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Abstract. Dual-broadband coherent anti-Stokes Raman scaferce, exciting Raman-active molecular transitions. This ap-
tering (CARS) spectroscopy of thep@branch ofH, has  proach, first proposed for vibrational CARS [1] and later on
been employed for thermometry in an atmospheric-pressuideveloped for rotational CARS [2—-4], is known as the dual-
hydrogen-oxygen flame. The aim was to investigate the afbroadband CARS (DBB-CARS) technique.

plicability of the technique for single-shot temperature eval- In most of the previous flame temperature measurements
uation and to analyse the precision of the measurementsy CARS nitrogen was used as a probe gas. Broadband
The results are presented of temperature and reldtive CARS spectroscopy of hdt, molecules makes it possible
density mapping of the flame in the temperature range da reach a good precision in temperature measurements due
700-2800 K The achieved precision of single-shot measureto the significant number of rotational components in the ob-

ments wa8%-5%. served Q-branches and efficient averaging over the spectra of
molecular transitions (see, for example [5-7]). In hydrogen-
PACS: 42.65; 33.20.Fb; 82.40.Py oxygen combustion hydrogen may be used to measure tem-

perature [8,9]. However, spectral averaging over the transi-
tions is not so efficient for broadband measurements using
H,, because only a few narrow lines are observed in a CARS
Temperature measurements in hydrogen-oxygen combustigpectrum even at temperatures as high2860-3000 K,
by means of nonlinear optical techniques are still a problemvhich greatly limits attainable precision of temperature deter-
that has not been solved completely. Of special interest imination. Of course, only fuel-rich regions of a flame, where
a question of the precision achievable as a result of singléd, is present, can be investigated in this way. This is typic-
laser-shot 10 nspulse duration) measurements as they camlly the case in rocket propulsion, where the engines always
provide investigations of turbulence fields existing in real-are run with an excess éf,.
scale technical combustors. This paper is devoted to the employment of dual-broad-
The serious problem of combustion thermometry by coband CARS for express temperature measurements (during
herent anti-Stokes Raman scattering (CARS) is to find thene laser shot) in hydrogen-oxygen combustion. The aim of
compromise between the sensitivity, the signal-to-noise ratidhe present study was to estimate the attainable precision and
the time of data acquisition, and the precision of temperaturspatial resolution of single-shot temperature measurements
measurements. Due to the nonlinear and coherent nature foff DBB-CARS and to envision the applicability field of the
CARS process, beatings of pump lasers’ frequency compdechnigue to hydrogen-oxygentechnical combustion diagnos-
nents lead to strong fluctuations in the intensity distribution otics. It should be noted that in case of hydrogen thermometry
a CARS spectrum which in turn result in errors in temperaDBB-CARS, especially in conjunction with modeless lasers,
ture determination. The only way to overcome this difficultywhich eliminate the noise due to mode competition, seems to
is to perform some sort of averaging: either over time — thabe preferable over the conventional broadband CARS [7-11],
means to perform accumulations of consecutive CARS sigsince the most efficient averaging over the spectra of laser ra-
nals, or spectral averaging. The latter approach allows ondiation can be achieved, providing the improvement of the
not to lose available temporal resolution and to achieve regsrecision of temperature measurements.
