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Abstract. H, and O, multiplex coherent anti-stokes Raman of multiple species available [1, 2]. As such, information de-
spectroscopy (CARS) employing a single dye laser has beestribing mixing and combustion rates in supersonic flows can
explored to simultaneously determine the temperature anoke effectively extracted. However, multi-color CARS tech-
concentrations dfl, andO, in a hydrogen-fueled supersonic nique requires multiple dye lasers for the Stokes incidences
combustor. Systematic calibrations were performed throughnd more complicated optical arrangement. Moreover, such
a well-characterizedd,/air premixed flat-flame burner. In a technique has to account for the interactions between sig-
particular, temperature measurement was accomplished usingls resulting from all of the excited Raman transitions owing
the intensity ratio of théH, S(5) and S(6) rotational lines, to the complex, nonlinear CARS process. Inevitably, this
whereas extraction of thd, andO, concentrations was ob- may involve assumptions of a variety of unknowns in data
tained from theH, S(6) andO, Q-branch, respectively. De- analysis [2].

tails of the calibration procedure and data reduction are dis- Since hydrogen is one of the preferred fuels for scramjet
cussed. Quantification of the supersonic mixing and combugngines and its vibrationabtational transitions are relatively
tion characteristics applying the present technique has beeavidely spaced, attempts of multiplex CARS have been made
demonstrated to be feasible. The associated detection limifsr the simultaneous measurement of temperature and species

as well as possible improvements are also identified. using a single dye laser as long as the Raman frequencies
of these species differ by less than the linewidth of the dye
PACS: 33.20; 42.65 laser for the Stokes beam. In particular, our previous study [4]

has demonstrated that multiplex CARS measuremenitt of
andO, seem to be feasible in supersonic combustors. Particu-
In response to the interest in the development of scramjdérly, theO, Q-branched bandhead (Raman shB66 cnt?)
engines and the fundamental understanding of supersorigsandwiched by thel, pure rotational lines of S(5) (Raman
combustion and mixing processes, extensive experimental rghift 1447 cnt') and S(6) (Raman shift637 cnt') when the
search has been performed to quantitatively measure the démperature is beyorigD0 K. Therefore, extraction of infor-
sirable parameters characterizing the various physical ph&ation regarding temperature and local equivalence ratio are
nomena under supersonic combustion. Of particular interesgpssible within a single measurement. This approach is es-
are the concentrations of fuel, oxidizer, and combustion mapecially significant when nitrogen is not a constituent of the
jor/minor products as well as the temperature distributionoxidizer such thaN, CARS cannot be utilized for combus-
Laser diagnostics of high spatial and temporal resolutions otion thermometry, for instance InOX/LH; rocket engine.
fer excellent tools to meet such needs. The present study aims to extend our previous effort [4]
Among the various laser-based techniques, cohereiit the following two-step manner, with emphasis on the
anti-Stokes Raman spectroscopy (CARS) has been recengyplication to the diagnostics of supersonic reacting flows.
demonstrated to be an attractive approach for the determifNamely, (i) calibrations of temperature and species concen-
ation of the temperature and major species in superson[&tions through a well-characterized flat-flame configuration;
combustors [1—3]. In addition, in order to maximize data col{ii) quantification of temperature and the extent of mixing in
lection and develop parameter correlations within the shor@ supersonic combustor.
duration of facility operation, recent developments in multi-  In terms of the former, we first note that while [4] has
color CARS techniques make simultaneous measuremer@é@monstrated the potential usefulness of the proposed multi-
plex CARS, the actual procedures for quantification have not
* Corresponding author. Dept. of Laser Technology, Institute of Mechanicsyet been rationalized. .ln addition, Smce. the Ilne-broadenlng
Chinese Academy of Sciences, 15 Zhong Guan Cun Road, Beijing, 10008@rocesses off; CARS is not well established as compared
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questionable. It is therefore of importance to conduct a sewhere N is the number density of the probed species,
ries of experiments to calibrate the correlation between ththe Raman transition frequendy, the Raman linewidthg;
intensity ratio ofH; lines of S(5) and S(6) and temperature. the polarizability matrix element)p; the population differ-

