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Abstract 

Spatio-temporally resolved measurements of temperature using hybrid femtosecond/picosecond rotational coherent 

anti-Stokes Raman scattering (fs/ps RCARS) are evaluated for characterizing the highly dynamic exhaust flow of a 

non-premixed hydrogen-air rotating detonation combustor (RDC). The RCARS system utilizes a recently developed 

kHz-rate probe-pulse amplification system that enables high probe-pulse energies and sufficient sensitivity to track RDC 

exhaust gas temperatures during the short ~1.5 seconds run time with a precision of ~2%.  Because of the potential for 

high spatial gradients in temperature and pressure in the RDC exhaust, estimation of bias errors due to spatial 

averaging in the 700-m-long CARS probe volume is conducted by employing the results of a reactive three-

dimensional unsteady Reynolds-averaged Navier-Stokes (URANS) model with a structured grid of 48.5 million cells. 

This results in a potential bias error of ~1.5% due to exhaust temperature gradients and underscores the need for 

high spatial resolution. The experimental and predicted exhaust temperature histograms show good correspondence 

with a statistically similar skew-normal distribution relevant to the flow's local dynamical features. By utilizing a 

high-speed camera synchronized with the CARS system, it was possible to compare the numerical simulation results 

with the measured exhaust temperature profile obtained from knowledge of the instantaneous detonation-wave 

azimuth position. Similar azimuthal spatial variations of ~300 K were observed in the experimental and computed 

temperatures, indicating a relatively well-mixed exhaust flow. The temperature pattern factors of 0.19 and 0.20 

obtained from the experimental and numerical data, respectively, are relatively close to isobaric combustors in 

modern gas turbine engines. These results illustrate the ability of the fs/ps RCARS and numerical modeling 

approaches to evaluate characteristics of the RDC exhaust flow for future development in propulsion and power 

generation systems. 
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1. Introduction 

 

Continuous improvement in constant pressure combustion over the last few decades has boosted performance and minimized 

pollutant emissions of modern combustion devices. As improving thermodynamic efficiency requires higher operating temperatures 

and pressures, a possible approach to further gains is in the conversion from isobaric to isochoric combustion [1,2]. A concept for 

isochoric operation that has received broad interest in the last two decades is rotating detonation combustion (RDC) [3–9]. Detonative 

combustion provides isochoric heat-release with an increase in the product gas total pressure, an increase in enthalpy, and a reduction 

in entropy compared to deflagrative isobaric combustion. The RDC concept has a compact flame with high combustion intensity, a 

simple light-weight construction, continuous valveless propellant consumption, an annular flow path, and the potential for retrofitting 

into current generation gas turbine engines [10]. 

A critical parameter to quantify the RDC performance and operating characteristics relevant to propulsion and turbine 

integration is the exhaust gas temperature. To date, thermometry in RDCs has been performed using intrusive thermocouple probes, 

thin-film pyrometry, or non-intrusive laser absorption techniques. Commercially available thermocouple probes are robust and 

relatively simple to install and, therefore, have been widely used for temperature measurements in RDCs. Bykovskii and Theuerkauf 

used thermocouples to compute the axial heat release profile [11] and bulk heat release from RDCs [12]. They reported the calculated 

heat release in the axial direction to increase near the mixing zone and decrease further downstream [11], albeit with no information 

on the azimuthal variations. Naples et al. used conventional thermocouples to provide estimates of the combustor pattern factor for 

an RDC retrofitted in a T63 gas turbine engine while discounting the azimuthal variations as well [10]. Computational work from Liu 

et al. have shown that the mean Mach number and the amplitude of fluctuations in the azimuthal direction significantly affect the 

turbine performance. Hence, high-frequency experimental data is critical to evaluate the turbine efficiency [13,14]. Despite the ease 

of implementation, the instrument response time of micro-thermocouples (~10 ms) is an order of magnitude longer than that of a 

typical RDC wave cycle time (~250 µs), resulting in an inability to resolve temperature transients [15,16]. A slightly improved 

temporal resolution (~1.5 ms) can be achieved using thin-film pyrometry. However, due to the filament's fragility, the survivability 

of the probe in harsh aerothermal environments poses a significant challenge [17].  

A popular high-speed non-intrusive alternative to the use of thermocouples and thin-film temperature sensors is laser 

absorption spectroscopy (LAS). Several groups have performed LAS in air-breathing and rocket RDCs [18–21]. Limited spatial 

resolution due to the path-averaging and temporal averaging of 300 ns to 10 µs can result in uncertainties in the measured temperature 

[22]. 

A well-established non-intrusive diagnostic for accurate temperature measurements is coherent anti-Stokes Raman scattering 

(CARS). CARS has been extensively used in harsh combustion environments for in-situ temperature and species measurements in 

high-pressure gas turbine and rocket combustors [23–36]. This technique offers excellent spatio-temporal resolution and generates a 

laser-like signal that can be routed far from the probe volume to minimize background noise, such as flame luminosity and laser 

scattering. In this four-wave mixing technique, vibrational or pure-rotational Raman-active molecular transitions of gas-phase target 

species are probed [24,37]. The pure rotational CARS (RCARS) approach is attractive for highly dynamic combustion processes due 

to its high sensitivity over a wide range of temperatures [38], large line spacing that increases the pressure threshold for collisional 

broadening [39], amenability to a simple two-beam configuration [40–43], and potential to probe simultaneous species with a single 

broadband laser source (N2, O2, CO, CO2, etc.) [44,45].  
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Thus far, only a small number of experiments have deployed CARS for temperature measurements in detonating 

environments. The first reported work on detonation product gas thermometry was done by Grisch et al. using ns CARS to probe the 

N2 molecule in the product gas of a lead-azide explosion. This ns CARS measurement could measure vibrational temperatures up to 

2000 K with a spatial resolution of 4 mm [46]. Roy et al. used ps N2 CARS to measure temperatures behind the shock of a laser-

induced blast wave. Compared to the earlier ns work, Roy et al. increased the temperature range up to 3600 K with a precision of 5% 

and improved spatial and temporal resolution to 30 µm and ~130 ps, respectively [47]. However, the aforementioned techniques were 

limited to a repetition rate of 10 Hz.  

Recently, Dedic et al. used hybrid fs/ps VCARS to measure the gas-phase temperature behind the detonation wave in a 

microscale detonation tube at 1 kHz [48], where non-equilibrium effects on rovibrational population were considered. Richardson et 

al. measured post-detonation fireball temperatures using hybrid fs/ps RCARS. However, to fulfil the requirement of high pulse energy 

in the ps probe for sensitive thermometry at post-detonation temperatures, a separate 20 Hz ps laser was used for the probe pulse [49]. 