sonable precision in single-shot temperature measurements.
There exist two ways to perform spectral averaging: one is
to average the measured parameters over the molecular trah-Experimental
sitions in a broad frequency range (broadband CARS); the
other — to use many spectral components of two broadbanthe laser part of the CARS spectrometer consisted of
pump lasers for averaging over the spectrum of the driving Quanta Ray DCR-3D Nd:YAG laser deliverid®0 mJin
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the second-harmonic beam and two broadband oscillatomixing zones. This is the reason that CARS beam inten-
amplifier dye lasers. Part of the82nmbeam & 30 mJ was  sity from different parts of the flame varies several orders of
used as a CARS pump, the rest being used to pump the dysagnitude. In most of the measuremetsflow was main-
laser system. The pump beam t@ad cnm? bandwidth with  tained at13.2 slpmand O, flow at 3.8 slpm respectively, so
mode spacings dd.005 cnt?. that the mass equivalence ratio was 1.7. At these conditions
Dual-broadband pumping was realized with the help othe slightly visible flame torch was aboil50 mmhigh and
two oscillator-amplifier dye lasers. Dye laser | was a mod20 mmin diameter in its widest part.
eless Rhodamine 6G amplified spontaneous emission (ASE) In order to vary the location of the probe volume inside
dye laser operating aroun853 nm with a bandwidth of the axisymmetric flame under study, the burner was mounted
~ 170cnT! and output energy of abo@mJd Dye laser Il on anX-Z translation stage (witZ axis coincident with the
was a Pyridine AIDMSO laser with a glass substrate used asaxis of gas injection, an¥ axis pointing in the transverse di-
an output coupler of the oscillator. The dye laser Il outputrection). CARS spectra have been recorded in several flame
power reached.5 mJ its lasing being centered at approxi- cross sections, with the step of 1002000um in X direction,
mately 713 nmwith a bandwidth~ 350 cnt. The differ-  from the height oZ = 3 mmto Z = 92 mmabove the burner
ence between the central frequencies of the two dye lasessirface. The probe volume was oriented alongtlais, its
(= 4000 cnm?) corresponded to the falling edge of the funda-centre being positioned in théZ plane.
mental Qz-branch of hot hydrogen, with the rotational lines
Q(5)-Q(11).
The pump beams, adjusted in diameters and diverge%- Resul ddi .
cies, with their pulses overlapped in time, were combined it €SUlts and discussion
a USED-CARS [12] geometry and focused into the probe vol-
ume with a300mm-focal-length lens. The beam spot of the The main aim of temperature measurements in the McKenna
pump laser, with the unstable resonator installed to providburner using DBB CARS of, Q-branch, in the range of
the donut intensity profile, had a ring shape at the focusind400-1900 K was to verify the employed experimental tech-
lens, with the outer and inner diameters of 20 &0dnm re-  nique and data processing routines and to estimate the pre-
spectively. The dye lasers’ beam diameters were adoun  cision of measurements. So, in order to facilitate the dir-
Under these conditions the beam waist diameters in the faect comparison of our results with those obtained by other
cal region were estimated to be abd0jum. The longitudinal  authors applying usual broadbahy CARS thermometry,
spatial resolution for the employed interaction geometry, dethe experimental conditions have been chosen to coincide
fined as the length of the volume in which 0\ of the  exactly with those used in [13]. This means that all the tem-
CARS signal is generated, was measured td.5enm perature measurements have been perfortrechm above