In order for the calibration to be meaningful, it is essentialence between the upper and lower states of the rotational-
that the flame configuration is well defined for both experi-vibrational transitions with frequeney; which is a function
mental and computational quantification. One such configusf temperature, angingr the dispersionless real nonresonant
ration is the burner-stabilized flat-flame which offers a sim-susceptibility.
ple, well-controlled environment through which the flame  For a pure rotational S-branch transition, the susceptibility
structure can be studied with reasonable confidence. Herean be expressed as
a steady, planar flame is stabilized through heat loss to
the porous surface of a flat burner, from which the com-,@® _ ¥ Apj 4 o

! i . ) . L - 14 bJ+2K(J)+XNR, (3)
bustible mixture is introduced. Due to its simplicity in ex- h (0] —wp+ws) —iT; 45
perimentation and the nature of one-dimensionality, we shall
use the burner-stabilized flat-flame burner as a calibratiowherey is the anisotropic polarizabilityp]_ , the Placzek—
tool for both temperature and species concentrations ovdeller coefficientsK(J) the first-order line strength correc-
a wide range of mixture stoichiometries. Through detailedion factor for the centrifugal distortion,
comparisons of th&, CARS andH, CARS in this well- 5
characterized flame, the temperature dependence of the inten- [ 4 (B2 5 ]

(_) (3243343 .
e

sity ratio of S(5) and S(6) can be calibrated. SubsequentiK(J) = 1; (4)

approaches in obtaining the concentrationklpfandO, are

systematically studied. 1 .
S i . . . 71 =y(redy/or|r,)~", Be the rotational constantye the mo-
After accomplishing the above-mentioned calibration pro lecular vibrational frequency, amdthe internuclear distance.

cedures, the second objective of the present study is to exploré While measurement of temperature can be performed
the feasibility of the experimental identification of the mixing from the shape of the spectral s%nature\bf[S] the Iianten-
and combustion characteristics in a supersonic hydr(gen sity ratio of two pure rotational states &, is temperature

mixture, applying multiplex CARS. Through S!munaneousdependent [6], and hence can be readily applied to yield the
Qetermmatlon of the temperature an_d local equwaler_me r.aF'?emperature information. Furthermore, species measurement
it greatly enh_ances the understanding of supersonic MiXiNg, e obtained from the intensity of the spectrally integrated
and co.mbugtlon processes as well as prowdes insight into t'?Ssonant CARS signal [5]. However, this approach is plagued
numerical simulation in practical supersonic combustors. by the presence of the t;ackgrouna at very low concentra-
In the next section we shall sequentlally present the e fions in that the modulation would disappear into a baseline
perimental details, including the theoretical background o evel derived from the nonresonant susceptibility [5]. Such
CARS, the present optical arrangement of CARS, the ﬂa.té difficulty can be circumvented with background suppres-

;3{2\?\/:&]rbner’rgggﬁpaeﬂj#%?rtf](;né‘;l?&rgt?gﬁ“?gggg'llj'g' ;-nhd'sré%ion, while the signal loss of resonant-mode accompanies the
Y prese . P . s%ppression of the nonresonant contributions.
sults, and then discussion of the measurements in supersoni

combustion.
1.2 CARS facility
1 Experimental details USED CARS (unstable-resonator spatially enhanced detec-
. tion) [5], a two-beam 3-D phase-matching configuration, is
1.1 CARS overview utilized for its ease of alignment, simple access requirement,

. . . and insensitivity to refractive index variations. The associ-
CARS is a nonlinear four-wave mixing process. When twogiaq experimental scheme is shown in Fig. 1N&:YAG
pump beams at frequenay, and one Stokes beam (dyg (Spectra-Physics, GCR 290-30) laser with a pulse repetition
beam) at frequencys are phase-matched and focused infate of 30 Hz outputs a Gaussian beam RD6um. After
a medium, a laser-like coherent beam at frequengitoas=  frequency doubling, the green beam582 nmis split into
2wp — ws) called the CARS signal is generated. When the fréy, g heams by the beam splitter, BS. The reflected beam
quency differenced, — ws) is close to a Raman resonance in 5ot 50 mJpulsq is used as the pump beam, and the
a p_arpcular species, the CARS signal is _resona.mtly enhancegls nsmitted portion (abou00 mJpulsd is used to pump
T_h|s is known as resonant CARS. The intensity of a CAI_?S(B1 broadband dye laser (Spectrum Master, HD-500B). A dye-
signal is proportional to the _squage of the third-order nonlinyethanol mixture ofl x 10~ mole (53 mg/l) Rhodamine
ear susceptibility of the medium,®, 590 andl.5 x 10~-°>mole (8 mg/l) Rhodamine 610 is used to

