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Raman scattering for measurements of major species and temperature can be extended into the
sooting/chemiluminescent environment of mettane flames. Space- and time-resolved Raman
scattering measurements have been made in bluff-body stabilized CO/H, /N, and CH, flames at
conditions approaching blowoff.

. A thermochemical submodel based on partial equilibrium in the oxyhydrogen radical pool was
developed for the 27.5% CO/ 323% H,/402% N,-air system. The chemistry can be described
in terms of two scalars. The elliptic form of the time-averaged Navier Stokes equations with k-¢
closure was solved using an iterative finite-volume/pressure-correction algorithm. Mean pro-
perties such as density were obtained at cach iteration by convolution with the joint pdf over the
two thermochemical scalars, The pdf itself was obtained by the moment-equation/assumed-
shapz method.

Calculations compare favorably with the Raman data.
Work on pdf transport/Monte-Carlo methods in recirculation-stabilized flames has begun.

7. The range of turbulence-chemistry interactions in combustion has been quantified, in an attempt

to gauge the universality of turbulence-chemistry models. While some combustion reactions fall
in the flamelet regime and some in the distributed regime, many important reactions fall in
between, Turbulence-chemistry interactions -occur in a greater variety of modes than accounted
for by current combustion theory. The simultaneous prediction of kinetically sensitive phenome-
na such as pollutants, flame stability and combustion efficiency, will require a new approach.
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Section 1
SUMMARY

This report describes work performed in the period May 1988 to June 1991 for the U.S. Air Force
Office of Scientific Research under Contract F49620-838-C-0066. Dr. Julian Tishkoff was the AFOSR
Project Monitor. The work was performed and the report has been prepared by the Engineering Sys-
tems Laboratory at the General Electric Research and Development Center, Schenectady, New York.
This section summarizes the technical problem which was considered and outlines the results ob-
tained in the course of the program.

Aircraft and industrial gas-turbine engines generally employ non-premixed turbulent combustion.
The goal of this three-year research program was a quantitative understanding of turbulence-
chemistry interactions in such flames. Although the fast chemistry or “mixed-is-burned” paradigm is
useful for understanding traditional design issues, present-day demands on combustion equipment
and thus on computational models are increasing the need for a more advanced understanding of
turbulence-chemistry interactions. For example, (i) flameout and relight in turbine combustors are
related to interactions of turbulence with chain-branching reactions, (ii) hydrogen burnout in super-
sonic combustors is related to interactions with recombination reactions, and (iii) emissions of NO,,
CO, smoke and other observables are related to nonequilibrium in the populations of intermediate
species such as oxyhydrogen radicals and C,H,.

Statement of Work
a. Identify conditions necessary to observe extinction in pilot-stabilized hydrocarbon jet flames.

b. Modify the Raman system to obtain data in the blue region of hydrocarbon jet flames; measure
major species concentrations, temperature, and density under local extinction conditions; meas-
ure inlet conditions for modeling purposes.

c. Extend the chemical scheme in the model to hydrocarbons, using multistep/partial-equilibrium
schemes and apply joint pdf/Monte Carlo and conventional flow models to hydrocarbon jet
flames.

d. Compare data and calculations; evaluate the model and mechanisms of extinction, hypothesize
new mechanisms if necessary.

e. Use a combustor with bluff-body stabilization of carbon monoxide/hydrogen/nitrogen flames at
high Reynolds numbers and establish local extinction conditions.

f.  Measure major species concentrations, temperature, and density in bluff-body stabilized carbon
monoxide/hydrogen/nitrogen flames under conditions of significant local extinction; if
significant levels are not found, use hydrocarbon fuels; measure inlet conditions for modeling
purposes.

g. Model the bluff-body-stabilized flames using state-of-art numerical techniques, algebraic or
differential Reynolds stress models for turbulence, and turbulence-chemistry interaction models
suggested by the work in jet flames, compare with data and draw conclusions regarding extinc-
tion mechanisms. '

h. In flames(s) that show the most significant local extinction, measure velocity and turbulence in-
tensity (LDV) and minor species concentrations (saturated laser-induced fluorescence of OH),
establish the topology of the flame thrcugh planar OH imaging and Schlieren photography; esti-
mate scalar dissipation rates by Rayleigh (or Raman, if possible) imaging.




i. Investigate the universality of the turbulence-chemistry interaction model by calculating a range
of measured nonequilibrium phenomena from low levels of superequilibrium radicals to local
extinction.

