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Measurements of temperature and CO2 concentration using dual-pumpcoherent anti-Stokes Raman scattering
(CARS)are described. The measurementswere performed in laboratory� ames, in aroom-temperaturegascell, and
on an engine test stand at the U.S. Air Force Research Laboratory, Wright–Patterson Air Force Base. A modeless
dye laser, a single-modeNd:YAG laser, and an unintensi� ed back-illuminatedcharge-coupled device digital camera
were used for these measurements. The CARS measurements were performed on a single-laser-shot basis. The
standard deviations of the temperatures and CO2 mole fractions determined from single-shot dual-pump CARS
spectra in steady laminar propane/air � ames were approximately 2 and 10% of the mean values of approximately
2000 K and 0.10, respectively. The precision and accuracy of single-shot temperature measurements obtained from
the nitrogen part of the dual-pump CARS system were investigated in detail in near-adiabatic hydrogen/air/CO2

� ames. The precision of the CARS temperature measurements was found to be comparable to the best results
reported in the literature for conventional two-laser, single-pump CARS. The application of dual-pump CARS for
single-shot measurements in a swirl-stabilized combustor fueled with JP-8 was also demonstrated.

Introduction

C OHERENT anti-Stokes Raman scattering (CARS) has been
appliedwidely for the measurementof temperaturein a variety

of practicalcombustors.1¡7 However, the use of CARS for measure-
ments of species concentrations in combustor � ow� elds has been
much lesscommon.8¡13 Dual-pumpCARS, demonstratedoriginally
by Lucht,14 is a techniquewhereby CARS spectra from two species
are generatedsimultaneouslyand with nearly the same frequency.In
dual-pumpCARS, a narrowband,tunabledye laseris used to provide
the second pump beam for the CARS process; in normal, two-color
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CARS, the532-nmsecond-harmonicNd:YAG laser radiationis used
for both pump beams. The use of dual-pump CARS for the simul-
taneous measurement of N2/O2 (Refs. 14 and 15), N2/H2 (Ref. 16),
N2/CH4 (Ref. 11), and N2/CO2 (Ref. 17) has been demonstrated.In
addition, simultaneous measurements of pressure and temperature
have been performed by detecting simultaneously the vibrational
and pure rotational transitions of the nitrogen molecule.18

Unlike other multispecies CARS techniques such as dual-Stokes
and dual-broadband CARS,1 dual-pump CARS signals from the
two species of interest are generated by the same three laser beams.
Thus, the CARS spectra for the two species have nearly the same
frequency,simplifying greatly the detection of the dispersed CARS
spectra and essentially eliminating potential errors caused by vari-
ations in signal transmission or detector ef� ciency with signal fre-
quency. In addition, a high degree of correlation between the two
signals on single laser shots has been demonstrated,and the relative
signal levels from the two species do not depend on system param-
eters such as the pulse energies of each of the three laser beams.

A series of dual-pump CARS measurements of CO2 and N2was
performed on � ames and combustor test facilities at the U.S. Air
Force Research Laboratory at Wright–Patterson Air Force Base.
The objective of the experiments was to demonstrate the potential
for single-laser-shotmeasurements of temperature and the concen-
tration of important product speciessuch as CO2 in engine test facil-
ities. Such single-shot measurements are very useful for evaluating
the combustion performance and ef� ciency of experimental com-
bustors.The CARS spectrawere analyzedusing the Sandia National
Laboratories CARSFIT code,19 and experimental and theoretical
CO2 CARS spectra are compared.The temperaturewas determined
from the N2 spectrum because the CARS spectral model for N2 has
been much more thoroughly tested and validated than the spectral
model for CO2. In addition, the N2 CARS signal is usually much
stronger than the CO2 CARS signal, and the rotational structure in
the N2 CARS spectrumcan be resolvedat atmosphericpressure.For
these reasons, the N2 spectrum also serves as a reference standard
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against which to compare the measured and predicted intensities of
the CO2 spectral features.

