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CHAPTER VI 

 

CONCLUSIONS 

 

6.1 Summary 

 As demonstrated, UV Raman bandshape spectroscopy can be used to obtain reliable 

temporally-resolved, and under optimum conditions can potentially provide spatially-resolved, 

temperature measurements for H2-fueled combustion.   This bandshape Raman technique obtains 

temperature measurements by exploiting the inherent temperature dependence of the spectral 

lineshape.  Thus temperatures are determined directly by fitting the experimental Raman spectra 

with theoretically calculated spectra, thereby eliminating the need for calibration of the 

experimental Raman system and independent mechanical pressure measurements as used in 

traditional Raman methods.  The model using the Raman bandshape technique is validated in a 

laboratory environment and then applied during the testing of a practical combustion device, i. e. 

a high-pressure rocket engine-like test article. 

 

6.1.1 Raman Model 

 A comprehensive model using the fundamental principles of spontaneous Raman 

scattering is developed to simulate the H2 Stokes vibrational Raman spectrum.  The model 

includes species, density, and temperature dependent H2-H2, H2O, N2, and He molecular 

collision effects that alter the natural H2 Raman transition frequencies.  The importance of these 

collision induced energy shifts is illustrated in Figs. 2-5 and 5-24.  Statistical effects on the 

molecular population distribution from nuclear spin considerations (Figs. 2-4b and 5-18) have 

also been implemented to include the use of cryogenic fluids, mainly for LH2-fueled combustion.  

The Raman scattering cross-sections are calculated using Placzek’s polarizability theory and the 

geometry of the Raman system.  Placzek’s polarizability theory assumes a normal off-resonance 

condition; however, resonant enhancement can occur since a UV laser is used to induce Raman 

scattering.  Therefore, a modification to the normal off-resonance condition is made using a 

single resonance intermediate state frequency to model the difference in resonant enhancement 

between different molecular energy states (Wehrmeyer 1990).   
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 The Raman model also accounts for transition lineshape effects due to instrumental 

resolution and molecular kinetics.  The molecular kinetic effects considered are Doppler 

broadening and Dicke narrowing and pressure broadening from collisions of H2-H2, H2O, N2, 

and He.   Numerical simulations (such as Fig. 2-5) at pressures from atmospheric up to those 

associated with advanced rocket engine components (~5000psi) show that collisional 

broadening, although present, does not cause significant overlap of the Raman transitions, thus 

theoretically allowing the H2 Raman technique to be used for temperature measurements in high-

pressure combustion devices (Wehrmeyer et al. 2002).   

 Raman-derived temperatures are determined using a fitting program that best-fit matches 

theoretical spectra with the experimental Raman spectrum.  The fitting procedure employs a 

weighted non-linear least-squares parameter estimation method to obtain the optimized spectral 

parameters, i. e. T, ∆vspect, η…  Uncertainties in the Raman-derived measurements are then 

estimated from the parameter error estimates and Monte-Carlo simulations.  The parameter error 

estimates (confidence intervals) are determined from the variance-covariance parameter matrix 

(P) and the χ2 goodness-of-fit criteria.  Monte-Carlo simulations are performed by generating a 

data set of Raman spectra with randomly distributed errors of a known error structure applied to 

a known reference spectrum.    For spectroscopic data, the error in the measurement, σ2, is taken 

as S/N-2 which is calculated using Poisson statistics and in the limit of large yi the error structure 

is approximately normal.  

 

6.1.2 Laboratory Results 

 A spectroscopy system using modern equipment, such as a high-energy pulsed 

narrowband UV laser and a high-throughput, high-resolution spectrograph with a CCD detector, 

is constructed to demonstrate the Raman bandshape technique.  In order to characterize the 

response of the Raman system and assess the accuracy of the technique over a wide range of 

temperatures, Raman temperature measurements are acquired in heated-dilute H2/N2-mixtures 

and steady laminar rich H2-air flames at atmospheric pressure.  The Raman-derived temperatures 

are in excellent agreement with thermocouple measured temperatures and calculated adiabatic 

flame temperatures based on measured mass-flow rates.  The Raman spectra are relatively clean 

with only minor LIF interferences present in the higher temperature flames (>2000K).  The 

source of the LIF is due to electronic excitation of OH, which is only produced in sufficient 
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concentrations by high temperature flames, resulting from incomplete locking efficiency of the 

narrowband laser that.  These LIF interferences are minor and only slightly affect the Raman-

derived temperatures, which are within the uncertainties of the thermocouple measured and 

calculated adiabatic flame temperatures.   

 Uncertainties in the time-averaged and single-pulse Raman measured temperatures range 

from 5-2.25-8% for the temperature range 295-1050-2200K (see Fig. 5-15).  The uncertainties in 

the Raman-derived temperatures vary as a result of a trade-off between the number of populated 

transitions and measured transition signal strengths/intensities.  At low temperatures, the Raman 

signal is strong because the species number density is high, but the spectral shape is relatively 

featureless since only a few vibrational-rotational states are populated.  As temperature increases, 

the species number density decreases thereby decreasing the Raman signal strength; however, 

the uncertainty in the measurement decreases because the increase in temperature also produces 

spectra with more features through population of the higher vibrational-rotational states.  The 

added spectral features compensate for the loss in signal intensity by allowing for the comparison 

of more intensity ratios (relative transition strengths, Iv,J) during the spectral fitting procedures.  