2 3,2 produce a Stokes beam#f30 mJpulsewith a center wave-
las(@as) o I (@p) Is(@) L1 (1) length 0f580.4 nmand a bandwidth af20 cnt* FWHM, for

wherel, and Is are the intensities of the pump and StokesH2 andO multialex CARS. FoN, CARS, a methanol so-
lasers, respectively. The third-order nonlinear susceptibilityution of 2 x 10" mole (118 mg/l) Rhodamine 640 is used

of the medium is expressed as to produce a Stokes radiation®f20 mJ pulsewith a center
wavelength 0606.7 nmand a FWHM of100 cn.
@ _ N Ot,-ZApj An annular mirror, AM, with a drilled 45 degree angle
X=% Z (@] — wp+ ws) — T} +XNR ) aperture of4 mm diameter passes the Stokes beam through
i

the center and reflects the pump beam, as shown in Fig. 2. It
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M, BS 1.3 Flat-flame burner
/] DYE -t -t 1 Nd:TAG
M, \ The burner used for the present calibration experiments is
1 Y AM Y made of porous sintered bronze witt2@um pore size and
N - - 50 mmdiameter. A sectional view of the burner is shown in
M . .
L1 Fig. 3. The body of the flat-flame burner is made of brass,
<> A : :
Flame — with an outer diameter 0100 mmand a height o060 mm
L2t Cooling is accomplished by passing water at a controlled
o TecD rate through cooling coils imbedded in the burner. A circu-
T <‘7 Pulser lar porous ring is placed around the main burner to provide
Y SM - . .
F a uniform coflow of the inert gas to shield the flame from the
L L Controfler Computer environment. The flows of fuel and air are controlle_zd by sonic
OF nozzle flowmeters. The flowmeters have been calibrated with
Mmmr ~~~~~~ 55 beametier i annularmu‘ror a wet test meter. The flows of fuel and dry air are mixed in
: L: lens DM: dichroic mirtror OF: optical fiber a premixing reservoir.
i T:trap F: filter SM: spectrograph
Flat Flame,
Fig. 1. Schematic diagram for the USED CARS setup Porous
Bronz
Cooling

renders the Gaussian annular pump beam in a USED CAR Coi
phase-matching configuration. The use of such an annul
mirror provides better transmission®f than a dichroic mir-
ror does as well as the flexibility for different Stokes beams Glass
. . . Beads

required by various probed species.

Using a200-mm focal length lens, L, the annular pump
and Stokes beams are focused on the measuring point whe
the CARS signal is generated. The pump and Stokes bear

Z] 38

and CARS signal along with the laser beams in the forwart Co-Flow | Mixtre Iy
direction are recollimated using a secar@dmm lens, L. {

The resulting spatial resolution & 4 mm along the beam Cooling Cooling
and ~ 100um transverse to the beam. A dichroic mirror, Water Water

DM, reflects the high intensity pump and Stokes beams, anelg. 3. Sectional view of the flat-flame burner

transmits the CARS signal. The pump and Stokes beams

are trapped by a dump, T. The transmitted portion of the

pump and Stokes beams are spectrally filtered from the CARS

signal by an interference filter, F. The CARS signal trans-1.4 Supersonic combustor

mitted through an optical fiber, OF, is focused on a slit of

SPEX-500M monochromator, SM. A holographic grating of The test facility used has been discussed in detail else-
2400linegmm is utilized to disperse the CARS signal, andwhere [7,8]. The vitiated air of temperatug100K and
then a CARS spectrum images on an intensified CCD, (Phressure2.0 MPa can be produced by a heater burning
ICCD 1152MG-E). The CARS spectra are then collectedhydrogenfair along with oxygen replenishment. The flow rate
recorded, and analyzed. can be as high ak5 kg/s.