Status

A bluff-body stabilized turbulent diffusion flame, time- and space-resolved laser Raman measure-
ments of major species, and a nonequilibrium computational fluid mechanics code were applied to the
problem. The principal conclusions are

1. Turbulent jet “diffusion™ flames are being abandoned in the search for more intensely turbulent
flames. Jet flames, however, have had a highly successful record over the last twenty years and
have provided most of the current understanding of turbulence-chemistry interactions in non-
premixed flames.

)

An axisymmetric bluff-body stabilized turbulent diffusion flame burner is a reasonable choice
for combustion research at high Reynolds numbers, approaching blowoff.

3. Raman scattering for measurements of major species and temperature was extended into the
sooting/chemiluminescent environment of methane flames. (This requires substantial time and
effort and precluded LDV and LIF (OH) measurements.) Space- and time-resolved Raman
scattering measurements have been made in bluff-body stabilized CO/H,/N, and CH, flames
at conditions approaching blowoff.

4. A thermochemical submodel based on partial equilibrium in the oxyhydrogen radical pool was
developed for the 27.5% CO/ 32.3% H,/ 40.2% N,-air system. The chemistry can be
described in terms of two scalars.

5. The elliptic form of the time-averaged Navier Stokes equations with k- closure was solved us-
ing an iterative finite-volume/pressure-correction algorithm. Mean properties such as density
were obtained at each iteration by convolution with the joint pdf over the two thermochemical
scalars. The pdf itself was obtained by the moment-equation/assumed-shape method.

6. Calculations have been compared with the Raman data.
7. Work on pdf transport/Monte-Carlo methods in recirculation-stabilized flames has begun.

8. The range of turbulence-chemistry interactions in combustion has been quantified in an attempt
to gauge the universality of turbuleace-chemistry models. While some combustion reactions fall
in the flamelet regime and some in the distributed regime, many important reactions fall in
between.

This study has shown that turbulence-chemistry interactions occur in a greater variety of modes
than accounted for by current combustion theory. The simultaneous prediction of kinetically sensitive
phenomena such as pollutants, flame stability and combustion efficiency will require a new approach.




Section 2
TECHNICAL RISCUSSION

This study consisted of experiments on and modeling of turbulence-chemistry interactions in tur-
bulent gaseous flames under conditions approaching blowoff. It builds on prior work, first on unas-
sisted and more recently on pilot-stabilized CO/H, /N, jet flames in coflowing air. To obtair higher
turbulent strain rates than a*tainable even with pilot-flame stabilization, an axisymmetric bluff-body
stabilized burner was used. First, however, the merits of jet flames are reviewed.

The relatively simple fuel-jet-in-coflowing-air config.ration has been favored for twenty years be-
cause the mean profiles can be predicted by gradient diffi sion models {Starner and Bilger (1980,
1981); Lockwood and Stolakis (1983)], the flow can be described by the computationally straightfor-
ward shear layer form of convection-diffusion-source equations, and the flame permits laser-tased
spectroscopic measurements which have become critical to progress in understanding. Penner et al.
(1984) review a wide variety of these laser-based methods. Jet flames can be fully turbulent and man-
ifest a wide range of turbulence-chemistry interactions. Because of these advantages, studies in jet
flames have contributed much to turbulent combustion.

As the Reynolds number of the jet is increased, the flame blows off the lip at the exit of the nozzle.
Thus strong turbulence-chemistry interactions leading 15 turbulent extinction cannot be studied.

In the preceding study, we investigated a non-premixed turbulent jet flame composed volumetri-
cally of a 40% CO/10% H,/50% N, mixture in co-flowing air [Correa and Gulati (1989)]. This mix-
ture of CO and H; was used as the fuel because the chemistry is known and can be simplified reason-
ably well and the extinctior: limits approach those of hydrocarbons, which are the fuels of practical
relevance. The flame was stabilized by a co-annular premixed pilot flame. Pointwise measurements
included (i) temperature, mole fractions of major species, and mixture fraction £, by spontaneous Ra-
man spectroscopy and (ii) velocity, by iaser velocimetry. The data, e.g., temperature-mixture fraction
scattergrams, showed significant temperature decrements due to finite-rate chemistry but no evidence
of localized extinction.

