as a function of the thermal 

mixture fraction. For the A+B case the fitted rotational temperature (Figure 9a) is up to 800 K below the thermal 

temperature, the expected trend, [14,15] while the fitted vibrational temperature lies between the fitted rotational and 

the thermal temperatures.  The fitted mixture fraction is high relative to the thermal mixture fraction (Figure 9b). 

The relative trends for the C+D case are similar, but the errors are smaller. Similarities in the shapes of the A+B and 

C+D lines are consistent with the hypothesis that coefficient C (Eqn. 2) is constant for all possible volume fractions 

of gases in state A, state B, and of volume fractions of unreacted thermal mixtures of A and B in any proportions; 

under these conditions, where C is known, the error 𝑇 𝑇  can be estimated from a measurement of 

𝑇 𝑇 , and potentially used to correct the measurement (see Section 5.2).   

a)  b)  

Figure 9. Temperature (a) and mixture fraction (b) of fits to synthetic spatially averaged spectra of air and 

stoichiometric products, as a function of thermal mixture fraction 

5.2 Spatial averaging in the scramjet data 

 A scatter plot of all vibrational and rotational temperature measurements, averaged at each measurement location 

in the ramjet, is shown in Figure 10. Also shown is the line of equal rotational and vibrational temperature 

(equilibrium) and the results of the spatial averaging analysis with cool and hot volume conditions A and B (the 

same data as plotted in Figure 9a.) Most of the points scatter between the equilibrium line and 100 K above it - for 

most of these points any errors due to spatial averaging are probably negligible.  For the hottest parts of the 

combustion products plume in planes 2, 3 and 4 the measurements approach but are bounded by the A+B line.  The 

most plausible explanation is that the discrepancy between vibrational and rotational temperature measurements in 
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the plume is because of spatial averaging, the cool and hot gas volumes in the measurement volume are the A, B 

conditions for those points that approach the A+B line, and points which fall between the A+B line and the 

equilibrium line are associated with similar (but less extreme) variations of properties within the measurement 

volume (similar perhaps to C,D).  For these points with higher-than-equilibrium measured vibrational temperature, 

the thermal temperature is substantially higher even than the measured vibrational temperature (see Figure 9a.)  A 

few anomalous points at plane 1 with rotational temperature below about 1000 K and vibrational temperatures above 

1000 K may are further discussed in Section 5.3.     

   

Figure 10. Scatter plot of mean N2 vibrational temperature as a function of mean rotational temperature for 

all measurement locations 

 
Figure 11 shows scatter plots of measured rotational temperature as a function of measured mixture fraction for 

selected locations at positions in planes 2 and 4 indicated in Figure 5(a).   Also shown are lines indicating the 

variation of temperature of an adiabatic, constant pressure mixture of air and H2 with mixture fraction, where 

“reactants” indicates thermodynamic equilibrium and “products” indicates chemical equilibrium, calculated 

assuming air and H2 are at 1000 K and 300 K respectively, and 1.4 atm. Variations in Mach number in the scramjet 

flow will result in variations in temperature due to exchange between bulk kinetic energy and thermal energy. 

However, since actual freestream temperature is in the range 1000 K to 1100 K, these effects are modest compared 

to the direct effects of combustion, and the reactants and products lines should represent approximate limits on the 

actual temperatures attainable.  The figures show that, while measured rotational temperature is plausibly limited on 

the low side by the reactants line, the measurements are limited on the high side several hundred degrees below the 
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products line, consistent with the previously described effects of spatial averaging. Figure 11(a) shows a few points 

with temperature above the products line at high mixture fraction. This high mixture fraction anomaly is also 

explained by spatial averaging, occurring where hot, lower mixture fraction products and cool high mixture fraction 

gases are both present in the CARS volume; the fitted temperature is controlled by the N2 which is present primarily 

in the hotter gases. 

   

(a)                                      (b)  

Figure 11. Selected scatter plots of rotational temperature versus mixture-fraction: (a) plane 2, (b) plane 4 

 

To attempt to correct for the effects of spatial averaging over a wide range of possible combinations of hot gas and 

cool gas conditions in the scramjet, spatially-averaged synthetic spectra were created with a variety of plausible 

worst-case cool/hot conditions in the scatter plot space of Figure 11, and spectra are fitted as described in Section 