The CARS beam, after recollimation and preliminarythe centre of the burner surface, while hydrogen flow rates
filtering by dichroic and notch filters, was dispersed byand mixture stoichiometrie® were adjusted to be the same
a Jobin-Yvon HR1000 monochromator equipped withasin[13].
a 2400groovegmm holographic grating and was registered  Some comments should be made about the data process-
by a diode-array detector with a gated MCP image intensiing approach. At the beginning and at the end of each series
fier (Spectroscopy Instruments, IRY 1024). The width of theof data acquisition (il0-15 min) accumulated nonresonant
apparatus function of the monochromator was aBarti!,  spectra from room air have been recorded and later on em-
and that determined the observed linewidth of single rotaployed for normalization of the obtaingd, Q-branch spec-
tional components of thel, Qos-branch spectra, which were tra. As temperature$ in the premixed flame were rather
being detected in all the experiments. high (1400-1900K) and gas densities were quite low (
Calibration measurements have been performed using st@-15-0.2 Amaga}, the Q-branch lines were considered to
tionary and well-controlled atmospheric pressure premixethe inhomogeneously Doppler-broadened and having practi-
hydrogenair flame in a McKenna burner, exactly the same agally the same widths, with negligible manifestations of both
employed in [13]. This burner has been recommended in [13he Dicke narrowing and homogeneodisiependent colli-
as a calibration device for flame temperature diagnosticsional broadening by surrounding molecules, primakily
techniques. Further measurements have been performedandH,O [14, 15]. Thus, under conditions of our experiments,
aH,/0, flame produced by an atmospheric-pressure burnex spectrally integrated intensity (line strength)in a broad-
with coaxial gas injection and turbulent mixing of the compo-band CARS spectrum, after subtraction of the nonresonant
nents. The burner had a central tub@ &mminner diameter, background pedestal (if present), can be to a good approxima-
for supply of O,, and of4 mm outer diameter. The concen- tion regarded as proportional to the square of the population
tric slit going around this tube, fdi, injection, wa€0.25mm N of the lower rotational level of the transition and inde-
wide. Gas flow rates were measured by electronic flow corpendent on the transition linewidth. To the contrary, the weak
trollers (Tylan), preliminarily calibrated by direct measure- J-dependence of the Raman cross section for a given vibra-
ments. The operation of the controllers is based on the effetibnal band oH, molecules and of the Stokes laser frequency
of heat conduction. factor in the line strength should be taken into account, in
The main principle of this kind of injectors is th&@, accordance with [16]. Thus, temperatures were derived for
andH, leave the burner plate separately, in concentric turbueach spectrum from the standard least-squares linear fit for
lent jets. Vortices generated in the shear layer between thesiee populations of the rotational levels of the- O state ver-
jets, as well as the diffusion process, provide mixing of thesus the energieg; of these levels, in accordance with the
components. Characteristic features of the investigated flani&oltzmann formulae. Only the strong odd®-branch com-
are high gradients dfi, concentration and clearly observable ponents of the = 0 — v = 1 band Q3 — Qo) were regarded.
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The lines of thew = 1 — v = 2 hot band were not processed, etry at1400-1900 Kwas below0.2% for determination
even if observed. of temperature as a histogram cenfigyr being an average