It is also noted that the dye-laser profile is monitored dur-  The combustor is of rectangular cross section with an inlet
ing experimentation, which can thus be used to normalize thdimension 030 mmx 30 mmand overall length 0755 mm
CARS spectra. The hydrogen injector and the air nozzle are designed in an

integrated modular structure. Hydrogen is injected by a strut

base through a double row of multiple orifices Hb8 mm

diameter. The two rows of orifices have angle8@fand45°,
L1 respectively. The blade-like strut is mounted in the center of
the combustor entrance. The upper and lower contour walls of
the strut and the combustor wall form two half-parts of a noz-
zle, which produces a two-dimensional supersonic air flow of
Mach number 2.5. Hydrogen is injected into the supersonic
vitiated air with sonic speed.

A sectional view of the supersonic combustor test section
is shown in Fig. 4, where three holes with a diamete ofm
are available for the access of the probe laser beams. A typi-
: cal experiment running time i8s The supersonic flow field
pump beam has been shown to reach steady state wigh&{7]. CARS

Fig. 2. Laser beam arrangement for the phase-matching geometry of USEB€asurement is C_OnC!UCted a_fter hydrogen is injected and su-
CARS personic combustion is sustained.

residual pump beam gy

Stokes

beam




260

CARS test hole (diameter of 8mm) H2/Air, = 2.0, Mass Flux=0.060 g/em? -gec
| 1600 1T T 1T 0.30
- 1 [ o N H,0 ]
1400 | & ® 1 0.25
— i H ]
¥ 1200 | 2 ]
; Jo20 &
o [ i =
% 1000 E @
e 4 0.15 ;?
: g 800 ] 5
: o Jo1o g
; ' = 600 U
I X L ©  H, (ocal equilibrium) 1
400 F 4+ H,0 (local equilibrium) 7 0.05
l—x=3lmm 22— x=6lmm 33— x=83mm - ]
Fig. 4. Sectional view of the test section of the supersonic combustor 200 el b e e 11 10,00
0.00 0.10 0.20 0.30 0.40 0.50
Distance from Burmer Surface (cm)
2 Calibration details Fig. 6. Comparison of detailed calculation and approximation based on local

equilibrium, for aH,/air flame of equivalence rati¢ = 2.0

2.1 Computational specifications

2.1.1 Spectroscopy calculatiorisbraries of theoretical inputs to the PREMIX code. Alternatively, local equilibrium
CARS spectra, including those b, H,, andO,, are com- assumption has been shown to be an adequate and expe-
puted using the CARSFT [9] code developed at Sandidient approach for the calibration experiments using a flat-
National Laboratories. Subsequent comparisons with the extame burner [11]. Figures 5 and 6 plot the computed profiles
perimental spectra would provide insights to temperature andf temperature and major species for lean and Heliair
species concentrations. flames, respectively, where burner surface temperature is kept

The slit instrument function employed to generate the theeonstant aB30 K. It is seen that both the temperature and
oretical CARS spectra is obtained by usindHa-Ne laser mole fractions of major species are nearly invariant beyond
with the experimental optical arrangement. 1 mm above the burner surface. In addition, Figs.5 and 6

demonstrate that local equilibrium calculations based on the
2.1.2 Flame calculationsSimulation of a one-dimensional local temperature agree very well with the ones obtained from
burner-stabilization flame structure can be conducted endetailed simulations, when the distance above the burner sur-
ploying the PREMIX code of Kee et al. [10]. The programface is beyond mm Even the largest error associated with
uses finite differences to solve the governing equations dfl; in rich burning is still around®%, which is smaller than
mass, species, and energy conservation with detailed kingtie typical experimental uncertainty. Local equilibrium cal-
ics and species diffusion. However, in order for a directculations are performed with the EQUIL [12] code of Sandia
meaningful comparison between computation and measur&tational Laboratories. The reaction mechanism used is taken
ment, accurate experimentally determined boundary condfrom Kim et al. [13].
tions, such as the burner surface temperature, are required as
2.2 Calibration procedure

- . Calibration of temperature and the concentrationsHof
H/Air, = 0.5, Mass Flux=0.033g/cm” -sec ; . .
1600 —r—r—r I(P. S — g;: ———— 0.25 andO; is conducted through thid,/air premixed flat-flame