This limits the measurement at relevant time scales for post-detonation environments. Moreover, the high cost of using two separate 

lasers and experimental complexities associated with the precise time synchronization of two fs- and ps-lasers are challenges with this 

technique.  On the other hand, the ps probe pulse for hybrid fs/ps RCARS can be extracted directly from the fs laser source using 

various spectral filters, such as a 4-f pulse shaper [50], a narrow bandpass filter [51], a Fabry-Pérot etalon [52,53], or volume Bragg 

grating [54]. Unfortunately, these spectral filtering techniques significantly reduce the probe pulse energy (to tens of µJ), and residual 

sideband features in the ps-probe pulse's spectral and temporal profiles result in limited signal-to-noise ratio (SNR) and temperature 

dynamic range [51,53]. Alternatively, a second harmonic bandwidth compressor (SHBC) has been used to produce a ps probe pulse 

with ~1.1 mJ/pulse and was demonstrated for hybrid fs/ps RCARS temperature measurements up to 2400 K [55]. This approach's 

potential operational challenges are the introduction of phase conjugation, interferences in the SFG crystal, and difficulties in 

achieving opposite linear chirp between two pulses, which can lead to spectral wings and blue-shifted satellite pulses. These 

complexities necessitate careful filtering of the ps probe to avoid non-physical features in the RCARS spectra, detailed modelling of 

the laser pulse characteristics, and/or possibly limit early probing of the Raman coherence. Recently, kHz amplification of spectrally 

filtered fs pulses by a narrowband spectral amplifier has been demonstrated by the current authors to produce high-energy, nearly 

transform-limited, ps-probe pulses for hybrid fs/ps CARS with excellent SNR. This approach, used in the current work, enables robust 

spectral fitting with few adjustable modelling parameters at flame temperatures ~2400 K [56,57]. 

Given the highly dynamic and challenging environment of the RDC exhaust, the current work represents the first effort to 

evaluate the use of a robust two-beam hybrid fs/ps N2 RCARS scheme similar to ref. [57] to perform thermometry in the exhaust of 

a non-premixed hydrogen/air RDC [58–60]. The RDC was operated at global fuel-rich conditions for 1.5 seconds with a detonation 

cycle frequency of ~4.1 kHz. Temperature measurements were made at 1 kHz repetition rate, and the relative position of the 

detonation wave with respect to the probing location was tracked using a high-speed camera synchronized with the RCARS system. 

A temperature map around the azimuth is plotted along with an ensemble-averaged azimuthal pattern factor from multiple cycles in 

the RDC exhaust.  

In parallel, data from a 3D non-premixed unsteady Reynolds averaged Navier Stokes (URANS) simulation using ~48.5 

million cells are used to calculate the temperature profile at the exhaust for comparison with the experimental data. Using the flow-

field characteristics from the URANS simulations, a theoretical estimate of the measurement uncertainty due to spatial gradients is 
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performed. In addition, statistical distributions and computed pattern factors are compared and show good correspondence with 

experimental temperatures. The kHz-rate fs/ps RCARS system performance is described in detail and delivers excellent precision for 

characterizing the RDC exhaust and validating numerical models of the full combustor geometry.  

 

2. Experimental setup 

 

2.1. RCARS instrument  

The hybrid fs/ps N2 RCARS approach employs simultaneous broadband fs pump (ωpump) and Stokes (ωStokes) beams to 

impulsively excite rotational Raman transitions, followed by a time-delayed (probe) narrowband ps beam to probe the evolving 

coherences in the frequency domain, as shown in Figure 1. The probe delay provides sufficient time to minimize background noise 

from the fast decaying (< 200 fs) nonresonant (NR) background signal. The phase-matching scheme based on momentum 

conservation for a two-beam RCARS setup with a crossing angle () is shown in Figure 1.  

[Figure 1 about here] 

Figure 1 shows a schematic of the two-beam RCARS system used for measurements in the RDC exhaust. The regeneratively 

amplified Ti:sapphire source laser (Solstice Ace; Spectra-Physics, Inc.) outputs nearly transform-limited kHz-rate 100 fs pulses at 

800 nm with 7 mJ/pulse and spectral bandwidth of ~180 cm-1. This output pulses are split into two, with 3 mJ/pulse routed to a half-

wave plate (HWP) and thin-film polarizer (TFP) to control the energy of the pump/Stokes beam. The pump/Stokes beam energy is 

limited to ~100 µJ/pulse to avoid self-phase modulation or plasma generation in the probe volume. The remaining 4 mJ/pulse from 

the source laser is used to pump an optical parametric amplifier (TOPAS Prime, Light Conversion, Inc.) and produce a 1064.4 nm 

beam with a bandwidth of 180 cm-1, a pulse width of 100 fs, and energy of ~60 µJ/pulse for seeding an Nd:YAG narrowband spectral 

amplifier (NSA) [57]. The NSA has a volume Bragg grating (VBG) at the entrance to decrease the seed pulse spectral bandwidth to 

1.9 cm-1, which corresponds to 10 ps pulse duration. After frequency doubling, the NSA provides a 532.2 nm probe beam having 800 

µJ/pulse at 1 kHz. A delay stage is introduced in the fs pump/Stokes beam path to delay the ps probe beam by ~20 ps. 

The combined pump/Stokes and probe beams are routed towards the RDC exhaust over a path of ~8 m from the laser 

laboratory to the RDC probe volume. Near the RDC exhaust, the pump/Stokes and probe beams are focused with a single 300 mm 

lens (L1 in Figure 2), yielding a crossing angle of 10º. The spatial resolution can be approximated geometrically by D0/sin(θ), where 

D0 is the focused diameter of the combined pump/Stokes beam, and θ is the crossing angle. For the current configuration, the measured 

beam-waist of 50 µm and 10º crossing angle results in an estimated spatial resolution of 700 µm along the beam propagation axis 50 

µm in the radial direction. These estimates were verified by translating a thin glass slide through the probe volume. A detailed view 

of the beam-arrangement at the RDC is shown in Figure 3 (a). For the phase-matching scheme selected, the probe and the CARS 

signal co-propagate after the interaction volume. The CARS signal is collimated along with the probe beam using another 300 mm 

plano-convex lens (L2 in Figure 2) and routed back to a spectrometer in the laser laboratory. A half-wave plate (HWP) and 

polarizer/analyzer combination are introduced in the probe beam path before and after the probe volume, respectively, to allow for 

polarization suppression [24] of the residual probe beam. To further suppress the residual probe beam prior to dispersing the CARS 

signal, additional spectral filtering is introduced through a VBG notch filter (NF) and bandpass filter (BPF), as shown in Figure 2. 