Experimental System
The dual-pump CARS system for CO2/N2 is depicted schemati-

cally in Fig.1. The pumpsourcefor themeasurementswas a Spectra-
Physics Model GCR 5 injection-seeded, Q-switched Nd:YAG laser
with a repetition rate of 10 Hz. The pulse energy of the 532-nm
second-harmonic output of the Nd:YAG laser was approximately
600 mJ. A narrowband dye laser and a broadband dye laser were
pumped using approximately 200 and 300 mJ, respectively, of the
532-nm radiation from the Nd:YAG laser. The narrowband dye
laser was a Continuum Model ND6000, which has a bandwidth
of 0.08 cm¡1 . The wavelength of the narrowband dye laser was
560 nm. The broadbanddye laser was a modeless design with side-
pumped Bethune cells for both the “oscillator” and ampli� er.20 The
spectral output of the broadbanddye laser was centered at 607 nm,
and the bandwidth was approximately 150 cm¡1 full width at
half-maximum.

The CARS signal was generated using the three dimensionally
phase-matched arrangement shown in Fig. 2 (folded BOXCARS).
The pulse energies for the 532-, 560-, and 607-nm beams at the
CARS probe volume were typically 30, 30, and 15 mJ, respec-
tively. The CARS focusing lens had a focal length of 400 mm. At
the probe volume, the measured diameter of the 532-nm beam was
approximately 90 § 10 ¹m, whereas the 560- and 607-nm beam

Fig. 1 Experimental apparatus for the single-laser-shot, dual-pump
N2 /CO2 CARS system.

Fig. 2 Three-dimensional phase-matching scheme used for the dual-
pump N2/CO2 measurements.

focal diameterswere approximately130 § 15 ¹m. The spatial reso-
lution of the CARS measurements is estimated to be approximately
2 mm, the interaction length over which approximately 80% of the
CARS signal is generated. After passing through the CARS probe
volume, the pump, Stokes, and CARS signal beams were recol-
limated using a 400-mm-focal-length lens. The pump and Stokes
beams were directed into beam dumps, and the CARS signal beam
was then focusedonto the entrance slit of a SPEX 1-m spectrometer
equippedwith a 2400-line/mm holographicgrating.The wavelength
of the N2 and CO2 CARS signals was approximately 496 nm. The
wavelengthof the N2 CARS signalwas adjustedby tuning the wave-
length of the narrowbanddye laser. However, the wavelength of the
CO2 CARS signal did not vary as the narrowband dye laser wave-
length was tuned. Therefore, the frequencyseparationof the N2 and
CO2 CARS signalscouldbe adjustedand optimizedso that the main
features for the two molecules did not overlap.

The CARS signal was detected using a 16-bit back-illuminated
PixelVision SpectraVideo charge-coupled device (CCD) camera
with a 165 £ 1100 array of pixels (each pixel 24-¹m square) at the
exit plane of the spectrometer. To acquire single-laser-shot spectra
at the laser repetition rate of 10 Hz, charge within each of the 1100
columns of the CCD array was accumulated in the serial register
before readout; the collected charge was then digitized at a rate of
50,000pixel/s. Evenat this lowreadoutrate,this camera is capableof
achievingframing rates of »38 s¡1 (reading out all 1100 elements),
aided by a modi� cation of the parallel-shiftdrivers to accommodate
a 24-¹s shift time. This thermoelectricallycooled CCD camera ex-
hibitedvery low read noise (approximately1.5 countsout of 65,536)
and dark current (approximately 2 counts/s), whereas exhibiting a
quantumef� ciency of approximately80% at 500 nm. Peak nitrogen
CARS signals from the McKenna-burner � ame (T ¼ 1900 K) were
typically 5000 counts, correspondingto approximately40,000 pho-
toelectrons. The Uniblitz 35-mm-aperture camera shutter was left
open during data collection because it cannot operate at 10 Hz.
Nonetheless, background � ame emission, even in the case of the
model gas-turbinecombustor, did not warrant additionalshuttering,
apart from the readout process.