Eventually at high temperatures the comparison of additional transition intensity ratios cannot 

overcome the loss in signal strength and the measurement uncertainty increases.  The increased 

prevalence of OH at T > 1500K also increases the measurement uncertainty through interference 

with the excited vibrational H2 transitions; however, these interferences can be eliminated by 

improving the laser locking efficiency.  Thus the optimum application for the Raman bandshape 

measurement technique is for temperatures ranging between 295-1500K; the range where the 

temperature measurement can be made with <5% uncertainty.   

 Monte-Carlo simulations using a priori knowledge of the measurement error structure are 

used to estimate the Raman-derived temperatures because pdf histograms of the single-pulse 

measured temperatures are inconclusive due to limited sample sizes.  The Monte Carlo 

simulations, based on proper physics, permit a larger number of trials to determine the true 

statistical nature of the spectral problem.  Through comparison with fitted single-pulse spectra 

(χ2 and confidence interval estimates in Table 5-2 and Figs. 5-5 and 5-13), the Monte-Carlo 

calculations are shown to accurately simulate the experimental Raman spectra and thus provide 

reasonable estimates of the measurement uncertainty.  Results from the Monte-Carlo simulations 

suggest that the uncertainty in the Raman measurements closely follow normal distributions with 
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a standard error structure derived from Poisson counting statistics (S/N ratios).  Additionally, the 

Monte-Carlo uncertainty estimates represent the true physical nature of the measurement where 

as the confidence interval estimates are biased due to the quality of the fit (χ2) and are more 

indicative of errors associated with the fitting procedure.  Therefore, the errors associated with 

the fitting procedures and the Monte-Carlo simulations are combined to provide a more accurate 

estimate of the total uncertainty for Raman bandshape measured temperatures. 

 

6.1.3 MCTA Test Results 

 The Raman bandshape technique is applied during the hot-fire testing of a rocket engine-

like test article (MCTA) operating at conditions similar to those expected in advanced 

preburners.  The multi-element LH2/LOX injector operated at fuel-rich MR’s, 0.66 and 0.78, to 

achieve in-chamber pressures of ~1700-1800psi and temperatures between ~700-1000K.  From 

the laboratory results, the MCTA chamber temperatures are in the range of optimum accuracy 

for the Raman bandshape method.  Several attempts were made to measure exhaust plume and 

in-chamber main-stage combustion temperatures; however, all of the attempts were unsuccessful.  

Exhaust plume measurements near the choked-flow nozzle throat during main-stage combustion 

were prevented by acoustical/hardware vibrations and possible beam steering effects from the 

near-sonic flow that misaligned the Raman system.  Still, measurements acquired from the first 

6s of the test (the start-up sequence up to main-stage ignition) demonstrate the potential of the 

Raman method.  Additionally, these measurements illustrate the ortho/para nuclear spin statistics 

of LH2 (Fig. 5-18).  During attempts to measure in-chamber temperatures, ice and water 

formation in the combustion chamber and on the test-article windows prevented collection of the 

Raman scattered light.   

 Low-temperature pressurization tests, achieved by pressurizing the MCTA to 1000psi 

with GN2 at 300K and monitoring the N2 Raman spectrum (Fig. 5-23), confirm the expected 

enhancement in signal due to high-pressure.  Thus if not scattered by water or ice in the chamber, 

the exceptionally strong Raman signal can provide not only temporally-resolved temperature 

measurements but also spatially-resolved temperatures with better than 2-3% accuracy and 

resolution on the order of 1-2 pixels, or 37-75µm.   
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6.2 Conclusions 

 A technique for measuring temperatures using a molecular species, H2, as a thermometer 

in conjunction with the spontaneous vibrational Raman scattering spectral bandshape is 

developed.  The first successful use of the technique is demonstrated by obtaining highly 

accurate, ~2.25%, single-laser pulse H2 vibrational Raman temperature measurements in steady-

state laboratory flames.  Realization of this temperature measurement method is due to the 

advent of modern pulsed UV lasers, efficient high-resolution spectrographs, and most 

importantly the modern CCD.  The current work also marks the first time a complete uncertainty 

analysis, using Monte-Carlo simulations, is performed on the Raman bandshape technique.  

Examination of N2 Raman spectra at elevated pressures (~1000psi) confirm that, in addition to 

temporally-resolved measurements, single-laser pulse spatially-resolved temperature 

measurements can be obtained with similar accuracy during high-pressure combustion.  

However, demonstration of the Raman-based method in a practical combustion device, during 

hot-fire tests of a high-pressure rocket-engine like test article, is unsuccessful due to 

interferences with collecting the Raman scattered light from vibration of the test article and the 

formation of water and ice in the combustion chamber.           

 The results of the current investigation on using contour-fitting of the UV Raman 

bandshape as a temperature indicator are promising; however, further experiments over a wide 

range of conditions must be conducted if the technique is to prove useful as a temperature probe.  

In particular, tests in a steady high-pressure/temperature environment are needed to validate the 

technique for potential applications in practical combustion devices.  These tests will verify the 

spectral model and response of the UV Raman system while providing measurements for a 

thorough uncertainty analysis.  Additionally, these high-pressure experiments will help realize 

the ability of the technique to provide accurate highly-resolved spatially and temporally-resolved 

temperature measurements.   Potential applications of the technique include the testing of rocket 

engine-like test articles with GH2/GOX or LOX injection (eliminates water and ice formation), 

materials processing applications such as chemical vapor deposition (CVD), combustion and 

fluid studies of laminar or turbulent flow-fields, a replacement for traditional temperature probes 

(i.e. thermocouples) when survivability is an issue such as at high temperatures, or in any 

environment (with a sufficient concentration of a thermometer species) where precise temporal 

and spatial knowledge of the temperature and temperature gradients in the a flow are required.      