After suppressing the residual probe, the CARS beam is focused on the spectrometer (Acton SP-500i, Princeton Instruments) with a 
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100 mm lens. To account for beam-steering of the CARS signal, by as much as ~4 mm due to the long distance from the RDC, the 

spectrometer slit was left open to ~ 6 mm, which did which did not degrade the spectral resolution of the CARS measurement in this 

arrangement. A 1200 groove/mm grating is used to disperse the CARS signal onto an electron-multiplying (EM) CCD camera 

(Newton U971P, Andor). The EMCCD camera is synchronized with the 1 kHz primary laser and captures a vertically binned area of 

250 (H) x 70 (V) pixels, providing a spectral resolution of 45 pixel/nm with a signal bit depth of 16-bits.  

[Figure 2 about here] 

 

2.2. RDC description and test conditions 

 

The hydrogen-air RDC has a mean annulus diameter of 128 mm and a combustion section length of ~90 mm. A cross-section 

view of the flow path for the RDC is shown in Figure 3(b). High-pressure air enters from a plenum through a converging-diverging 

section with a throat gap of 1.45 mm. Fuel is injected radially through 100 equally spaced slots in the diverging section downstream 

of the throat and normal to the air stream. The slots have a diameter of 0.4 mm and a depth of 0.6 mm and are located at an area ratio 

(ε) of 2.5. The flow channel expands through a backward-facing step (BFS) leading into the combustor channel. The stainless-steel 

(SS304) outer body of the RDC has instrumentation ports for measuring surface temperature and pressure at multiple axial and 

azimuthal locations. Details of the flame structure present in this RDC is discussed at length in prior work [61,62]. The hydrogen and 

air mass flow rates are metered using choked sonic nozzles. The dry air mass flow rate can be varied from 0.22 kg/s to 2 kg/s, 

corresponding to a global equivalence ratio (ϕglobal) range of 0.5 to 2. The uncertainty in the mass flow rate is computed to be ~3%. 

The computational model domain ends ~15 mm upstream of the experimental probe location, as shown in Figure 3 (b). This leads to 

a lower static temperature in the measurements than the CFD model predictions, as discussed in section 5.2.1. To capture the 

instantaneous detonation wave position during RCARS measurements, a high-speed camera (Photron SA-Z) with a 100 mm focal 

length lens is positioned to view an image of the exhaust plume of the RDC reflected by a 300 mm x 400 mm silver mirror, as shown 

in Figure 3 (a). The high-speed camera with an exposure time of 1 µs is synchronized with the 1 kHz CARS system.  

At the start of the test, cold air and fuel are flowed through the venturi at target pressures to achieve the desired mass flows 

(~0.5 s). Once the RDC is primed, detonations are initiated by introducing a pre-detonator discharging radially outward at an axial 

distance 12 mm downstream of the BFS. The CARS spectrometer camera and the exhaust plume camera are synchronized with the 

primary fs laser and triggered simultaneously during RDC priming. The RDC reaches a limit cycle in ~40 ms after the start of the 

test. The test duration is set to 1.5 s, producing ~1500 RCARS measurements per test. The RCARS data and the high-speed camera 

data are trimmed to the test duration in post-processing. In addition to exhaust temperature measurements, wall pressures and 

temperatures are sampled at 2 kHz repetition rates for condition monitoring of the experiment. 

Table 1: RDC test conditions. 

 

Case # 
Gair 

(kg/m2/s) 

ṁair 

(kg/s) 

ṁfuel 

(kg/s) 
ϕglobal 

probe 

(ps) 

1 750 0.44 0.0150 1.17 20 

2 750 0.44 0.0215 1.68 20 

3 750 0.44 0.0272 2.12 20 
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[Figure 3 about here] 

In this study, three fuel-rich cases are explored with a throat air mass flux of Gair = 750 kg/m2/s at ϕglobal of 1.17, 1.68, and 2.12, 

as shown in Table 1. Case 1 is considered the baseline condition, for which extensive analysis is performed and experimental 

measurements of pressure and temperature were used to provide the boundary conditions to initiate the URANS simulations. 

 

3. Numerical model 

 

Unsteady Reynolds averaged Navier Stokes (URANS) simulations of the RDC were performed with the CFD++ (Metacomp 

[63]) flow solver. The solver was selected for its capability to model transonic/supersonic flow features and was validated in prior 

work by the current co-authors in non-reacting supersonic environments [64] and for capturing the spatio-temporal characteristics of 

hydrogen-air deflagration-to-detonation transition in a straight detonation tube [65].  

The numerical domain in the current work was developed based on a grid independence and time-step study using this solver 

in an RDC geometry [66]. As shown in Figure 4 (a), it extends from the inlet plenum to the RDC's exhaust and consists of the air-

inlet plenum, 100 discrete fuel injection holes, the air injection throat, the BFS, and the combustor annulus. A structured grid of ~48.5 

million cells with boundary layer refinement to capture the laminar sublayer is built with Ansys ICEM. The 3D simulations were 

performed with a k– SST turbulence model with a single-step chemistry reaction for hydrogen-air reactions following a method 

used in prior RDC simulations by Frolov et al. [67]. A detonation tube analysis was performed using this mechanism, and the 

predicted Chapman-Jouget (CJ) detonation wave speed was within 1% of the theoretical value at stoichiometric conditions.  

[Figure 4 about here] 

The numerical boundary conditions at the inlet plenum of air and fuel were supplied from static pressure measurements 

obtained for Case 1 in Table 1, with a total pressure of 5 bar and 290 K for the air inlet and 5.3 bar and 290 K for the hydrogen inlet. 

A mixed supersonic/subsonic boundary condition with a back pressure of one bar is imposed at the exhaust. Adiabatic non-slip wall 

conditions were applied for the wall boundaries. The initial simulations were performed with a coarse grid for ~30 cycles, and then 

boundary layer mesh refinements were imposed. The computational model was run on 120 high-performance computing (HPC) 

cores. The simulation results were obtained from a snapshot of ~30 cycles after reaching a limit cycle on the fine boundary mesh. The 

pressure and temperature data shown in Figure 4(b) was sampled at a 5 µs time interval located ~1 mm downstream of the BFS and 

a mid-annular radius of 5.9 mm. The RDC simulations converged to a steady-state value of 0.02 kg/s for hydrogen and 0.62 kg/s for 

air with a global equivalence ratio of 1.10 and a detonation cycle frequency of 4.6 kHz. The method of applying measured pressures 

as boundary conditions resulted in a slightly higher predicted mass flow than in the experiments. 