The camera and controller were linked to a personal computer
with a PixelVisionLynxPCI serialcard,which providesa � ber-optic
link between the camera and the personalcomputer,a signi� cant ad-
vantage for operation in large-scale facilities. The PixelView soft-
warepackagewas employedto controlthecamera and collectCARS
spectra.For eachmeasurement(typicallycomposedof 500–1000in-
dividual single-laser-pulsemeasurements), the spectra were stored
� rst in computer RAM and then written to the hard drive in a movie
format, which included a collection-timetag for individual spectra.
Each spectrumwas correctedafterward for backgroundsignal (con-
sisting primarily of the CCD offset) and for the spectral intensity
distribution of the broadband dye laser output using a nonresonant
CARS spectrum generated with argon.

The system was optimized and measurements were performed in
both laminar propane/air � at-� ame burnersand a gas cell containing
CO2/N2 mixtures. The CARS system was then moved to the engine
test stand and realigned to perform measurements in the exhaust
region of a swirl-stabilizedcombustor fueled with JP-8. A consider-
able quantityof single-laser-shotCARS data from1) thepropane/air
� ame, 2) a hydrogen/air � ame seeded with CO2 , 3) the gas cell, and
4) the swirl-stabilized combustor was acquired. The CARS code
was modi� ed to allow batch processingof single-laser-shotspectra,
greatly decreasing the time required to process the data.

The laminar � ame and gas cell measurements were performed
also to assess the accuracy and precision of the dual-pump CARS
measurements. Both the laminar � at � ame and the gas cell provide
steady, well-characterized conditions for testing the single-laser-
shot performance of the dual-pump CARS system. In addition, the
comparison of the experimental data acquired in these experiments
with calculatedresultsfrom theSandiaNationalLaboratoriesCARS
code is of great interest.

CARS Spectral Model
The approach used to simulate the CO2 CARS spectrum closely

follows that of Hall and Stuf� ebeam.21 Brie� y, the 1200–1500cm¡1

region of the Raman spectrum of CO2 is dominated by vibrational
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transitionsof the v1 (symmetric stretch) and 2v2 (bending overtone)
modes. Because of the near degeneracy v1

»D 2v2, Fermi resonance
couples certain sets of vibrational levels with quantum numbers dif-
fering by 1v1 D C1 and 1v2 D ¡2 (Fermi polyads). This coupling
mixes the polyad vibrational states and signi� cantly perturbs the
frequenciesand amplitudes of transitions involving the polyads. To
describe these effects,we initially calculateunperturbedCO2 vibra-
tional levels using Hamiltonian expressions, force constants, and
rotational constants from Suzuki22 and Chedin.23 The perturbed-
state amplitudesand frequenciesare then obtainedby diagonalizing
matrices involving the interacting states, using Fermi couplingcon-
stants from the same references. (The latter are evaluated only for
the rotationalquantumnumber J of the most populouslevel.)When
possible, experimental vibrationalenergies and rotationalconstants
from Rothman and Young24 and Rothman25 are used in place of the
computedvalues,which are less accurate. In evaluatingexpressions
for the third-order susceptibility, up to 128 rotational levels are in-
cluded in each vibrationallevel. A total of 182 vibrational levels are
considered for inclusion, based on population;consequently,simu-
lations of � ame spectra can include ¼7000 rotation–vibration lev-
els. Only isotropic contributionsfrom Raman Q-branch transitions
(1J D 0) are considered,and the isotropicpolarizabilityderivatives
are computedfrom Raman cross sections reportedby Penney et al.26

The transition collisional linewidths are assumed to be equal for all
vibrational levels and determined entirely by rotational inelasticity,
with J -dependent values computed from polynomial � ts of theo-
retical Raman line-broadening coef� cients of Rosenmann et al.27

at 300 K. A temperature dependence of (300=T /n ; n D 0:75, was
assumed; Hall and Stuf� ebeam21 found no signi� cant sensitivityof
the simulated spectra to values of n in the range 0.5–1.0.