The random shot-to-shot errors in temperature values de- over 300 shots (see Fig. 1), and in the rang&6£5% for
termined from a series of single-shot spectra appear as aresult single-shot measurements. Hence, if we take the values
of the normalization procedure, as the accumulated nonreso- from [13] as the calibration ones, the accuracy of single-
nant CARS spectra were employed for this purpose. It should shot measurementswith our experimental setup can be es-
be also noted, that the simple approach used presently for timated to be at the level &6—6%.
temperature determination may produce systematic errors,
which in our case of high temperatures and low densities ap- Further experiments have been aimed at performing tem-
pear mainly because of the uncertainties in determination gierature mapping of the axisymmetric flame of the atmo-
the nonresonant background in CARS spectra. Applicatiospheric pressurél,/O, turbulent burner described above.
of more sophisticated methods of data treatment, that emigain, two types of measurements have been performed, and
ploy the simulation of the shape of experimental Q-brancleither accumulated spectra or single-shot histograms (300
spectra, including the observable weak even-J and hot barsthots in each series) were analysed. The spectra with signal-
lines, is expected to increase the accuracy of temperatute-noise ratio worse than 10 were neglected, thus precluding
determination. the measurements abo¥e= 95 mmheight.

The results of the experiments in the McKenna burner The accumulated spectra were used to determine tempera-
are summarized in Table 1. Column 3 contains the resultsire asTa, the range of measured values beit@f-2800 K
of temperature measurements performed in [13] (the errofBhe number of accumulations varied from 10 to 500, de-
have been recalculated on the basis of the stat% ac- pending on spectra signal-to-noise ratio. An example of an
curacy), whereas columns 4, 5, and 6 contain our resulteccumulated spectrum is presented in Fig. 2. The proced-
Temperature value3a in column 4 are derived, for com- ure, similar to the one described above for the case of the
parison with [13], by processing a single spectrum whichMcKenna burner, was used to derive temperature. As previ-
was accumulated on the multichannel detector during a giveously, only up to 4 odd} lines (Qs — Qg) were used in the
number of consecutive laser shots. Values in columns 5 arBoltzmann plot of the rotational level populations. Within the
6 are the results of a fit of temperature histograms, obtainezkperimental errors two different slopes were not observable
with the bin width equal t&0 K from 300 single-shot spectra, in this plot, and CARS spectra obtained, both accumulated
to a Gaussian probability distribution function, centrediat  and single-shot ones, were described by a single temperature.
and with a standard deviatien The relative standard devia- If T is known, the spatial distribution ofl, nhumber
tion of temperature (in %) is given in brackets in column 6. density N can be estimated from the line strengdth of

The results presented in Table 1 lead to the following con-

clusions.
140 F
(i) All our temperature measurements provided by process- 45 i
ing of the accumulated spectr@a( coincide, within the L
experimental errors, with those presented in [13]. 100 |-

(i) The temperature$, are systematically (bse 2%) lower
than those derived from the histogram analy$jg(This
fact can be mainly attributed to the character of the accuy
mulation procedure, when spectral lines, more intensivé; % i
at lower temperatures, give more significant contribution&  ,, |
to the derived temperature values. It should be noted, in I
addition, that single-shot spectra can not be normalizedin 20|
a proper way during the accumulation on the detector.

(iii) The results of processing of different histograms, obtained o™ 7100 7200 1300 1300 1500 1500 3700 1390 7900 2000
at the same experimental conditions in independent series Temperature, K
of measuremgnf[s, are well reproduuple and COInCIdewml}ig. 1. Typical temperature histogram obtained in the McKenna burner at
each other within the errors quoted in columns 5 and 6, flow rate of 19.7 slpm and @ = 1.4. Thesolid line corresponds to the
Thus, estimated precision of the DBB-CARS thermom-Gaussian distribution witfy = 1507 Kando =44 K

of shots
-3
o
T

Table 1. Results of the experiments in the

McKenna burner Experimental conditions  Derived temperatyi€ [13] Derived temperature day Present work
1 2 3 4 5 6
Hy flow Stoichiom- 300 accumulated broad-  Accumulated Histogram Histogram
rate (slpm) etry® bandN; CARS spectra spectrda center, Ty halfwidth, o
9.85 1.2 145236 1536+ 90 1540+ 3 80+25 (5.2)
9.85 1.3 1374-34 1398+ 40 1430+ 1 53+0.5 (3.7)
19.7 1.2 164141 1694+ 110 1705t 2 92+25 (5.4)
19.7 1.3 155839 1552+ 100 1590t 2 56+15 (3.5)
19.7 1.4 150338 1463t 90 150741 444+0.15 (2.9)
34.6 1.2 187347 1888+ 150 1913t 2 99+2.0 (5.2)

34.6 13 177344 1738+130 1770k1 66+1.5 (3.7)
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18000 H, with room air, which maintains efficient combustion with

a high heat release in this region. As expected, the lowest tem-
peratures are observed near the centre oHhéet, located

16000

e I at the position of the injection slit{ = 2.125 mn), whereH,
12000 densities are the highest and where neif@gmnor room air
S 10000 7 are able to penetrate.
£ 2000 Up to the height ofz =15mm above the burner sur-
é face H, and O, mix up efficiently and temperatures reach

6000 - 2600-2800K at X = 0-3 mm (Fig. 3b). The distribution
w000 1 of Hy density is characterized by a larger width of about
: 5mm its center being displaced from the burner axis to
20007 Mw X~ 4mm In the peripheral parts of the flame the com-
S , e bustion demonstrates the same features as at lower heights
4150 4100 4050 4000 3950  3%00 380 3O IS0 ghoye the burner surface, as far ls has not been burnt
Raman shifl, e out, and combustion is still maintained by mixingté$ with