[ T 7 burner, over a wide range of equivalence ratios. For a given
1400 F - ] flame condition,N, CARS spectra andH»-O, multiplex
L .. . HO R < 0.20 CARS spectra are obtained separately, while being meas-
21200 f | ] 2  ured at the same position above the burner surface. Due to
g ] 2. the extensive regime of uniformity downstream of the flat
5 1000 1015 % flame, error resulting from the possible, slight mismatching
8 ] 8 in the probed position is greatly minimized. Furthermore,
% 800 0, Jo10 %. sinceH, andO, are, respectively, the deficient species in the
5 N N " ] = lean and rich burning conditions, calibrationtbf (O;) alone
= 600 . can be unambiguously performed under various rich (lean)
o 0O, (local equilibrivm) 7 g o5 stoichiometries.
400 4 H,O (local equilibrium) A ] ]
N ] 2.2.1 Calibration of temperaturd.he measured temperature
200 b o L L 0,00 is first determined from thé\, CARS spectrum through
0.00 010 020 030 040 050 a nonlinear least-square fitting using CARSFT. Two-param-
Distance from Burner Surface (cm) eter fitting, including temperature and nonresonant suscepti-

Fig. 5. Comparison of detailed calculation and approximation based on locaPllity, are utilized because the composition of the burnt prod-
equilibrium, for aH,/air flame of equivalence ratip = 0.50 uct is unknown. ThidN, CARS-determined temperature is
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Fig. 7. Calibration of the calculated resonant intensity ratios oftheS(5)
and S(6) as a function of temperatu&ymbolsrepresent the experimental
data from the calibration experimentSolid lineis the theoretical calcula-
tion

Mole Fraction (%)

Fig. 9. Computed ratio of the spectrally integrated resonant and nonresonant
signals ofO, (from 1536 cnt! to 1560 cnT!) as a function ofO, mole
fraction at temperature df700 K

subsequently used to calibrate tHe CARS spectrum at the However, one limitation of this ratio method for the
corresponding experimental condition. species measurement is that only a finite range of the mole
In addition, the theoretical dependence of the resonaritaction is applicable [5]. Taking the temperatureldfO0 K

intensity ratio ofH, S(5) and S(6) on temperature is calcu-as an example, Fig. 8 illustrates the computed normalized
lated with the soft-collision model [14] incorporating Doppler O, CARS spectra at various mole fractions. Figure 9 further
broadening, which is shown in Fig. 7. The spectra are complots the correlation of the ratio of the spectrally integrated
puted ranging fronl407 cnt! to 1487 cnt! for S(5) and  resonant and nonresonant signals with variations ofQhe
from 1597 cnt! to 1677 cnt! for S(6), respectively. mole fraction. The integration is taken frof536 cnv* to

1560 cnt?, with the assumption that the nonresonant inten-

sity varies linearly with the Raman shift. Thus, the resonant
2.2.2 Calibration of O, mole fraction.When the local tem- area is determined from the total spectral area subtracting the
perature is known, the determination © mole fraction is nonresonant area. It is seen from Fig. 9 that the accurate de-
based on the fact that concentration is a function of the ratitermination ofO, mole fraction is only applicable frort%
of the spectrally integrated resonant and nonresonant CARIS 25%, at the temperature 4700 K The lower bound is due
spectra. Therefore, once the temperature is determined, thethe hampering of the nonresonant contribution, whereas the
O, mole fraction is calibrated based on the local equilibriumupper bound is due to the insensitivity of the signal area ratio
to the mole fraction variations.

calculation.
4.0
[+~
o -
1.0 S _
T =1700K = T=1700K
Py 1 § 3.0 1
2 0.8 5% : ]
=] g
2 0.6 Z 2.0 4
< S
] T :6 i
= 0.4+ =
8 1 E 1.0 -
g 2
,za 0.2 K -
1 0.0 — 1T T7
0.0 — T T 0 20 40 60 80 100
1500 1520 1540 1560 1580 1600 _
Mole Fraction (%)

Raman Shift (cm’ : )

Fig. 8. Computed normalized CARS spectra@f at various mole fractions,
with temperature o700 K

Fig. 10. Computed ratio of the spectrally integrated resonant and nonres-
onant signals of theH, S(6) line (from 1636 cnT! to 1642cnTl) as
a function of mole fraction at temperature Bf00 K