Collisional narrowing effects are approximated using a compu-
tationally ef� cient model based on the rotational diffusion theory
of Gordon28 (also see Ref. 29). Whereas more sophisticated colli-
sional narrowing models based on full G-matrix approaches30 have
been developed for CO2 CARS or Raman spectra, such models
have been applied to individual bands of vibrational or bending
transitions.31;32 Because the broadband CARS spectral simulations
necessary for this study typically involved tens to hundreds of vi-
brational bands, we did not employ the computationally intensive
G-matrix method, which could potentially require separate matrix
inversions and diagonalizationsfor each band. Finally, we used the
spectral convolution expression given in Ref. 15 to account for in-
strument broadening contributed by the pro� les of the narrowband
dye laser and the spectrograph/array detector. (The linewidth of the
injection-seeded Nd:YAG laser was much smaller than the Raman
linewidths and was neglected.) The CARS spectral simulation for
N2 is based on susceptibility expressions and molecular constants
described by Farrow et al.33

Experimental Results
CARS Measurements in Laboratory Flames

Some typical single-laser-shot spectra that were acquired in
a stoichiometric propane/air � ame stabilized on a water-cooled,
sintered-bronze McKenna burner are shown in Fig. 3 along with
the associated theoretical � ts from the Sandia National Laborato-
ries CARSFIT code. The wavelength of the narrowband dye laser
that provided the second pump beam was adjusted to 561.0 nm to
position the most prominent feature of the CO2 Raman spectrum,
the 0000–1000 band, close to the nitrogenbandhead.The abscissain
Fig. 3 correspondsto theRaman shiftregionfor theCO2 molecule.In
Fig. 3, theRaman shiftN2 spectrumhasbeendecreasedby964cm¡1.
In fact, the frequenciesof the anti-Stokessignalsin Fig. 3 range from
20,107 to 20,212 cm¡1 , but the spectra are plotted vs Raman shift
as is usual with CARS spectra.

As shown in Fig. 3, the theoretical � ts to the single-shot spec-
tra are excellent. For the stoichiometric propane/air � ames inves-
tigated, the temperature is expected to be approximately 2000 K,
somewhat below the adiabatic � ame temperature due to heat loss
to the burner. The equilibrium mole fraction of CO2 is calculated
to be 0.112 in the post� ame region. Histograms of temperature and
CO2 mole fraction determined from 500 single-laser shots in the
laminar propane/air � ame are shown in Figs. 4 and 5, respectively.

a)

b)

Fig. 3 Single-laser-shot, dual-pump N2 /CO2 spectra acquired from a
propane/air � ame stabilized on a McKenna burner; temperature and
CO2 mole fractions determined from the CARS spectrum. Expected
(adiabatic equilibrium) mole fraction is 0.103.

Fig. 4 PDF of temperature determined from single-laser-shot, dual-
pump N2 /CO2 spectra acquired from a stoichiometric propane/air
� ame.

Fig. 5 PDF of CO2 mole fraction determined from single-laser-shot,
dual-pump N2 /CO2 spectra acquired in a stoichiometric propane/air
� ame.
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The probabilitydensity functions (PDFs) contain 480 points. There
were 20 spectra where the CARSFIT code returned the initial val-
ues at the end of the least-squares � tting procedure. We have not
examined these 20 spectra in detail to determine why the � tting
procedure failed, although the quality of the spectra was not no-
ticeably different. The mean and rms deviation of the temperature
distributionare 1988 and 42 K, respectively.The mean and rms de-
viation of the CO2 mole fraction distribution are 0.090 and 0.011,
respectively. The measured mean CO2 mole fraction is about 20%
lower than the expectedequilibriumvalueof 0.112,perhapsbecause
some improvement is needed in the CO2 CARS spectralsimulation.
Neglect of vibrational dephasing rate in the latter may account for
much of the difference between the measured and predicted inten-
sities of the CO2 spectral features. The sensitivity of the CARS
measurementof CO2 is affected signi� cantly because the rotational
constants in the 0000 and 1000 vibrational levels are nearly equal.
Consequently, the Q-branch rotational transitions are almost com-
pletely overlapped: The CO2 CARS signal is enhanced greatly by
this overlap and by signi� cant collisional narrowing effects. Inade-
quacies of the Gordon diffusion model for collisional narrowing in
CO2 have been shown to underpredicttheoreticalpeak intensities at
elevated pressuresand temperatures.31 This tendency would lead to
overpredictionof best-� t CO2 concentrationif it occurreduniformly
in the measured transitions.