5.1.  Resulting fitted conditions are compared to the thermal conditions. Cool and hot gas conditions are specified on 

an i, j grid in which mixture mass fraction increases in regular steps in the i direction while j=1 is the reactants state, 

j=2 a thermal mixture of 50% by mass reactants and 50% products, and j=3 is the products state.  Synthetic spectra 

are generated for 50% by mass of gas c in the measurement volume and 50% of gas h, with c and h defined as 

follows: (a)  c=i, j-1, h=i, j+1; (b) c=i-1, j-1, h=i+1, j+1; (c) c=i+1, j-1, h=i-1, j+1; (d) c=i-1, j, h=i+1, j; where i and j 

take on all possible combinations.  Thus combinations (a,b,c) specify for c that j=reactants and for h that j=products 

at various specified mass fraction combinations, while for (d) gas c and h state j are the same (1, 2 or 3).  The 

spacing of mass fractions (i.e., from i to i+1) is chosen to be just small enough that the fitting algorithm converges 
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properly since, when fitting the experimental data, the algorithm almost always converges and produces a 

subjectively good fit. Figure 12 shows three 3D plots of the results of the fits, with thermal mixture fraction and 

thermal temperature (the scatter plot variables of Figure 11), as the independent variables. Also shown in the figure 

are the reactants and products lines from Figure 11 projected onto the horizontal plane at vertical zero.  Figure 12(a) 

is a 3D stem plot of  𝑇 𝑇 , indicated by circles and solid lines, and 𝑇 𝑇 , indicated by 

diamonds and dashed lines. The maximum values of these temperature differences are comparable in magnitude to 

the cases considered in Section 5.1, and temperature differences are reduced with increasing distance from the 

stoichiometric products condition.  Figure 12(b) shows the correction faction C derived from this data and a surface 

fit to it. Note the relatively large scatter with respect to the surface. Figure 12(c) shows the relative mixture fraction 

error due to spatial averaging 𝐶 𝑓 𝑓 1⁄  and a surface fit; this error is substantial and generally increases 

with mass fraction.  These surface fits provide a basis for correcting the CARS experimental data to thermal 

conditions.   

 

The corrected (rotational=vibrational) temperature is calculated from Eqn. 3 using the experimental rotational and 

vibrational temperatures and the fitted C surface. Note that the fitted distribution of C tends to zero as mixture 

fraction goes to zero, which ensures that any real vibrational non-equilibrium in the freestream is not interpreted as a 

CARS spatial averaging error.  This correction to the temperature is expected to be applicable, not only with thin 

flames, but also in the combustion plume where thermally mixed gases fill the CARS measurement volume, and in 

the freestream (which is well resolved), since for thermally mixed gases 𝑇 𝑇 ≅ 0, and the thermal 

temperature from Eqn. 3 is just the rotational temperature.  In other words, while the i,j grid of cool/hot conditions is 

arbitrary, the resulting correction to temperature should always correctly provide the thermal conditions to the extent 

that the surface in Figure 12(b) correctly fits the data. 

𝑇 𝑇 𝐶 𝑇 𝑇      (3) 

The corrected mixture fraction is calculated from Eqn. 4 using the experimental mixture fraction and the fitted Cf 

surface. This correction is only applicable for the conditions of spatial averaging considered in generating Figure 12. 

Unlike Eqn. 3, it will correct the gases in the measurement volume even if they are thermodynamically mixed and 

there is no actual spatial averaging error in the measurement.  In practice the true thermal mixture fraction will likely 

lie between f and fcorrected. 
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𝑓 𝑓 𝐶 1      (4) 

(a) (b) 

(c)  

Figure 12. 3D stem plots of modeled (a) 𝑻𝒕𝒉 𝑻𝒓𝒐𝒕 𝒇𝒊𝒕  and 𝑻𝒗𝒊𝒃 𝒇𝒊𝒕 𝑻𝒓𝒐𝒕 𝒇𝒊𝒕 , (b) coefficient C (with 

surface fit), and (c) 𝒇𝒕𝒉 𝒇𝒇𝒊𝒕 𝟏⁄  (with surface fit) in scatter plot space. 

 

Figure 13 contains scatter plots at positions indicated in Figure 5(a) of rotational temperature versus mixture 

fraction, corrected using Eqns. 3 and 4.  Since the surface fits for C and Cf are both expressed as functions of 

thermal mixture fraction and temperature (not the CARS measured values) the thermal conditions must be found by 

applying the equations repeatedly until convergence, with the initial conditions used to calculate C and Cf being the 
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CARS measured values, and the thermal mixture fraction and temperature from the previous iteration being used 

subsequently.  It is understood that the correction to mixture fraction may be overestimated, as discussed.  

Comparisons between Figure 11(a,b) and Figure 13(b,d) show that the corrected measurements now have much 

more plausible behavior, approaching but not exceeding (within the random measurement error) the reactants and 

products limit lines.  Measurements tend to scatter near reactants and products lines, except where (presumably) the 

flame intersects the measurement volume, giving rise to an averaged measurement somewhere between these limits.  