The potential difference in RDC operation for equivalence ratios of 1.10 and 1.17, corresponding to the simulation and 

experiments, was estimated using equilibrium detonation calculations using the NASA CEA solver [68]. These calculations show 

that the detonation product gas temperature would differ by only 2.25 K for such a difference in global equivalence ratio. Hence, the 

RDC’s global thermal power output is expected to be minimally affected by the small difference in ϕglobal between the experiment 

and simulation.  

A commonly used parameter to compare simulation results with experiments is the percent deviation of detonation cycle 

frequency with the experimental counterpart. Lietz et al. used a large eddy simulation (LES) model on a hexahedral grid with 90 
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million cells for a rotating detonation rocket engine (RDRE) and approached to within 8% of the experimental cycle frequency [69]. 

Sato et al. used a 28 million unstructured mesh in a non-premixed RDC and approached within 15% of the experimental cycle 

frequency at the same fuel-air combination in a comparable geometry [70]. In this work, the predicted RDC cycle frequency is within 

7% of the experimental counterpart (4.3 kHz) at similar operating condition.  

 

4. Evaluation of the fs/ps RCARS approach 

 

An analysis is performed to estimate the measurement precision, bias errors due to limitations in spatial resolution, and 

measurement dynamic range for the selected fs/ps RCARS instrument at the temperatures and pressures imposed by the RDC 

exhaust. This is accomplished with the aid of (1) prior data using the same fs/ps RCARS technique in a fuel-rich hydrogen-air 

Hencken burner calibration flame [57], and (2) estimates of property gradients and conditions in the RDC exhaust using the URANS 

predictions.  

 

4.1. Exhaust plume characterization 

 

Pressure and temperature contours within the RDC exhaust from the URANS simulations are presented in Figure 5 for Case 

1 in Table 1, with a grid resolution of 100–300 µm in the tangential direction and from 30–300 µm in the radial direction. These data 

are used to perform a sensitivity analysis of a 700 µm long fs/ps RCARS probe volume, oriented along B-B’ in Figure 5, to help 

estimate the effects spatial gradients and property fluctuations on the measurements. The exhaust contour plots show the azimuth 

angle reference (red-line) at 0º, as used throughout this manuscript, with a thermal wave depicted near the fs/ps RCARS probe location 

at ~180º. The temperature and pressure distributions are relatively uniform in the azimuthal direction, except in the regions carrying 

the remnants of the rotating detonation wave within the combustor annulus. The predicted pressures and temperatures within the 

exhaust show a variation of 0.6–4 bar and 800–3000 K, respectively, at the exit plane, which can be used to estimate potential gradients 

within the RCARS probe volume. 

Figure 6 (a) and (b) provide detailed line plots of the temperatures and pressures, respectively, across the remnants of the 

detonation wave, in the azimuthal (A–A) and radial (B–B) directions shown in Figure 5. Based on these data, the pressures within 

the RCARS probe volume at any instant vary by only ~2×10-4 bar, while the temperatures can vary by as much as ~60 K, as discussed 

in the following section.  

[Figure 5 about here] 

4.2. Precision and bias error due to spatial averaging 

 

A key parameter in the selection of the pump/Stokes and probe beam-crossing angle is the size of the RCARS probe volume 

and its effects on measurement accuracy. In prior work, the current fs/ps RCARS approach was used in a fuel-rich hydrogen-air 

Hencken burner calibration flame with a beam-crossing angle of 30º, leading to a limiting resolution down to 100 µm [57]. To ensure 

high signal levels for measurements in the RDC exhaust, the crossing angle was reduced to 10º, leading to a probe volume of 700 m 
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along the probe beam axis. Even longer probe volumes of several millimetres or centimetres have also been utilized in prior work, 

but at the expense of spatial averaging [23].  

An estimate of the precision error associated with spatial averaging over a certain length is obtained from the percentage 

coefficient of variation (%COV). The %COV is obtained from the ratio of the standard deviation in temperature to the mean 

temperature over a certain distance. For a 700 µm resolution, the URANS simulations estimate a %COV within 1.5% for both the 

tangential (A–A) and radial (B–B) directions. This temperature ambiguity is within the precision of 2% achieved using the same 

fs/ps RCARS technique in a steady laminar calibration flame [57]. Hence, the selection of a 10º beam-crossing angle in the current 

work appears to be a reasonable means of increasing signal levels while maintaining the high precision of the measurement system. 

For future reference, increasing the probe volume to a typical length of 2 mm, as used in prior work, would result in %COVs of 11% 

and 19% for the azimuthal and radial directions, respectively, while increasing the probe volume length further to 4 mm would 

yield %COVs of 28% and 38%. This illustrates the potential uncertainties that can result from low spatial resolution for measurements 

in highly non-uniform flow fields present in the exhaust of RDCs. 

Spatial averaging through a probe volume with large gradients in temperature can also lead to bias errors due to the non-linear 

dependence of CARS intensity on the local temperature. Consequently, low-temperature zones have a higher CARS signal 

contribution than high-temperature zones. Such bias errors due to spatial averaging are estimated using simulation results from a steep 

gradient zone (~20 mm) in Section A–A, as shown in Figure 5 (a). In this zone, temperatures range from ~1340–1420 K over the 

700 µm RCARS probe length, with an average temperature of 1376 K and a standard deviation of 20 K. Theoretical CARS spectra 

were generated for this temperature range and were ensemble-averaged to emulate a spatially averaged RCARS spectrum. The 

ensemble-averaged spectrum was then used for curve fitting to obtain a predicted temperature of 1369 K. This results in a bias error 

of 7 K or 0.5% from the computed average, which is significantly smaller than the precision of the fs/ps RCARS measurements. 

However, the bias error could increase significantly for longer probe lengths, and together with spatial averaging portends the potential 

trade-off between signal levels and precision in regions with higher spatial gradients, such as in the interior of the RDC.  