A computational model for a jet flame under such conditions was also presented in Correa and
Gulati (1989). Combustion chemistry was represented by two-body shuffle reactions and three-body
recombination reactions. The scalar dissipation rate field was examined for a critical value below
which the two-body reactions were assumed to be in partial equilibrium and above which they were
assumed to be frozen and the gas therefore unburned. The kinetics of the recombination reactions
were activated for the former fraction of the gas. This approach was implemented in a shear-layer
finite-volume averaged Navier-Stokes model with k-g/assumed shape probability density function
(pdf) submodels for turbulence. It was concluded that local strain-induced extmctlon is not seen in
the above CO/H,/N,-air flare, despite its relatively low critical strain of 950 s in a laminar
counterflow diffusion flame (“Tsuji") burner. Localized extinction is absent because the reaction
zones, centered on £,~0.43, are too broad to interact with the straining scales [Peters (1988), Bilger
(1989)]. H, and CH, flames have much narrower reaction zones, and CH, flames do indeed show lo-
calized extinction. Alkyl consumption of radicals may, however, provide a chemical (nonaerodynam-
ic) explanation for extinction in the methane case [Bilger (1989)].

The jet-flame work has shown that it is overly simplistic to consider turbulent flames as ensembles
of laminar flames subjected to strain. The reason is that different Kinetic steps in a combustion
mechanism can have widely disparate time-scales (e.g., chain-branching reactions are much faster
than recombination reactions). The fastest reactions can interact with the local turbulence in a
“flamelet” manner while, for the slow reactions, the Damkohler numbers are relatively small and the




flame is more akin to a well-distributed zone of reaction. Section 2.7 presents a more detailed discus-
sion of this point.

2.1 Choice of Axisymmetric Bluff-Body Stabilized Burner over Jet Flame

To increase the interaction between turbulence and chemistry, and the probability of localized ex-
tinction, the jet velocity in the pilot-stabilized burner was increased; however, only a small increase
was possible before the flame blew off the lip. Moreover, the coannular premixed pilot flame used to
stabilize the (non-premixed) jet flame complicates the near-field turbulence, without greatly increas-
ing permissible dissipation rates prior to blowoff. To remedy this, we switched to an axisymmetric
bluff-body stabilized non-premixed flame, with a view to obtaining Raman data or. turbulence-
chemistry interactions at very high dissipation rates. While axisymmetric bluff-body stabilized burners
can be operated in a regime dominated by unsteady vortex shedding [Correa and Pitz (1982), Ro-
quemore et al. (1982)], here we wish to avoid unsteadiness in the mean flow.

Axisymmetric bluff-body stabilized flames have two advantages over jet flames, but one significant
drawback. The first advantage is that the cylindrical shear layer behind the bluff bedy provides a re-
gion of large dissipation rates, located far enough downstream of the bluff body that perturbations at
the inlet should not affect the dissipation field dramatically. [In jet flames the maximum dissipation
rates are at the lip of the jet, a region which is very sensitive to the inlet conditions.] The second ad-
vantage is that there is no need for pilot stabilization and thus there is no interference from the
premixed pilot as might occur in jet flames. On the other hand, the major drawback of bluff-body
flows is that they cannot be modeled as accurately as shear flows and jets because of the elliptic na-
ture of the flowfield and the lack of sufficiently reliable turbulence models for recirculating flow.
These problems historically overshadowed the modeling of many turbulence-chemistry effects, mak-
ing evaluation of the models difficult. Large supercomputers and improved modeling techniques,
however, have made it worthwhile to model the axisymmetric bluff-body experiments now being per-
formed.

Other researchers are also being driven away from jet flames in the search for higher turbulence
levels. Notice the increase in complexity in the following sequence of experiments:

1. Simple jet flames, e.g,, those reviewed by Strahle and Lekoudis (1985).

2. Pilot-stabilized jet flames (pilot disturbances in enthalpy and other quantities are generally as-
sumed away in calculations).