The results provide a good impression of the effect of mixing of H2 with air, which (proceeding downstream) tends 

to reduce the measured mixture fraction, and the effect of combustion, which pushes the results towards the products 

line.  Except at plane 1, the results cluster predominately towards the products line, indicating fast reactions relative 

to the mixing. 

   

(a)                (b)  
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(c)                 (d)  

Figure 13. Corrected temperature mixture-fraction scatter plots: (a) plane 1, (b) plane 2, (c) plane 3, (d) plane 

4 

 

Appendix A describes a set of laminar flame calculations formed by opposing jets of air at 1000 K and H2 at 300 K, 

at 1.4 atm, in which the global strain rate is varied.  At low strain rate of less than 1000/s gases in the flame 

approach chemical equilibrium, and the variation of T with mixture fraction approaches the products line in Figure 

13. As the strain rate in the laminar flame increases, the temperature at given mixture fraction falls and the flame is 

extinguished at strain rates above about 105/s. Results of the laminar flame calculations at the nearly limiting high 

strain rate of 91,100/s are shown in the figure as dashed lines.  Laminar flames at strain rates less than 1000/s are 

implausible in this flow as they would imply laminar flame thicknesses greater than 1 mm, which is inconsistent 

with the OH imaging, as shown in Figure 1.[19]  CARS measurements near the equilibrium products temperature 

may then be in regions of the flow more similar to stirred reactors, in which large scale vortices and turbulence act 

to mix the hydrogen and air to molecular scale, and provide sufficient residence time for equilibrium to be 

established. CARS measurements lying below the products line and above the 91,100/s line may be spatially 

averaged measurements of highly-strained laminar-like flamelets. In some instances, at relatively high local 

equivalence ratio, notably in plane 1, y/H=1.15, but also for some points at plane 4, y/H=1.54, the measurements fall 

below the 91,100/s line. This behavior is inconsistent with flamelets and may indicate spatially averaged 

measurements of flame propagating in premixed H2 and air.  These regions more resembling premixed combustion 

are near the center of the plume, biased towards the fuel-injector wall and especially near the fuel injector. 

 

Results for the global ER=0.18 case are not reported here, but show similar effects of spatial averaging, although not 

quite as pronounced as at ER=0.49, and predominately occurring at planes 1 and 2. Fulton et al. [13] have reported 

CFD predictions of the ER=0.18 case using LES-RANS methods. CARS measurements of mean and rms static 

temperature and N2 mole fraction, as well as stereoscopic particle imaging velocimetry (PIV) and OH planar laser-

induced fluorescence (PLIF) imaging, were compared to the results. Distributions of mean temperature in the planes 

showed good agreement in shape and streamwise development of the plume and good quantitative agreement in the 

freestream.  Three different modeling approaches were used for the chemical kinetics; all three kinetics models 
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overpredict to varying levels the CARS temperature, at the first two planes (x/H=6,12), but at planes 3 and 4 all 

models agreed with the measurements. The effects of spatial averaging were not then known but the present results 

show that they are substantial at planes 1 and 2, explaining the discrepancies with the predictions and allowing better 

assessment of the relative merits of the different models.  No CFD predictions of the ER=0.49 case have yet been 

published. 

 

The method presented for correcting spatial averaging errors has weaknesses.  (a) It cannot correct for errors in 

mixture fraction (or species mole fractions), just provide an upper limit to them.  (b) The distribution of the 

coefficients C and Cf have considerable uncertainty since they depend on the c and h limits used to compute them.  

(c) The corrected temperature is likely to have greater random error than the uncorrected temperature since the 

correction (Eqn. 2) uses the difference between two measurements having random error and multiplied by a factor 

greater than 1. In hindsight, methods of fitting the experimental spectra can be conceived that better account for 

spatial averaging.  One approach, not yet attempted, would be to assume within the fitting code a measurement 

volume that consists of two volumes at two different temperatures (cool and hot), varying in fraction between 0 and 