[Figure 6 about here] 

4.3. Sensitivity, SNR, and dynamic range 

 

In addition to spatial averaging, a key aspect governing the selection of beam-crossing angle is the sensitivity of the 

measurements to the wide range of temperatures present in the RDC exhaust. As the two-beam RCARS signal generation is not a 

fully phase-matched process [41], higher Raman shifts suffer from enhanced phase-mismatch. As such, higher crossing angles yield 

reduced signal intensities for high J-transitions, reducing high-temperature sensitivity. For pure-rotational CARS, a spectral window 

of ~300 cm-1 is required for fitting rotational spectra up to a temperature of ~ 3000 K [38]. The relatively small Raman shifts of 

RCARS allow the interaction between combined pump/Stokes and probe beams to be nearly phase-matched over a wide range of 

crossing angles (θ), as shown in Appendix A [41]. Thus, the 10º (~700 µm spatial resolution) crossing angle used in this work ensures 

minimal phase mismatch up to 300 cm-1 while offering sufficient spatial resolution, as discussed in the prior section.  

Another important consideration of the measurement system is the SNR needed to ensure accurate fitting with theoretical 

spectra. While a precise threshold is difficult to define, a peak SNR of 10–30 is often used to ensure that the full range of rotational 

transitions can be captured at high temperatures [57]. To evaluate the dynamic range of the temperature measurements, a scaling of 

SNR is presented in Figure 7 (a) using prior measurements with a beam-crossing angle of 30º (100 µm probe length) in the 1 atm 
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hydrogen-air calibration burner [57]. For a camera with a 16-bit dynamic range, a signal variation of ~4 orders of magnitude can be 

recorded, which in theory allows temperatures to be measured with sufficient SNR over a range of ~600 K to 3000 K. 

Unfortunately, the RCARS signal degrades substantially during RDC operation because of beam steering and the subsequent 

loss of pump/Stokes and probe beam overlap due to vibrations and the presence of density gradients in the flow. As such, the beam-

crossing angle of 30º was reduced to 10º to improve the likelihood of pump/Stokes and probe beam overlap and ensure sufficient 

temperature sensitivity through increased SNR, with adequate spatial resolution and minimal effect of beam-steering induced phase-

mismatch (Appendix A). While a theoretical increase in SNR of a factor of ~50 might have been expected because of the quadratic 

increase in RCARS signal with the size of the probe volume, the data in the RDC exhaust displayed significant fluctuations and an 

average increase by a factor of ~7 or less in the observed peak SNR as compared with prior data at a 30º crossing angle. Random 

variations in beam overlap during the 1.5 second tests were such that a peak SNR of ~100 might be observed at 2600 K, while SNRs 

might dip as low as 20 at 1200 K. Hence, the optical set up serendipitously ensured sufficient dynamic range for detection of the 

highest temperatures while also allowing non-saturated signals at the lowest temperatures, with measurement realizations reaching a 

validity rate of 20–33%.  

[Figure 7 about here] 

4.4. Effects of pressure on optimal probe pulse width 

 

Because the large line spacing of pure-rotational transitions allows individual rotational lines to be resolved, and avoids the 

line mixing effects in VCARS, the effects of pressure variations are less pronounced on the RCARS spectrum. Nonetheless, 

collisional dephasing can still increase at higher pressures and cause a drop in SNR. To illustrate the selection of an appropriate probe 

pulse, Figure 7 (b) shows the dependence of peak SNR on pressure near exhaust temperatures of ~2400 K for probe bandwidths of 

1.9 cm-1 and 3.3 cm-1 at their respective optimal probe delays of 20 ps and 13 ps, respectively. As the URANS simulations predict a 

static pressure of up to ~4 bar in the RDC exhaust, the 1.9 cm-1 probe pulse maximizes SNR for the current work.  

At higher static pressures, such as within the interior of the RDC, the effects of collisional dephasing will be more pronounced, 

and a spectrally broad (e.g., 3.3 cm-1) and temporally short (e.g., 5 ps) probe pulse may be more optimal. In that case, probing the 

molecule earlier in time would avoid effects of collisional dephasing while still allowing suppression of NR contributions.  

A final consideration for the use of 1.9 cm-1 probe pulse is the potential for temperature-dependent collisional dephasing at the 

correspondingly longer probe delay of 20 ps. As lower J-transitions dephase faster than the higher J-transitions, this can cause an 

apparent population shift to higher J numbers at high pressures [33]. As shown in Figure 7 (c), however, collisional dephasing has a 

negligible effect on the RCARS spectrum over the pressure range of up to 5 bar for the RDC exhaust in the current work. 

 

5. Results 

 

The results are organized into two sections, (1) a description of theoretical fitting for measured temperatures at various 

operating conditions of the RDC, and (2) a comparison of experimental results with URANS simulations, including temperature 

statistics and pattern factor estimation in the RDC exhaust. These data are used to illustrate the potential utility of fs/ps RCARS in 

quantifying temperature variations and spatial distributions for evaluating RDC performance characteristics as well as for validation 

of numerical models. 
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5.1. Fs/ps RCARS temperature measurements 

 

5.1.1. Pre-processing and fitting to the RCARS spectra 

 

Each RDC test provides a total of ~1500 data points for the 1.5-second-long test. Three filter steps were applied to each test 

case before curve fitting.  

(1) Experimental data for shots that have lower signal were filtered with a peak SNR threshold of 10 to minimize uncertainties 

in the curve fitting procedure. Although the optical arrangement was theoretically capable of providing excellent SNR over the 

temperature range of interest, vibrations, and large density gradients during the inherently unsteady RDC operation caused a 

substantial drop in signal for some of the single-shot data. Typically, 50% to 65% of the 1500 shots failed to meet the SNR 

thresholding criterion. 

(2) While very little oxygen was expected for the fuel-rich conditions listed in Table 1, some oxygen line interference was 

observed at various times and suggested the occurrence of intermittent pockets of unburned air. Hence, approximately 8% to 15% of 

the 1500 single-laser shot data were conditionally discarded before curve fitting. As the numerical model does not predict large 

excursions in oxygen concentration, it is anticipated that filtering out such spectra may slightly improve comparisons with the 

numerical predictions.  

(3) During the last ~100–300 ms of the test, the RDC's exhaust plume had sufficient water-vapor to decrease the SNR of the 

camera observing the detonation wave position. Although several datapoints that passed the first two pre-processing steps were 

present, these temperature points could not be appropriately assigned with any azimuth location and hence were eliminated for the 

pattern factor estimation. After applying several layers of filtering, approximately 50% to 75% of the data points were eliminated for 

each test case leaving ~300 to 600 datasets per test case. 