Dual-pump CARS measurements were also performed in steady
propane/air � ames stabilized on a McKenna burner and doped with
CO2 . The � ow rates of propane and air were held constant, and the
equivalence ratio was, therefore, constant; the � ames were slightly
fuel lean. The CO2 � ow rate was varied to obtain CARS spectra
at different CO2 mole fractions. Averaged CARS spectra from two
of these � ames are shown in Fig. 6. The experimental results are in
good agreementwith theory,althoughthe best-� t CO2 mole fraction
is again somewhat lower than the equilibrium value based on the
known � ow rates, as was the case for the undoped � ame described
earlier. Note in Fig. 6 that the Raman shift of the CO2 spectrum has
been increased by 964 cm¡1 and the N2 and CO2 spectra are plotted
in the region of the N2 Raman shift.

a)

b)

Fig. 6 Dual-pump N2/CO2 spectra acquired in propane/air/CO2
� ames stabilized on a McKenna burner, temperature and CO2 mole
fractions determined from the CARS spectrum, and expected equilib-
rium value for CO2 mole fraction.

a) Overview

b) Expanded view

Fig. 7 Dual-pump N2/CO2 spectra acquired from near-adiabatic
hydrogen/air/CO2 � ame stabilized on a Hencken burner at equivalence
ratioof 0.26with calculatedadiabaticequilibriumtemperature of 965K.

Measurements were performed in near-adiabatic hydrogen/
air/CO2 � ames stabilized on a Hencken burner to obtain dual-pump
CO2/N2 CARS spectra over a wide range of temperatures.34 The
� ow rate of the CO2 was held constant while the hydrogen � ow
rate and, consequently, the temperature were varied over a wide
range. Because of the near-adiabaticnature of the Hencken burner,
the measured CARS temperatures can be comparedwith calculated
adiabatic equilibrium temperatures. As shown in Fig. 7, the spec-
tra were acquired with very good signal-to-noise ratios. In our ini-
tial analysis of the Hencken burner spectra, we could not get good
agreement between theory and experiment for the 0000–1000 band
of CO2. The reason for this dif� culty is that we were trying to � t too
wide a Raman shift range, and as a result, the spectral grid was too
coarse for an accurate calculation of the intensity of the 0000–1000
band; this band is very narrow due to strong collisional narrowing
effects. After this problem was realized, the central portion of the
spectrum shown in Fig. 7a was � t for several different Raman shift
ranges to ensure that the Sandia National Laboratories CARS code
was calculating the band intensity in an accurate manner.

The temperatures determined from a least-squares � t of the ni-
trogen CARS spectrum and calculated using the NASA John H.
Glenn Research Center at Lewis Field chemical equilibrium code35

are in excellent agreement, as shown in Fig. 8. The CARS temper-
ature is slightly lower than the adiabatic equilibrium temperature
for equivalence ratios below 0.5 and slightly higher for the rich-
est equivalence ratio of 1.08. For the rich equivalence ratios, this
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disagreement is probably the result of the slow rate of dissociation
of the CO2 molecule. For the � ame with an equivalence ratio of
1.08, the calculated equilibrium mole fractions for CO2 and CO
are 0.0966 and 0.0176, respectively.The difference in the enthalpy
of formation of the CO2 and CO molecules could account for the
superequilibrium temperatures that are observed, but full chemi-
cal kinetic modeling of the � ames would be needed to verify this
hypothesis.