262

4 $=0.57 TN: =1721K 4 ¢=0.77 TN, =1865K 4 ¢=1.36 TNz =1708K 4 ¢=156 TN2=]697K 4 ¢=2.04 TN:=1642K
1.0 - - -~ .
2] ) | |
§ o5 . - . -
E J . |
g 0.6 - ~ - -
S 0.4 . . . -
% 0.2 . . . e &
2 0.0 - - - -
p __,—»-\..\/-\,\/\.. d  ———— AN 4 4 ——————— p _,—*N,—
T T T T T T T T T T T T T T N B RN B B LD LN B BRI B
2250 2270 2290 2310 2330 2350
Raman Shift (cr™) A +  Expeimental Data, ——— ComputerFit, ——— Eror
1.4
Jo=057 (0,0, -80%| Je-077 10,0 =4 | Je-136 (). =11% | le=156 [H,) -163%| {e=204 [H,] -26.5%
5127 (0.1, ~8.9% | (0], =5.1% | 1 (], =7.9% | - (8], =13.9% - [H,), =26.9%
E 1.0 0,(Q) . . B H,s(6) |
2 0o ] ] ] ms® ]
Sé 0.6 - ~ - - q
;E 0.4 ~ - - -
2 0.2 -1 - - - ‘/J
00T T T T I M B B BALEN R | AR B BN I B A R B S B LN I SN I B |
1300 1400 1500 1600 1700 1800
Raman Shift em™) B

{#-058 1, -1s22x| {076 T -1971K =138 T, =1825K | | ¢=158 T, =1765K =208 Ty =1716K

NLAALAL

LENE B e e m e —T T T —r T T Ty T T T
2250 2270 2290 2310 2330 2350

-
<
2l

bt
o
1

M
L 1 a1

e

kS

1

| SO B |

1

| SN T B Y

e
~N
1

Normalized CARS Intensity
3

bl

<

1
ol o 1 .
N T Y

R Shift @) C ¢ Expeimental Data, —— Computer Fit, ———— Fnor
1.4
{o=058  [0,1,=7.8%| ] ¢=0.76 [0,] =43%| {¢=138 ([H,] =11.6%| {4=158 [H,] -16.8%| J¢=2.08 [H,] =27.3%
12 (0,1, =9.0%| (0,1, =4.1% | (H,], =10.8%| [H,], =17.0% | [H,], =23.1%
o4 0@ ] ] - SO ]
H, S(5) .

Nommilized CARS htensity
=
1
1l
Lol
M|

bod
~
1
1
1
1
1

A
i
i
M
"