A phenomenological N2 RCARS model was implemented based on prior work [53,71,72] and is detailed in [73]. The 

pump/Stokes pulse was assumed to be impulsive in time-domain, i.e., having infinite bandwidth that was not included explicitly in 

the model. Rather the spectral response of the finite bandwidth pump/Stokes beam was imparted on the model with an experimentally 

obtained NR signal in argon at the RDC measurement location. This was used along with the spectrometer instrument function and 

probe shape determined from N2 RCARS data in a Hencken burner to generate a library of simulated spectra. Pre-processing of the 

N2 RCARS data from the RDC included slight background subtraction, normalization to the peak intensity, and wavenumber-axis 

stretching. A least-squares fitting process was then performed with temperature and wavelength-axis shift as the only floated 

parameters, with the latter being necessary only because of beam steering in the RDC and the >8 meters long path to the spectrometer. 

The minimum value of least-squared summation of the residue was used as the convergence criterion to determine the temperature, 

and datasets with large residues were removed in post-processing. The obtained temperatures were then mapped to the detonation 

wave position to obtain the azimuth temperature profile.  

[Figure 8 about here] 

Typical single-shot experimental spectra and corresponding best-fit results for the baseline condition Case 1 (Gair = 750 

kg/m2/s, ϕglobal = 1.17) are shown in Figure 8. The CARS spectral library was computed in steps of 5 K to ensure a relatively high 

accuracy and efficient convergence criterion. The SNR of the RCARS spectra is sufficiently high for a wide range of temperatures. 
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The relatively low residue appears to be dominated by local variations in the transition linewidths rather than peak amplitudes, 

potentially making the residue less sensitive to temperature via the Boltzmann distribution.  

 

5.1.2. Temperature statistics in the RDC exhaust 

 

The histograms in Figure 9 provide statistics to understand the temperature distribution at various operating conditions. For 

all three test cases of ϕglobal = 1.17, 1.68, and 2.12, Gair was set to 750 kg/m2/s. The uncertainty in the global equivalence ratio was on 

the order of 2%. The number of data points included in the histograms for Cases 1, 2, and 3 are 530, 340, and 300, respectively.  

[Figure 9 about here] 

Case 1 at ϕglobal = 1.17 is the case that is closest to a stoichiometric condition and shows a distribution centered at ~1500 K. 

The slight skew-normal trend towards high temperatures is likely due to products of the detonation wave that remain locally unmixed 

and lead to thermal transients. The histograms for Cases 2 and 3 show distribution peaks at ~1300 K, with substantially more low-

temperature excursions than high-temperature excursions as compared with Case 1. This is indicative of the lower temperatures, 

reaction rates, and combustion efficiencies further from stoichiometric conditions. The statistical distributions for Cases 2 and 3 

suggest that the system's thermal power output has plateaued as additional hydrogen is supplied at fuel rich conditions, as expected. 

The extra mass flow of hydrogen from Case 2 to Case 3, for example, represents only a 1% increase in the total mass flow for the 

RDC, which causes an insignificant drop in the mean exhaust temperature. 

 

5.2. Comparison of experimental and URANS data 

 

5.2.1. Statistical temperature distributions 

 

The experimentally measured statistical temperature distribution shown in Figure 10 (a) is obtained for Case 1 using data 

acquired over the duration of a test with a fixed probe volume location as indicated previously in Figure 5. These data are compared 

with the statistical temperature distribution in Figure 10 (b), which was obtained from the URANS prediction at all spatial locations 

within the exit plane of the RDC exhaust, as shown in Figure 5 (a). This comparison assumes a cyclic passage of the predicted 

detonation products through the RCARS probe volume.  

[Figure 10 about here] 

The histograms from the numerical predictions show a similar skew-normal distribution towards high temperatures as 

observed in the experimental data, indicating that the presence of thermal transients is captured by the URANS simulation. However, 

the computational plot shows a mean shift of ~200 K towards high temperatures compared to the experiments. As noted earlier, this 

difference is not attributable to the difference or uncertainty in ϕglobal, which would account for a change of <3 K. The primary 

contribution to the difference in mean temperature is due to the measurement volume being displaced ~15 mm downstream of the 

computational domain exit plane, as shown in Figure 3 (b). Supersonic flow expansion occurs between the end of the computational 

domain and the probe location, which causes a drop in measured static temperature. For the current RDC geometry, the inner body is 

contoured to expand from an area ratio of 7 to an area ratio of 10 at the computational exit plane. By approximating a linear decrease 

in the inner radius, the jet's area ratio at the probe volume is about ~14. This causes a static temperature reduction of ~8%, which 
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accounts for ~125 K of the difference between the experimental and numerically predicted temperatures. The remaining 75 K 

difference in the mean shift in temperature can be attributed, in part, to wall heat losses and radiation. In fact, it is not unusual to report 

differences of 50–100 K in measured and equilibrium temperatures within a nearly adiabatic Hencken calibration burner [74]. In 

addition, the temperature histogram is broader in the experiments than the URANS predictions, potentially because of the inability of 

the CFD to accurately capture the range of mixing and reaction rates within the non-premixed RDC (including the limitations of the 

single-step reaction kinetics). Nevertheless, there is relatively good agreement between the numerical predictions and the RCARS 

measurements in the exhaust of the RDC after accounting for expected differences in the mean temperatures. 

 

5.2.2. Azimuthal temperature distribution and pattern factor estimation 

 

The azimuthal temperature profile is obtained by correlating temperature measurements with the position of the detonation 

wave marked by the exit plume imaging system, as described in Figure 3. The detonation wave azimuth position () for a 

representative single-shot image and the corresponding best-fit N2 RCARS measurement at 2070 K are shown in Figure 11 (a). 

Measured temperatures are plotted as a function of the corresponding wave positions for an entire test duration in Figure 11 (b). These 

data, along with results from corresponding URANS exit temperatures, are binned into eight 45º angular sectors and plotted as a 

function of the azimuth position in Figure 11 (c). In both the experimental and computed results, the leading edge of the high 

temperature products from the detonation wave should be near the 180º location relative to the reference frame shown previously in 

Figure 5. It should be noted that locations upstream of this leading edge should have lower temperatures while locations downstream 

should have higher temperatures, depending on the direction of propagation of the detonation wave. 

[Figure 11 about here] 

Comparing the mean temperature for each sector within one standard deviation shows statistically strong correlations between 

the simulations and the experiments. The temperature distribution in Figure 11 (c) shows a relatively small spread within each bin 

(~200 K) for both the experiments and the URANS simulations. On the left side of the 180º position, a small increase in temperature 

is observed, attributed to the gradient arising from the detonation wave passage.  