1, and compute spatially-averaged theoretical spectra for comparison and fitting to the experimental spectra. Fit 

variables would be Tcool, Thot, perhaps TN2,vib  (possibly only applied to the cool volume), mole fraction of hot volume 

gases (moles in hot volume divided by moles in both cool and hot volume), and mole fractions of species within 

each volume.  The fitting could be substantially simplified by making the following assumptions: (1) only N2, O2, 

and H2O in the hot volume, (2) only N2, O2, and H2 in the cool volume, (3) no differential diffusion, thus the ratio of 

atoms of O and N within each volume equal to 0.21/0.79,  (4) the mole fraction of H2O (the buffer gas) in the hot 

gas equal to one minus the sum of the other species mole fractions in it.  With these assumptions the fitted mole 

fractions reduce to just the mole fraction of N2 in each of the cool and hot volumes and the mole fraction of hot 

volume gases (six temperature and composition fit variables in total as opposed to the current four).  The final step 

in the analysis of data thus fitted would be to compute the thermal conditions from the fit conditions.  While the 

individual cool and hot volume conditions may or may not be a very accurate representation of the contents of the 

measurement volume, it is likely that the thermal (thermodynamic mixed mean) conditions obtained in this manner 

will be substantially more accurate than the corrected measurements obtained in the present work. Methodologies 

such as this will be implemented in the future. 
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5.3 Vibrational non-equilibrium of N2 in the hydrogen jet  

 Except for in the freestream, where spatial averaging is not a problem, it has been assumed that rotational and 

vibrational temperature should in fact be equal because of the quenching effect of water vapor.  This assumption is 

generally believed be correct, based on the fits of CAR spectra to theory taken together with the now well-

understood effects of spatial averaging.  However, near the center of the fuel jet or plume in a region of H2 mixed 

with air to local equivalence ratio >>1 at plane 1, CARS fitted vibrational temperature (order 1200 K) greatly 

exceeds rotational temperature (order 600 K): compare for example Figure 5(a) with Figure 5(b). Figure 14(a) shows 

a scatter plot of single shot rotational and vibrational temperature measurements for the global ER=0.49 case at 

y/H=1.15, z/H=0, plotted against measured mixture fraction. The temperature measurements fall into distinct 

temperature bands averaging 600 K and 1220 K respectively.  Figure 14(b) shows the average of the fitted spectra 

compared to the average of the experimental spectra for this same location. The fit is good; the shape of the N2 

spectrum is captured, indicating that the N2 rotational temperature is measured correctly, and the relative height of 

the N2 hot band is also captured, indicating the vibrational temperature is correct.  The fit to the much stronger H2 

S(5) line (not shown in this plot) is good, while the fit to the peak of the S(6) line is slightly low. Fitting only the H2 

spectrum, i.e., excluding the N2 and O2 bands, gives a better fit to the H2 lines and reduces the measured rotational 

temperature only from 600 K to 560 K. This relatively small change in fitted rotational temperature implies that the 

actual rotational temperatures of H2 and N2 are indeed nearly equal, the measurement volume is nearly mixed, and 

the high vibrational temperature of N2 cannot somehow be attributed to spatial averaging. In other words, it is 

believed that the measured high vibrational temperature of N2 at this point in the flow is real and not an artifact of 

the measurement technique.  The scatter plot shows a large variation in mixture fraction at this point due to 

unsteadiness and variable mixing of H2 with air; the scatter in rotational and vibrational temperatures are relatively 

less as these are set by the fuel and the air conditions respectively, which are not dependent on local mixture 

fraction. 

 

This observation of vibrational non-equilibrium of N2 mixed with cold H2 is not inconsistent with relaxation rate 

measurements from the literature, as follows. Rotational temperature of N2 (or H2) comes to equilibrium with 

translational temperature within just a few molecular collisions, but vibrational temperature may take thousands or 

tens of thousands of collisions.  The rate at which equilibrium is approached depends on collision partner.  At a 
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temperature of 600 K and pressure of 1.4 atm the vibrational relaxation time of N2 in a bath of N2 is about 6 ms, [33] 

enough time for flow to pass right through the scramjet model without relaxation, which is consistent with our 

observations of high vibrational temperature in the freestream.  Extrapolation from relaxation rate measurements for 

N2 in the presence of H2 at temperatures between 1600 K and 2400 K [34] using recommendations in Ref. [33] gives 

a vibrational relaxational time of about 10 μs at the present conditions.  At the jet center the velocity measured with 

PIV is about 1100 m/s and the flow travels about 11 mm in this relaxation time. This distance is less than but of the 

same order of magnitude as the distance of plane 1 from the injector nozzle exit (38 mm). Since extrapolation of the 

relaxation rate over such a large temperature range is highly conjectural, the higher actual relaxation time needed to 

explain the observed result is plausible but not proven.  The vibrational relaxation time of N2 in the presence of H2O 

is about 2 μs at this temperature and pressure, [33] so that, when substantial products of combustion are mixed into 

the fuel plume, vibrational equilibrium of N2 should rapidly follow, as has previously been assumed. 