Fig. 2. DBB-CARS spectrum oH; from a burner with a coaxial hydrogen- qom air. Th mperature minimum i ill rvi h
oxygen flame (CHOF) aZ = 21 mm X =3 mm and® = 1.7. Number of oom air. e temperature um is still observed at the

accumulations-10, T — 2880+ 150 K position of the peak oH, density, revealing the presence
of the significant excess of heatéd in the form of a re-
sidual jet.

a Q-branch component of a CARS spectrum using, for the At the flame heights abové = 50 mmradial tempera-

case of Doppler-broadening, the relation: ture distributions are nearly flat and the measured temperature

values are in the range @800 K gradually decreasing to-
wards the periphery of the flame Xt> 10 mm This may

Zr(M)(A+ e_E”/kT) gEa/KT

~ 1/2
NCT) ~ 1_ e Eo/kT (1972, @ pe regarded as an indication thét and O, have been com-
pletely mixed and the injecteld, has been practically burnt
whereZg(T) is the rotational partition function fdtl,, E, = out. The density profiles of the residudj also become al-
4161 cnt! is the vibrational energy in the= 1 state,E; is  most uniform.
the energy of a rotational level with a givén Thus, the measured temperature distributions at different

Figure 3 presents examples of radial distributions of temheights show that in the process of turbulent mixing and com-
perature and oH, number densities measured in the flamebustion under study, the mixture components start to react
with the mass equivalence ratio of 1.7 at different heightdeing preheated up tb000-2000 K For comparison, the re-
above the burner surface. These results allow the charactermsalts should be mentioned of the theoretical calculations, in
tic features of the combustion process in different regions tethe frame of the model described in [17], of adiabatic com-
be distinguished. bustion for a stoichiometritl,/O, mixture. If the mixture

The distribution ofH, density measured aZ =3 mm s ignited at293 K the calculated final temperature of the
(Fig. 3a) is characterized by significant gradients &mdm  combustion products should B850 K The enhancement of
width (at half height) which is indicative of weak turbulent the initial temperature of mixture components1§00 Kin-
and diffusion penetration ¢, towards the stream axis. Tem- creases the final temperature only 4y100 K. Hence, one
perature distribution is characterized by relatively low valueshould expect that under our experimental conditions, though
~ 1000 Kin the vicinity of the stream axis, inside tk® jet, far from the adiabatic ones, the observed preheating of the
which also points to weak mixing of the concentric jets. Sig-mixture components in course of the turbulent combustion
nificant temperature increase in the peripheral part of the flowvill probably also not result in significant enhancement of the
(at X > 4 mm) is due to turbulent and convective mixing of flame temperature.

3250 100
100
- 80 Jeo
B 1* 3
g g g §
E 40 =~ 5 1250 140 :a
20 - 20
Fig. 3a,b. Radial temperaturesquare$ and H
density Circles) distributions in the CHOFa
Py IR SN . EE— o o 1o Z=3mm b Z=15mm Thedotted linesshow
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 the positions of the; jet axis (X =0 mm) and

a) Distance from burner center, mm b) Distance from burner center, mm of the Hy injection slit (X = 2.125 mn)
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Fig. 4. An example of a temperature histogram obtained in the CH®E:
lbarp Z=15mm X =3mm & =1.7. Thesolid line corresponds to the

Gaussian distribution function witliy = 2522 Kando = 73 K

The analysis of the series of single-shot temperature
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urements in the broad temperature rang&@3-2800 Kand
allows us to realize single-shot measurements with the preci-
sion of about3%-5%, assuming comparatively high signal-
to-noise ratios are provided. This temperature range and pre-
cision are of interest for diagnostics of high-pressure turbu-
lent flames. Performed qualitative analysis of the measured
radial temperature and concentration distributions allows us
to observe the characteristic features of hydrogen-oxygen
combustion in the atmospheric-pressure turbulent burner with
the coaxial gas injection.
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