Fig. 8 Comparison of measured CARS temperatures and cal-
culated adiabatic equilibrium temperatures in the near-adiabatic
hydrogen/air/CO2 � ames stabilized on a Hencken burner.

Fig. 9 PDFs of temperature for four different � ames determined from single-laser-shot, dual-pumpN2/CO2 spectra acquired from the near-adiabatic
hydrogen/air/CO2 � ames stabilized on a Hencken burner.

For the equivalence ratios less than 0.5, the measured temper-
atures are approximately 30 K less than the adiabatic equilibrium
temperatures. This may be the result of the decrease in hydrogen
jet velocity as the hydrogen � ow rate is lowered to change the over-
all equivalence ratio. Flames are very stable on a Hencken burner
because of the formation of diffusion � ame zones at the exit of the
hypodermic needles used to carry the fuel � ow. As the fuel jet ve-
locity decreases, there is likely to be more heat loss to the burner
surface.

For each of the16 equivalenceratiosshown in Fig. 8, 1000 single-
shot dual-pump CARS spectra were acquired. Temperature PDFs
from four of these � ames are shown in Fig. 9. For each condition,
more than 990 of the 1000 single-shot spectra were � tted success-
fully using CARSFT. The mean and rms deviations for the temper-
ature pdfs are 1046§ 37, 1376§ 37, 1661§ 38, and 1920§ 41 K
for equivalence ratios of 0.32, 0.48, 0.64, and 0.80, respectively.
The rms deviations for the temperature PDFs are comparable to the
best results reported in the literature.36¡40 The temperatures were
obtained by � tting only the nitrogen part of the spectrum. For the
nitrogenCARS, the Raman polarizationis createdby the interaction
of the single-mode532-nm-pump beam and the modeless dye laser
beam; the second,multimode pump beam from the narrowbanddye
laser is then scattered from the induced polarization to produce the
CARS signal. It has been shown previouslythat for two-colorCARS
the rms deviationof the temperaturePDF is reduced signi� cantlyby
using a single-modepump and modeless dye laser36;37; this also ap-
pears to be the case for our dual-pump CARS temperature measure-
ments. The use of the back-illuminated unintensi�ed CCD camera
also eliminated the need for complicated calibration and correc-
tion proceduresto account for the nonlinearityand limited dynamic
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range of detectorsemployingmicrochannelplate intensi� ers.39 The
effect of multimode as compared to single-modepump radiationon
the accuracy and precision of CARS temperature measurements is
discussed in detail in Refs. 36–38 and 41–44.

CARS Measurements in the Room-Temperature Gas Cell
Dual-pump CARS measurementsof the N2/CO2 spectra were ac-

quired in a room-temperaturegas cell at pressuresup to 13 atm � lled
with a calibratedgasmixturewith a compositionof 74% N2 and26%
CO2 by volume. CARS spectra acquired at 2.5 and at 12.7 atm are
shown in Fig. 10. The theoretical� t to the experimentalspectrum is
shown along with the CO2 mole fraction determined from the theo-
retical � t. The CO2 mole fraction for the 2.5 atm spectrum(Fig. 10a)
is 0.29, reasonablyclose to the actual value of 0.26. As the pressure
increases, the accuracy of the CARS spectral model will become
more questionablebecause of the strong collisional narrowing that
occurs in all of the CO2 bands, which is only approximated by the
Gordon28 diffusion model. The neglect of vibrational dephasing is
also a signi� cant uncertainty in the CARS spectral model. More
spectroscopicinvestigationsare needed to re� ne the model in these
respects, particularly for predicting relative intensities of different
vibrational lines. As can be seen from Fig. 10, the theoretical and
experimental values of the relative intensities of the 0000–1000 and
0000–0200 CO2 bands are in good agreement at 2.5 atm, but differ
by approximately50% at 12.7 atm. Nonetheless,the best-� t valueof
the CO2 mole fraction at 12.7 atm is 0.31, in reasonable agreement
with the actual value of 0.26.

a)

b)

Fig. 10 Dual-pump N2 /CO2 spectra acquired in a room-temperature
gas cell where CO2 mole fraction in calibrated gas mixture in the cell
was 0.26.