The variation in the mean temperature around the entire azimuth is limited to ~300 K. This moderate increase in temperature 

at the exit plane is more extensive than a typical gas-turbine combustor [75] and should be considered for downstream component 

design. As explained in Section 5.2.1 the URANS results also overpredict the mean temperature by ~200 K, primarily due to an offset 

in the location of the RCARS probe volume downstream of the simulated exit plane. Nonetheless, these profiles show a relatively 

small azimuthal variation in the exit flow temperatures due to product gas mixing.  

Given the azimuthal temperature distributions, experimental and simulated combustor pattern factors can be estimated for the 

RDC. The combustor pattern factor is a non-dimensional number providing information on the product gas quality exiting the 

combustor in gas-turbine engines [75]. The pattern factor is defined as PF = (T3
max – T3

mean) / (T3
mean – T2

mean), where 2 and 3 

correspond to the combustor inlet and exit locations. Ideally, the pattern factor is expected to be close to zero to have a uniform 

temperature profile at the exhaust. However, in practice, local flame conditions and turbulence leads to values greater than zero. For 

annular combustors the PF value is dependent on the combustor length/diameter aspect ratio and the pressure loss factor. Modern gas 

turbine annular combustors have PF values in the range of 0.1–0.3 [75]. Prior work by Naples et al. provided an RDC PF value of 

0.25–0.3 [10]. For the baseline condition (T2
mean = 290 K), the PF for this RDC from the experiment is PFExp. = 0.19 and for simulations 
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is PFCFD = 0.20. These values suggest that the inherent annular construction and aspect ratio of this RDC provides sufficiently mixed 

product gas resulting in PF values close to modern gas-turbine combustors. The reported PF precision is an improvement from that 

previously reported using thermocouples [10]. 

 

6. Conclusions 

 

Thermometry using hybrid fs/ps N2 rotational CARS was performed at the exhaust of a non-premixed hydrogen-air RDC at 

1 kHz repetition rate. The RDC was operated with an air throat mass flux of 750 kg/m2/s and global equivalence ratios of 1.17, 1.68, 

and 2.12 to have minimal oxygen line interference in the resultant N2 RCARS spectra for initial evaluation of this approach. The 

equivalence ratio of 1.17 was selected as the baseline condition. At this condition, complementary URANS simulations were 

performed on a ~48.5 million structured grid with boundary layer mesh refinement and a single-step chemistry model that was used 

in prior studies of hydrogen-air RDCs. Results from the model were compared with the experimental temperature measurements.  

An extensive theoretical analysis was performed for the applicability of thermometry measurements in the RDC environment. 

Data from the URANS simulations were used to estimate the exhaust plane spatial temperature and pressure distributions. Bias errors 

and the effects of pressure, temperature, and probe volume length on the precision, sensitivity, SNR, and dynamic range were 

investigated. This characterization showed that the RCARS probe volume with a spatial extent of 700 µm induces uncertainties of 

<2% in temperature. Hence, this approach achieves sufficient spatial resolution (~700 µm) and high temporal resolution (20 ps). The 

kHz rate CARS instrument has a probe pulse amplification system that allows for temperature sensitivity over a dynamic range 

spanning the 800–2600 K variation of temperature in the RDC exhaust.  

A high-speed camera was synchronized with the CARS instrument to capture the detonation wave position during the 

temperature measurement to map the azimuthal distribution of temperatures. The histogram of temperature obtained at the three 

operating conditions showed a skew-normal distribution with longer tails near the high-temperature zone attributed to high-

temperature transients from unmixed products of the detonation wave. The CFD exhaust temperature histogram also had an analogous 

skew-normal distribution with a mean-shift in the higher temperature than the experimental results due to gas expansion at the RDC 

exit as well as heat losses. The experimental and computational profiles obtained in eight sectors along the azimuth allude to a 

sufficiently mixed product gas composition with a maximum mean-temperature variation of ~300 K. The combustor pattern factor 

for this RDC was estimated to be ~0.19, a nominal value compared with conventional constant-pressure gas turbine combustors.  

Future work for RCARS thermometry includes (i) performing 1-D line-RCARS measurements and (ii) simultaneous 

measurement of O2 and H2 species for combustor performance evaluation. In combination with velocimetry techniques in the exhaust, 

the azimuthal temperature profile can also be used to describe the speed of sound at the exit plane and obtain corresponding Mach 

numbers for design of combustor transition and downstream components. Improvements in modelling at higher pressures may be 

needed to perform RCARS measurements in the interior of the RDC at conditions relevant for propulsion and power generation 

systems. The design and implementation of RCARS, including selection of the beam-crossing angle and probe volume dimensions, 

will also need to be considered within the interior of the RDC where the property gradients and fluctuations are significantly higher 

than in the exhaust. 
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Appendix A: Effect of crossing-angle on phase-mismatch 

 

For a two-beam RCARS setup, as shown in Figure 1, the relatively small Raman shifts of pure-rotational CARS allow the 

interaction between combined pump/Stokes and probe to be nearly phase-matched over a wide range of crossing angles (θ). However, 

with increasing crossing angle between the pump/Stokes (preparation) and probe beam, the phase-mismatch of the two-beams 

increases, which results in reduced CARS signal intensity at high J-transitions. This effect reduces high-temperature sensitivity and 

introduce temperature biasing effects. Prior work by Bohlin et al. and Steinmetz et al. [41,76] have shown that the CARS intensity 

scales as  

 

2( /4) ~ kL

CARSI e− 

  (A1) 

where, k is the spatial-frequency mismatch introduced between a crossing angle of θ & 0° (fully phase matched), and L is 

the length of the probe volume. For this particular experimental configuration (focusing lens, beam waist, pump/Stokes bandwidth), 

the estimated CARS signal drop at various Raman shifts with increasing crossing angle is shown as a contour plot in Figure. Up to 

Raman shift of 300 cm-1 (pump/Stokes bandwidth) the CARS signal dependence on crossing angle is negligible, thus eliminating the 

need for introducing correction parameters in the curve fitting process. For this experiment, the chosen crossing angle of 10° also 

provides a conservative bound where the local-crossing angle variations introduced by vibrations and local-density gradients of a few 

degrees will negligibly affect the phase mismatch through the coherent-length build-up. However, for experiments that require higher 

spatial resolution (larger crossing angles), necessary corrections may need to be performed to the CARS signal prior to the curve 

fitting procedure.  