0.0 1T % Ty T T A
1300 1400 1500 1600 |7oo 1800

Raman Shift em™) D

Fig. 11.N3 (a, c) andH2-O2 CARS spectraly, d) taken in theH,/air premixed flat flames. The measured temperatures and the mole fractidpsé O,
are denoted in the figure&fN2 is the temperature derived from the CARS spectrum[H;]e and[H2]c the mole fractions oH; derived from theH, S(6)
line and the local equilibrium calculatioiP2]e and [O2]c the mole fractions oD, derived from theO, Q-branch and the local equilibrium calculation,
respectively.¢—equivalence ratioa, b—total flow rate ofH; + air is 44 SLPM;c, d -85 SLPM
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2.2.3 Calibration of H, mole fraction.The H, mole frac- The former mainly resulted from the interference filter and
tion can also be determined from the ratio of the spectrallfhe dichroic mirror used in the optical arrangement. The ex-
integrated resonant and nonresonant CARS spectra. Agaiperimentally determined correction factors of 3&(6) for
calibration is accomplished with the local equilibrium calcu-the optics and ICCD are 0.88 and 0.86, respectively.
lation through the flat-flame experiment, at a given measured The temperature derived from tiNy CARS spectrum as
temperature. well as the corresponding experimental and theoretical inten-
If H, Q-branch CARS spectra were used, it is difficult tosity ratios ofH, S(5) and S(6) lines are compared in Fig. 7, in
accurately determine the nonresonant area because the nariich symbols represent the experimental data. It is seen that
resonant signal is much weaker than the resonant one. Qne discrepancy betwee€n, and theH, CARS-determined
the other hand, the S(5) and S(6) linesHf are weak and one is within100 K, for the temperature range studied herein.
hence the nonresonant contribution can be easily identifiedhe average error is approximately four percent.
The computed correlation of the ratio of the spectrally inte-
grated resonant and nonresonant areas for the S(6) line with
the mole fraction variations is demonstrated in Fig. 10 at tem3.2 Oz mole fraction
perature oflL700 K The integration region is fromh636 cnt?!
t0 1642 cnt?. Itis seen that a much wider range of mole frac-Since the lineshape of the nonresonant signal is typically
tions is applicable comparing to that 6 Q-branch CARS. a mirror image of the Stokes profile [15], it can be considered
The lower detection limit is less than 0.05. It is also noted thato resemble a Gaussian profile. Therefore, for the integra-
although the intensity of S(5) is typically nine times that oftion of the spectral area discussed earlier, the nonresonant
S(6) at the same pumping condition, the choice of S(6) in exspectral area is approximated as a trapezium. Although this
perimentation is simply because S(5) is excited by the weakéntegrated nonresonant area could include a portion of the res-
wing of the Stokes profile such that its nonresonant signal isnant signal, only a small error is expected to be introduced
too small to be determined. because both the theoretical and the experimental spectra are
processed with the same procedure.
Figure 11 shows that the difference betwd€?]. and
3 Results and discussion [O2]¢ is about 14 percent. Whereas the applicable range of
O, mole fraction for experimentation is estimated to be from
Figure 11 shows the calibration results using thgair pre-  one percent to twenty-five percent based on the theoretical
mixed flat-flame burner, over a wide range of equivalencealculation shown in Figs.8 and 9, the actual lower detection
ratios. Each experimental spectrum is the average over 15Qhit of O, is about four percent. Such an experimental dif-
laser shots. Figure 11a,b is for the total flow rate of 44iculty is caused by the low signal-to-noise ratio when the
SLPM (standard liter per minute), while the total flow rate ofmole fraction ofO, is less than 4 percent, especially the hot
Hz+airin Fig. 11c,d is kept at 85 SLPM. In general, the flatband disappears into the background. Additional experiments
flame is closer to the corresponding adiabatic condition withylso demonstrate that the resonant signaDgfs no longer
increasing flow rate due to the reduced heat loss to the burnefetectable when the equivalence ratioHyf/air is greater
Again, theN, CARS spectra are utilized to determine thethan 0.8.
corresponding temperatures for the local equilibrium calcu-
lations as well as for the calibration bf, thermometryTy,
denotes the temperature derived from thige spectrum. In 3.3 H, mole fraction
addition,[O;]e and[H;]e are the experimentally determined
mole fractions ofO, andH, respectively, based on a series Theoretically, the estimated lower detection limit of tHe
of theoretical calculations similar to those in Figs. 9 and 10mole fraction can be less than five percent as shown in
Moreover,[O;]. and [Hz]. are, respectively, the computed Fig. 10. However, Fig. 11 illustrates that the lower experimen-
mole fractions ofO, andH; through the local equilibrium tal detection limit ofH, is about ten percent. In addition,
calculation at the temperature@y,. Furthermore, the repro- resonant signal dfi, CARS is not detectable when the equiv-
ducibility of the calibration experiments is with&%. alence ratio of,/air is less than 1.4. Fig. 11 also shows that
the difference betwedi®,]e and[O;]. is about 12 percent.

3.1 Temperature

Experimentally, in order to achieve an accurate determind Application to supersonic combustion

ation of the intensity ratio of S(5) and S(6), three corrections

needed to be carefully accounted for. First, the spectral lineAfter accomplishing the above systematic calibrations, we

shape of the Stokes profile has to be accounted for becausesitall explore the feasibility of the proposed multiplex CARS

determines the CARS intensity of each Raman shift (see (1)applying to the supersonid,-air combustion, with empha-

In the present study, while the frequency of S(5) and S(6) difsis on the simultaneous determination of the temperature and

fers by 190 cnt?, the FWHM of the applied Stokes profile the mole fractions ofl, andO,. Figure 12 demonstrates such

is only 120 cnt!. In addition, the center of the Stokes beama feasibility.