Fig. 11 Single-laser-shot, dual-pump N2/CO2 spectra acquired in the
exhaust region of the swirl-stabilized combustor operated at 0.41 over-
all equivalence ratio; temperature and CO2 mole fraction values de-
termined from � tting of CARS theoretical spectrum to experimental
spectrum.

Fig. 12 PDF of temperature determined from single-laser-shot, dual-
pump N2/CO2 spectra were acquired in the swirl-stabilized combustor
operated at 0.41 overall equivalence ratio.

Fig. 13 PDF of CO2 mole fraction determined from single-laser-shot,
dual-pump N2/CO2 spectra that were acquired in the swirl-stabilized
combustor operated at 0.41 overall equivalence ratio.

CARS Measurements in the Swirl-Stabilized Combustor
A typical single-shot spectrum acquired in the exhaust region of

a generic, atmospheric-pressure, swirl-stabilizedcombustoroperat-
ing at an overall equivalence ratio of 0.41 is shown in Fig. 11. The
temperature and CO2 mole fraction PDFs resulting from the anal-
ysis of 500 single-shot CARS measurements are shown in Figs. 12
and 13, respectively. Of these 500 single-shot spectra, 355 were
� tted successfully using the CARS code; again, the 145 spectra
where CARSFIT returned the initial values of the � tting variables
at the conclusion of the least-squares � tting process have not been
examined in detail. At the measured overall equivalence ratio of
0.41, the mean value of the CO2 mole fraction determined from the
single-shot measurements was 0.067 with a standard deviation of
0.012. The mean value of the temperature determined from these
same spectra was 1143 K with a standard deviation of 54 K. For
combustion of JP-8 and air with an overall equivalence ratio of
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a)

b)

Fig. 14 Temperature–CO2 mole fraction correlations for the single-
shot CARS data a) acquired in the swirl-stabilized combustor operating
at 0.41 equivalence ratio and b) in stoichiometric propane/air � ame
stabilized on a McKenna burner.

0.41, the adiabatic equilibrium values of CO2 mole fraction and
temperature are 0.057 and 1325 K, respectively. [The molecular
formula of JP-8 is C10:9H20:9 and heat of formation is equal to
¡2:48 £ 105 kJ/k mol (private communication, T. Edwards, U.S.
Air Force Research Laboratory, Wright–Patterson Air Force Base,
2001).] The measured mean CO2 concentration is approximately
20% higher than the adiabatic equilibrium value. This is the same
level of agreement that was typicalof the laminar � ame studies.The
20% differencein the swirl-stabilizedcombustorstudiesmay be due
to inaccuraciesin the measured fuel � ow and air� ow rates, to uncer-
tainties in the CARS spectral model, or perhaps to averaging over
inhomogeneities in the CARS probe volume. The measured mean
temperature was almost 200 K lower than the adiabatic equilibrium
temperature, presumably because of heat losses.

The correlation diagram for the measured CO2 mole fraction
and gas-phase temperature is shown in Fig. 14a. A least-squares
� t line through the data shows a clear upward trend as expected;
the higher CO2 concentrations in the CARS probe volume indicate
higher equivalence ratios, and the gas temperature is correspond-
ingly higher. A similar correlation diagram for the stoichiometric
propane/air laminar � ame data is shown in Fig. 14b, and the least-
squares-� t line through the data shows no such upward trend. The
horizontal least-squares-�t line through the data in Fig. 14b indi-
cates, as expected, that the laminar � ame is steady and that the
� uctuations in temperature and CO2 mole fraction are due to the
CARS instrumental apparatus.