(a)  (b)  

Figure 14. Non-equilibrium N2 at plane 1, y/H=1.15, z/H=0. (a) Instantaneous fitted temperatures (b) average 

fit to spectra in the region around the H2 S(6) line and the N2 band 

6. Summary and Conclusions 

An experiment is presented in which extensive dual-pump CARS measurements were made in a dual-mode 

scramjet combustor operated as a ramjet. Hydrogen is injected into the combustion duct from a wall-mounted ramp 

and a combustion-induced shock train propagates into the isolator, producing subsonic freestream conditions in the 

combustor.  
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The CARS technique probes the N2 and O2 Q-branches as well as several H2 rotational lines and measures rotational 

temperature, vibrational temperature of N2, and mole fractions of these major species.  CARS measurement 

uncertainties in mole fractions of N2, O2, and H2 that arise from variation in local pressure and by neglecting the 

minor species contribution to the non-resonant susceptibility are found to be small relative to previously published 

uncertainties assessed in an H2-air Hencken burner flame. Spatial averaging errors due to the finite size of the CARS 

measurement volume (roughly 1.7 mm long) compared to the thickness of the flame front are significant. If the 

measurement volume contains separate volumes of air or unburned reactants and combustion products, separated by 

a thin flame, errors occur in measured rotational and vibrational temperature of N2. These errors are modeled by 

fitting of synthetic CARS spectra calculated assuming the measurement volume is divided into two separate 

volumes within each of which the gases are fully mixed and in thermodynamic equilibrium. Fitted temperatures and 

mole fractions are compared to the temperature and composition obtained if these volumes are fully mixed with each 

other and in thermodynamic equilibrium.  Measured rotational temperatures are shown to be too low by as much as 

800 K in some cases.  A method, based on this modeling, is presented for post-fit correction of the measurements for 

spatial averaging errors so that the thermodynamic mixed-mean conditions are obtained; the method has been 

applied and corrected scatter plots are presented.  A CARS spectrum fitting strategy is proposed for use in the future 

that is expected to avoid spatial averaging errors. This work is relevant to most applications of CARS to real-world 

turbulent combusting systems, where flames are typically thin in relation to the CARS volume length. 

 

The flow field is measured at five cross planes, one ahead of the ramp to characterize the inflow conditions, and four 

after it. The development and combustion in the plume from the point of injection to the location near where the fuel 

is fully consumed is observed in contour and scatter plots. The flame stabilizes at the injector and a fuel/combustion 

products plume grows steadily due to the interactions of turbulence and a ramp-generated longitudinal vortex pair.  

Scatter plots suggest that within the plume the flow consists of thin presumably wrinkled flames separating reactants 

and products at various mixture fractions. Proceeding downstream, the mixing with air tends to reduce the measured 

mixture fraction and the effect of combustion tends to push the measurements towards the products line. Fast 

reactions relative to the mixing are indicated. 
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In previous work, vibrational non-equilibrium of N2 was observed in the freestream of this flow at ER=0.18. In the 

present work we identify vibrational non-equilibrium of N2 in the jet of mixed H2 and air at the plane nearest the 

injector. Here the vibrational temperature of N2 remains at the freestream temperature, approximately 600 K above 

the local rotational temperature of both N2 and H2 (which are equal to the translational temperature). These 

observations were found to be not inconsistent with published relaxation rate measurements.  
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8. Appendix 

Laminar flame calculations which assume axisymmetric, one-dimensional, opposed jet flow via a similarity 

transformation, are performed with Cantera[35] and utilize a 32-species C2H4-air skeletal kinetics mechanism.[36] 

One jet is composed of air at 1.4 atm, 1000 K and inflow velocity is 29 m/s, while the opposing jet stream is H2 with 

temperature 300 K and inflow velocity of 60 m/s. (The ratio of inflow velocities is selected to balance the inflow jet 

momentum fluxes.) Strain rate is varied by varying the distance between inflow and outflow planes. Global strain 

rate (velocity difference divided by inflow plane spacing) is reported; peak strain rate is about 3 times the global 

strain rate. The resulting peak flame temperature and flame thickness, defined as the full-width half maximum 

thickness of the distribution of the H radical, are plotted in Figure 15. Peak flame temperature falls from nearly 

equilibrium levels at low strain rate to about 1450 K at 91,000 s-1; at higher strain rates the flame is extinguished.  

OH visualization of the flame indicates flame typical thicknesses less than 1 mm;[19] for this observation to be 

consistent with a laminar flame, strain rate must be greater than about 710 s-1. 
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(a)  (b)  

Figure 15. Laminar flame parameter variation with strain rate: (a) peak temperature, (b) flame thickness 
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