[Figure A1 about here] 
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List of figures: 

Figure Caption 

1 Figure 1: Energy level, time, and phase-matching diagrams for the fs/ps RCARS process. 

2 Figure 2: Optical arrangement of the CARS system. OPA – optical parametric amplifier, BS – Beam Splitter, 

λ/2 – Half Wave Plate, TFP – Thin Film Polarizer, L1 – Lens 1 (f = +300 mm), L2 – Lens 2 (f = +300 mm), 

BD – Beam Dump, NF – Notch Filter, and BPF – Band Pass Filter. 
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3 Figure 3: Experimental configuration for two-beam RCARS measurements. (a) Pump/Stokes and probe beam 

crossing arrangement through a single lens system. A silver mirror was placed ~6 m from the RDC exhaust 

plane to view the azimuthal position of detonation wave with respect to the probe volume location using a high-

speed camera synchronized with the RCARS system; M1 – Broadband Mirror, M2/M3 – 532 nm mirror, L1/L2 

– 300 mm plano-convex lens. (b) Cross-sectional view of the flow-path indicating the axial end of CFD domain 

and the relative location of CARS probe volume at X. 

4 Figure 4: (a) Numerical domain and boundary conditions of the URANS simulation. A close view of the 

boundary layer mesh refinement focused on the injection system is shown in the inset. (b) Pressure and 

temperature variations at a location 25 mm downstream of the BFS during the limit cycle behavior of the 

URANS simulation after detonation initiation. 

5 Figure 5: Exhaust contour profiles of temperature and pressure. Numerical data sampled along the lines A-A’ 

(azimuthal) and B-B’ (radial) are used for analyses of the effects of spatial averaging on the RCARS 

measurements (Section 4.2). In this work. the RCARS probe volume extends along the radial direction B-B’. 

The red line marked in the pressure profile references the 0° azimuth angle. 

6 Figure 6: (a) Temperature and (b) pressure profiles along the A-A’ (azimuthal) and B-B’ (radial) directions. 

7 Figure 7: (a) Modeled variation of peak SNR vs. temperature in 1 bar calibration burner with 1.9 cm-1 probe, 20 

ps probe delay, and 30° crossing angle. (b) Peak SNR vs. pressure at 2400 K for two different probe pulse 

widths at their optimum probe delay. (c) Modeled N2 RCARS signal for 2400 K at 1 and 5 bars (The magnitude 

of the difference is ~3 orders of magnitude smaller than the peak RCARS signal) 

8 Figure 8: Typical single shot RCARS spectra and the corresponding theoretical fits showing the dynamic range 

of the measurement at the baseline condition Case 1 (Table 1). 

9 Figure 9: Temperature histograms from single-shot data for the three test cases at ϕglobal = 1.17, 1.68, and 2.12 

for Gair = 750 kg/m2/s. 

10 Figure 10: Temperature histogram from single-shot experimental data at the baseline condition (Case 1) 

compared with numerical predictions. 

11 Figure 11: (a) Spectral fit for CARS temperature at 2070 K and the corresponding exhaust plume detonation 

wave position determined by azimuth angle . (b) Measured temperature distribution vs azimuthal position for 

case 1 over the entire 1.5 second duration (c) Azimuthal temperature profile at the baseline condition from 

experiments and URANS simulations. 

A.1 Figure A1: Relative CARS signal intensities at various crossing angles and Raman shifts. The CARS intensity 

drops at higher-Raman shifts due to phase mismatch in the preparation and probe-pulse interaction. 
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Figure 1: Energy level, time, and phase-matching diagrams for the fs/ps RCARS process. 

 

 

Figure 2: Optical arrangement of the CARS system. OPA – optical parametric amplifier, BS – Beam Splitter, λ/2 – Half Wave Plate, TFP – Thin Film Polarizer, 

L1 – Lens 1 (f = +300 mm), L2 – Lens 2 (f = +300 mm), BD – Beam Dump, NF – Notch Filter, and BPF – Band Pass Filter. 

 

 

Figure 3: Experimental configuration for two-beam RCARS measurements. (a) Pump/Stokes and probe beam crossing arrangement through a single lens 

system. A silver mirror was placed ~6 m from the RDC exhaust plane to view the azimuthal position of detonation wave with respect to the probe volume 
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location using a high-speed camera synchronized with the RCARS system; M1 – Broadband Mirror, M2/M3 – 532 nm mirror, L1/L2 – 300 mm plano-

convex lens. (b) Cross-sectional view of the flow-path indicating the axial end of CFD domain and the relative location of CARS probe volume at X. 

 

 

Figure 4: (a) Numerical domain and boundary conditions of the URANS simulation. A close view of the boundary layer mesh refinement focused on the 

injection system is shown in the inset. (b) Pressure and temperature variations at a location 25 mm downstream of the BFS during the limit cycle behavior of 

the URANS simulation after detonation initiation. 

 

 

 

Figure 5: Exhaust contour profiles of temperature and pressure. Numerical data sampled along the lines A-A’ (azimuthal) and B-B’ (radial) are used for 

analyses of the effects of spatial averaging on the RCARS measurements (Section 4.2). In this work. the RCARS probe volume extends along the radial 

direction B-B’. The red line marked in the pressure profile references the 0 azimuth angle. 
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Figure 6: (a) Temperature and (b) pressure profiles along the A-A (azimuthal) and B-B (radial) directions. 

 

 

 

Figure 7: (a) Modeled variation of peak SNR vs. temperature in 1 bar calibration burner with 1.9 cm -1 probe, 20 ps probe delay, and 30o crossing angle. (b) 

Peak SNR vs. pressure at 2400 K for two different probe pulse widths at their optimum probe delay. (c) Modeled N2 RCARS signal for 2400 K at 1 and 5 bars 

(The magnitude of the difference is ~3 orders of magnitude smaller than the peak RCARS signal) 
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Figure 8: Typical single shot RCARS spectra and the corresponding theoretical fits showing the dynamic range of the measurement at the baseline condition 
Case 1 (Table 1). 

 

 

Figure 9: Temperature histograms from single-shot data for the three test cases at ϕglobal = 1.17, 1.68, and 2.12 for Gair = 750 kg/m2/s. 
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Figure 10: Temperature histogram from single-shot experimental data at the baseline condition (Case 1) compared with numerical predictions.  

 

 

 

Figure 11: (a) Spectral fit for CARS temperature at 2070 K and the corresponding exhaust plume detonation wave position determined by azimuth angle . (b) 

Measured temperature distribution vs azimuthal position for case 1 over the entire 1.5 second duration (c) Azimuthal temperature profile at the baseline 

condition from experiments and URANS simulations. 
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Figure A1: Relative CARS signal intensities at various crossing angles and Raman shifts. The CARS intensity drops at higher-Raman shifts due to phase 

mismatch in the preparation and probe-pulse interaction. 
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