Measurements were also performed at overall equivalence ratios
of 0.45, 0.50, 0.55, 0.60, 0.65, and 0.7. At equivalence ratios above
0.6, the CARS optics became misaligned signi� cantly during the
experiment becauseof the heat load from the combustor.For exam-
ple, thecombustorwas shut down after the test at the 0.7 equivalence
ratio, and the CARS signal in room air had decreased by more than
an order of magnitude. For future measurements in practical com-
bustors, it will be necessary to shield the CARS system from the
combustor to maintain the system alignment.

The CARS signals from the swirl-stabilizedcombustor were ob-
tained using the three-dimensional phase-matching scheme shown

in Fig. 2. This phase-matching scheme gives in general the best
spatial resolution of any CARS phase-matchingscheme. However,
the CARS signal level is more susceptible to beam steering caused
by turbulence in the � ow� eld when compared with other schemes
such as annular phase matching. In annular phase matching, which
we have used in measurements in a high-pressure direct-injection
natural gas engine,11 the pump beams are propagated to the probe
volumeas an annular ring around the innerStokes beam. The spatial
resolution of this phase-matching scheme is somewhat worse than
for three-dimensional phase matching, but the CARS signal level
is much less susceptible to beam steering. Consequently, annular
phase matching may be a better phase-matchingscheme for routine
measurements in test combustors.

Conclusions
In the dual-pump CARS technique, signals from the two species

of interest are generated by the same three laser beams. This al-
lows the CARS spectra to be located at nearly the same frequency,
simplifying their measurement, and provides for a high degree of
correlation between the two signals, ensuring good single-shot � -
delityfor concentrationmeasurements.Dual-pumpCARS measure-
ments of temperatureand CO2 concentration,employinga modeless
dye laser, an injection-seeded Nd:YAG laser, and an unintensi�ed
back-illuminatedCCD digital camera,were performedin 1) laminar
propane/air � ames stabilized on a water-cooled McKenna burner,
2) hydrogen/air � ames seeded with CO2 and stabilized on a near-
adiabaticHenckenburner,3) a room-temperature,high-pressuregas
cell, and 4) a swirl-stabilizedcombustor fueled with JP-8.

The single-shot capability of the dual-pump CO2/N2 CARS sys-
tem was demonstratedin both the laboratory� ames and in the swirl-
stabilized combustor. In the steady laboratory � ames, the standard
deviations of the temperature and CO2 mole fraction PDFs deter-
mined from the single-shotmeasurementswere approximately2 and
10% of the mean values, respectively. Accuracy of the CO2 mole
fractions derived from the CARS signals and the Sandia National
Laboratories CARS code was reasonably good, about 10–20% in
atmospheric-pressure � ames and in the room-temperature, high-
pressuregas cell, in spite of strong collisionalnarrowingof the CO2

lines. The limited parameter range that was investigated in these
measurements indicates the need to investigate the CARS spectrum
of CO2 over much wider ranges of pressure and temperature. The
dual-pumpCARS techniqueis ideal for these typesof investigations
becausethe nitrogenCARS spectrumcan be used as a concentration
reference for the CO2 spectrum, for thermometry, and for accurate
characterizationof experimental parameters such as the instrument
function for the spectrometer–CCD system.

These measurementsdemonstratealso the potentialofmultipump
CARS techniques for the characterization of the temperature and
the major species concentrationsin challenging environments such
as model gas-turbine combustors. The high degree of correlation
between the nitrogen signal and the CO2 signal in the dual-pump
CARS technique is an especiallyvaluablecharacteristicof the mea-
surements. Strong collisional narrowing in the 0000–1000 band in-
creases the intensity of this band signi� cantly even at atmospheric
pressure, allowing the measurement of single-shotCO2 CARS sig-
nals at mole fractions down to the level of 1–2%. The dual-pump
N2/CO2 CARS systemwill be useful for investigatinga wide variety
of hydrocarbon-fueledcombustion systems.
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