3. The axisymmetric “Reverse Flow Reactor,” employed at the University of Sydney/SANDIA
(Mansour et al. 1989), which uses flow recirculation to stabilize the flame above jet-blowoff con-
ditions.

4. Axisymmetric bluff-body stabilized flames, such as one being studied using advanced laser diag-
nostics including Raman imaging by an ALTEX/SANDIA team [Schefer et al. (1989)]. An ear-
lier propane-fueled bluff-body stabilized flame at the U.S. Air Force Aeropropulsion Laborato-
ry [Roquemore et al. (1982)] was analyzed computationally by Correa (1984), using an equilibri-
um chemistry/assumed shape pdf approach. This study revealed many of the shortcomings of
such models. Later work by Switzer et al. (1985) applied CARS to this bluff-body stabilized
flame.

5. The GE axisymmetric bluff-body stabilized burner developed and used in the present study.

It is clear that simple “parabolic” flows are being replaced in the drive toward strong turbulence-
chemistry interactions. It will be necessary to accurately model these more complex flows if the link
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between theory and experiment is to continue as productively as before.

2.2 Setup of Experiments

Since the turbulence in a pilot-stabilized non-premixed turbulent CO/H, /N jet flame was not in-
tense enough to cause local extinction, axisymmetric bluff-body stabilization was resorted to.

22.1 Bluff-Body Stabilized Burner

Typical conditions and a schematic of the burner in the tunne] are shown in Figure 1. The subson-
ic, low turbulence wind tunnel has been used extensively for experimental studies of laminar, transi-
tional, and turbulent diffusion flames in the past [Lapp et al. (1983)]. The axisymmetric bluff-body has
an outer diameter of 38.1 mm with an axial jet of diameter 3.18 mm located in the center. The back
surface of the bluff body is coated with a thermal barrier material to reduce heat loss. The flame is
stabilized by the recirculation zone provided by the bluff body. The ratio of the bluff-body diameter to
the central jet diameter is 12:1. The tunnel cross section is 6 in. X 6 in. so, and the bluff-body blockage
is ~ 5%. Comprehensive observations and photographs of H,, CO/H,/N,, CHy, and CHy/N,
flames at various air and fuel jet velocities were obtained earlier and have been used to select promis-
ing cases for the Raman-scattering measurements repoi *.d below.

2.2.2 Raman Setup

The Raman diagnostic system used for space (almost) and time-resolved measurement of tem-
perature, mixture fraction and major species is similar to that used earlier for H, and H,/CO/N,
flames and was described in detail by Lapp et al. (1983). For Raman measurements in methane
flames, the system was extensively modified to account for the significant levels of laser-induced
fluorescence/incandescence encountered in the rich sooty zone of flame, as described below.

(a) Raman Measurements in Bluff-Body Stabilized CO/H, /N, Flame

The Raman system is based on a flashlamp pumped dye laser which provides pulses of ~1J in 2-4
ps within a 0.2 nm bandpass at 488.0 nm at a repetition rate of 10 pps. The light scattered at right an-
gles is collected by two lenses, separated in frequency by a 3/4 m spectrometer and is detected by
eight photomultiplier tubes. The photomultiplier tubes detect anti-Stokes vibrational Raman scatter-
ing from N,, Stokes vibrational Raman scattering from N, O,, H, H,0, CO and CO,, and Rayleigh
scattering. The temporal resolution (2 us) of the technique is limited by the laser pulse length, the
spatial resolution (0.2 x 0.2 x 0.6 mm)by the spectrometer entrance slit and the collection optics, while
the data aquisition rate (5 Hz) is limited by the laser repetition rate. The flame luminescence was
found to be very broad-banded throughout the visible region. A polarization filter was used in the
collection optics system to reduce flame luminescence. The polarization vector was aligned to pass
the horizontally polarized Raman- and Rayleigh-scattered light. Typically 200 measurements were
made at each flame location. 2000 shots were also recorded at some locations for statistical purposes.