lies at580.4 nm As a result, the intensity of the Stokes beam  The supersonic condition is established through a stag-

exciting S(5) is only 14 percent of that for S(6). Appropriatenation pressure ofl.66 MPa stagnation temperature of

adjustment of each measured spectrum is thus exercised. 1500K and the global equivalence ratio of 0.5. The resulting
The other two corrections are due to the spectral transstatic pressure within the test section is around atmospheric

mittance of the optics and the spectra responsivity of ICCD( ~ 0.095 MP3. Spectra of Fig. 12 are the averages over 30
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Fig. 12.H, and O, multiplex CARS spectra taken in the test sections ofHheair supersonic combustor. The measured temperatures and the mole fractions
of Hz and O, are denoted in the figuresy,, is the temperature derived from the intensity ratios oftfeS(5) and S(6) linesHz] the mole fraction oiH;
derived from theH, S(6) line, and Q] the mole fraction ofO, derived from theO, Q-branch CARS spectrum

laser shotsX 9, whereas the steady supersonic conditionlasts Concluding remarks
for3s
Three axial positions downstream of thi injector are  In the present study, a multiplex CARS is proposed for the
measured. The local temperatufg,, is derived from the in-  simultaneous measurement of temperature and the mole frac-
tensity ratio ofH, S(5) and S(6). Moreover, the mole fraction tions of H, and O,. In particular, theD, Q-branched band-
of Hy, [H2], is derived from theH, S(6) line, and the mole head is sandwiched by the, pure rotational lines of S(5)
fraction of O,, [O5], is derived from theD, Q-branch spec- and S(6) when the temperature is bey@@d K, which ren-
trum. Results indicate that within a short distance away fronders the simultaneous acquirement of the local temperature
the introduction of fuel, substantial mixing is achieved dueand species mole fractions with a single measurement.
to the use of the double-row injector with different angles.  Systematic calibration experiments are first carried out
In addition, the mole fraction dfl, decreases with increas- using a well-characterized flat-flame configuration, over
ing distance from the injector, while th®, mole fraction awide range of equivalence ratio fidp/air premixed flames.
increases. Numerical calculations of the theoretical spectra are also per-
Efforts required to further improve the present methodolformed for further correlations. In terms of the temperature
ogy are the following. First, the nonresonant signal is an imealibration, the temperature data extracted by the intensity
portant factor for the accurate determination of species comatio ofH, S(5) and S(6) are compared with those determined
centrations. However, the nonresonant susceptibility of a gafsom the N, CARS spectra. The discrepancy is found to be
mixture is the mole fraction weighted average of the nonresaround4%.
onant susceptibilities of the individual molecular constituents Regarding the species calibration, the ratio of the spec-
and hence varies with the composition change at differentally integrated resonant and nonresonant signals has been
combustion stages. Takirtdp/air premixed flame as an ex- applied to the obtained species mole fraction. Especially, the
ample, the major species involved &g, Oy, Np, andH20.  Q-branch ofO, CARS spectrum and the S(6) line éf;
While the nonresonant susceptibilities of diatomic molecule€ARS are utilized to determine the mole fraction€fand
are almost the samex{ 8.5 x 10718 (cm®/erg/amaga), the  H,, respectively. The associated errors are found to be about
nonresonant susceptibility of water is about two times that o14% and12%. Furthermore, the applicable range of tbg
N2(~ 185 x 10718 (cm®/erg) /amagak [16]. Therefore, the mole fraction isx 4%—25%, while the lower detection limit
mole fraction of water plays an important role for the calcu-of theH, mole fraction is around0%.
lation of the spectrally integrated nonresonant signal. If the Application of the present multiplex CARS to hydrogen-
mole fraction of water cannot be measured simultaneouslyueled supersonic combustion has been subsequently ex-
as a first cut its value could be estimated based on the locplored. Results demonstrate that such a multiplex CARS is
equilibrium assumption with a given measured temperature.a promising tool for the quantification of temperature dis-
Second, detailed calibration experiments should be exribution and mixing field within the supersonic combustor.
tended to a much wider range of temperature and concer systematic investigation is currently under way, aiming to
trations ofH, and O, by either nitrogen dilution or oxygen enhance the fundamental understanding of supersonic mixing
enrichment to the regulat,/air mixtures. and the associated combustion characteristics.
Finally, the applicable range for the determination of the
species mole fractions has to be improved, especially thécknowledgementdhe Institute of Mechanics would like to acknowledge
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