The joint Rayleigh-Raman data is obtained as follows. The photomultiplier tubes are gated elec-
tronically before and after the firing of the laser. The differential voltages, which correspond to the
Raman signal minus the flame background at ¢=0 are amplified and filtered before digitization using
a 12-bit A/D convertor. The signals are then corrected for electrical and other background errors
corresponding to each channel and are normalized by the laser energy for every shot. The subsequent
signals are corrected for relative sensitivities of the photomultiplier tubes to obtain the final values
corresponding to the vibrational intensities of Raman scattering (which is linearly proportional to the
number density) in the bandpass of the exit slits of the spectrometer. The system is calibrated exten-




15 em x 15 em windtunnel

E =
Inlet air flow
65mis P

38.1 mmdia,. D™

bluff~-body \.

Fuel jet

3.18 mm dia. L
27.5%CO I
32.3goH%

40.2%N >

top wall
NN N ~WR W\ NN
‘ r
.
H
o v e ® mmn & i ¢ e — - — — — — — " — S— — —
X centerline

AR e S R N N R R S A OO RN AR R R RN RN R RN ANRRANY

bottom wall

Figure 1.

Inlet conditions and schematic of the burner in the tunnel.

' |
.

RRTINEN

A LN L

S IR M s kg

AAEE TS S o

ETRCY IV PR




sively using 100% pure gases and well-characterized premixed porous plug burners before and after
each set of data in the turbulent flame is obtained. The data is collected using data translation
DT2821 board mounted in a DELL333 system using GLOBAL lab software. The data is processed
on the IBM compatible DELL system. Figure 2 shows the Raman system consisting of the dye laser,
data acquisition electronics, and the flow tunnel. Figure 3 shows the spectrometer and the PMT
housing box from the other side of the setup.

A photograph of the bluff-body stabilized CO/H, /N, flame used in this study is shown in Figure
4. The flame is bluish-white because of chemiluminescence, but no yellow sooty region is visible.

The instantaneous temperature at every shot was determined using three independent methods.
The Stokes-anti-Stokes (SAS) ratio method as described in Drake et al. (1982) is based on the nitro-
gen element and yields the temperature directly. The second method is based on an iterative scheme
in which an initial temperature is guessed, based on which the mole fraction of all major species are
calculated using their measured vibrational intensities. The mole fractions are then ccrrected using
high-temperature correction factors to account for changes in the fraction of the Raman band falling
in the exit slits provided for the respective photomultiplier tubes. The iteration process is repeated till
the sum of the mole fractions is unity. This iteration procedure converges in two to three iterations
since the correction factors are relatively weak functions of temperature. The mixture fraction is cal-
culated using the definition suggested by Bilger (1989) which takes into account the balance of three
atoms i.e., C,H, and O, and is defined such that the conserved scalar preserves its stoichiometric value
even in the presence of differential diffusion.

¢= (D
1
2Zcs/We + > Zy /Wy + Zoo/Wo

Other definitions of mixture fraction were also used.

In this flame it was found that the chemiluminescence caused by the CO + O — CO, reaction was
significant and extra precautions had to be taken to improve the signal-to-noise ratio, such as inserting
a polarization filter in the collection optics, reducing the entrance slit size, and so on. In addition,
since the N channel is affected most by the luminosity of the flame, the SAS measurements were sus-
ceptible to this error. Hence, Rayleigh scattering was used to obtain an independent measurement of
temperature. Since the flame is of the diffusion or non-premixed type, additional information about
the Rayleigh cross section of the species involved is needed for Rayleigh scattering to be applicable.
In this flame the Raman scattering signals from the major species were used to obtain information
about changes in the Rayleigh cross section of the mixture, and thus we were able to measure tem-
perature in an iterative manner.

Results are discussed in subsection 2.3.

(b) Raman Measurements in a Bluff-Body Stabilized Pure Methane Flame

Figure 5 shows that the methane flame has a sooty yellow region in the recirculation zone of the
bluff body. The flame then narrows significantly and appears to be intermittently connected in the
neck region, following which the flame is fairly blue. Initial measurements with the Raman system
showed that there was significant laser-induced fluorescence interference throughout the flame, as
also reported in Masri et al. (1987, 1988, 1989), and Dibble et al. (1987). The fluorescence is believed

4 8 22¢/We + ';'ZH/ Wiy + (Zo,a = Z0)/Wo
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Figure 3. Photograph shewing the spectrometer 2nd the PMT housing box.
The bluff-body has a blockage of 5%.




Figure 4. The bluff-body stabilized CO/H; /N, flame.

Figure 5. The bluif-body stabilized methane flame,
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to be from soot precursors and other higher hydrocarbons. Profiles suggested that the laser-induced
fluorescence was fairly broadband and contaminated all Raman channels, but surprisingly was negligi-
ble in the Rayleigh channel. An additional problem encountered in the application of Raman to this
flame is the crosstalk between CH and otl.>~ Raman channels, primarily O,. For the 488.0 nm =xcita-
tion used here, the Raman interference ir. i - Tnajor species was insignificant.

To account for these two additiona! -+ .-s £ contamination in the signals, the system as well as
calibration procedures were signific2 -~ m, ‘... "2 the following manner. Since the laser-induced
incandescence/fluorescence interferenc. = . _ty broadband, additional photomultiplier tubes were
installed in two Raman-free regicas of the ¢_.actra to monitor the laser-induced fluorescence on a
shot-to-shot basis. Figure 6 shows the loca! in of these two additional PMTs in the box relative to the
existing photomultiplier tube locations. Tt.-. . #MTs, termed F1 and F2 respectively, were located at
540 nm {between O, and CO,) and at 59¢ » = /L ztween ZHy and H,O) -espectively. These two sig-
nals were found to correlate very we'l with . aca other and with all other Raman signals, so that in the
calibration procedures used eventually, the xse of F1 was found to be sufficient to allow c. crections in
all other channels. Since space was <everely limited in the PMT housing box, the new PM I's were
mounted remotely with a fibre optic. bundle conuecting the slit exits to the cathodes of the PMTs.

The calit-ration procedure used to correct for laser induced fluorescence is similar to that used by
Dibble et al (1987, 1990). To facilitate daily calibrations, a 38.0 mm dia. honeycomb burner was built
to provide laminar diffusion flames of CHy and CO stabilized at the burner end. The burner had
flame arrestors and flow straightners in it and resulted in a smooth thin laminar flame which was visi-
bly sonty and yellow at the downstream end, but contained enough suvot precursors and laser-induced
fluorescence at the upstream end to allow calibrations. The amount of soot and the color of the flame
could be easily controlled by varying the ratiuv of CHy to CO in the laminar flame. Figures 7 and 8
present profiles of Raman data for major species obtained 10 mr2 downstream of the burner exit in a
laminar {73;/CO (70%) f'lome. Measured laser-induced fluorescence signals monitored via channel
F1 are also plotted. On the r.ch side of the flame contaminetion of Raman signals is observed in all
major species as evident by the “bumps” in the raw data profiles. The shape of the bump
corresponds to the shape of the F1 signal for all channels.

Additional tests showed that the magnitude of the bump also increased linearly with the amount of
soot in the flame, and with increased F1. For major species such as N,, CHy, and CO the contamina-
tion due to laser-induced fluorescence can be readily accounted for because they are expected to de-
cay monotonically through the flamefront. The situaticn for O,, and product species such as CO, and
H,O, is more complicated. O, is also contaminated by cross-talk from the CH, channel. The pro-
duct species CO, and H,O peak somewhere in the flamefront, where F1 also peaks.

The calibration factors to correct for fluorescence in all channels were obtained by iteration. First
the raw data were used (without any correction factors) to calculate temperature (using the sum of
mole fraction method) and mole fraction of major species. The calculated results were plotted in mix-
ture fraction space, and compared with equilibrium and counterflow Jaminar diffusion flame calcula-
tions for methane in air under asrumed values of stretch [Chen et al. (1989)]. Figures 9 to 11 show
tynical results. The effect of contamination caused by fluorescence is clearly evident from the kinks in
the measured profiles, particularly in the fuel-rich regions of the flame. Tt next stcp in the process
is to estimate correction factors for each of the major species (CO,, O,, CO, H,0, H;, N,) based on
the raw data (Figures 7 and 8). Then we subtract a component of the Raman signal equal to the pro-
duct of the correction factor for species “i” and the value of F1:

11




1 =488.0

450 _Absorption
3 Linas of C,
£
3
~<
K
=
o
3
£ 500
(L)
=
@

123
< 3
-4 N
N
I \
i1} 1 .
550 ! L1l i N
400 450 /500 550 650 700
488

Raman Wavelength Ag (nm)

11w ]
NN I

—>]
a7
L - 1]
>
—
K TRy s
[~
—-)O
D e =
o S ]
|y =
e

wil | ,yShLS
wuw | w088y

N, (AS) 3 mm

-~ Anti-Stokes
Background 3 mm

POLYCHROMETER

EXIT SLIT
MASKINGS

Figure 6. Schemstir showing the location of the two additional photomulti-
plier tubes (F1 and F2) used to monitor the laser-induced
fluorescence relative to other Raman channels in the wavelength

space.

L o AT Pt g B TS T 4

YARAPHENT N

o 8 A T

ity gl 3T e el 3 R b T B CE

S e 4 S E RS S Re v i, XL Sy Lt T U T M e ’ At e e ey




; ' IR L B Bt B NS I U S DAY IR I S BER R 300

' 15000

! o

. °

: >

- < 10000

. O w
: 7]

. ] z

3 <

2 5000

1 l T

1 o

A :

+  (F1)

' Figure 7. Raw Raman data (mean profiles) for N,, O;, CHy, and CO at
x = 10 mm, in a laminar diffusion CHy/CO (70%) flame.
1|

_;3, K ] I 1] 1] ¥ ] ' | L] L] 1 ' L L) ] A 300
L 2000 |- ~ 250

3 @ i i

: ﬁ S - :

g : X — 200

3 ', 1500 n N

2 < :

: Z i .

% ' g o —1 150 E
%) [ 3

L % 1000 - -

S - — 100

l = [ )

500~ & * ]

2 i —_ =150

- § ; !

-30 0 "
O H2

' O CO02 o H20 +  (F1)

! Figure 8. Raw Raman data (mean profiles) for CO,, H,C, and H, at

. ' x = 10 mm, in a laminar diffusion CH;/CO (70%) flame.

; l 13




CORRECTION FACTORS SET =0

l[l1lllllllll|llﬁl1lill

2500

2000

1500

1000

IIIIIIIIIIIIIIIIIIJ

TEMPERATURE (K)

ILI[L‘!Illllllllllll

500

) I IO | I | S B T | l 1 1;141 o1 ! LI.L | N ]

0 0.2 0.4 0.6 0.8 1.0

MIXTURE FRACTION

Figure 9. Comparison of reduced Raman data with laminar counterflow
diffusion flarae calculation with correction factors for fluores-
cence set to zero: Temperature.

CORRECTION FACTORS SET=0
1.0 LI N Y N R L Y R U A N B I B N N B

0.8

0.6

0.4

X - mole fraction

0.2

llllllllllllllllllllllll

0.4 0.6 0.8 1.0

MIXTURE FRACTION
o N2 g 02 o CO

Figure 10, Comparison of reduced Raman data with laminar counterflow
diffusion flame calculation with correction factors for fluores-
cence set to zero: N,, 05, and CO

=
e
[N}

14

N Sy On S8 G5 O S BN S0 N B9 Oy Ay S0 6y S8 e S @

R




"
,
)'
3
“
&ﬁ
A
.
5'
3
]

X - mole fraction

0.30 —

CORRECTION FACTORS SET =0

0 1 1 r i 1 1 L] I I ] i L] l i ] ] i l 1 1 i T /]
0.25 - >
0.20 - >
0.15 7
0.10 - =
0.05 - . 3

0 [VaX £3 $ I 1 1 ] l 1 1 1 IJ ] 1 i i I 1 1 [l N
0 0.2 0.4 0.6 0.8 1.0
MIXTURE FRACTION

O CH4

O C0O2 O H20

Figure 11.

Comparison of reduced Raman data with laminar counterflow
diffusion flame calculation with correction factors for fluores-
cence set to zero: CO,, H,, and CH;.

15




(RSc)i = (RSuc)i — (CF); X (FS) ;1 (2

where RS, refers to the corrected Raman signal, RS, refers to the uncorrected Raman signal, CF is
the correction factor, and FS refers to the Fluorescence signal measured in photomultiplier tube F1.
Using the estimated correction factors and Eq. (2), the calculated temperature and mole fraction
profiles are then compared with the predicted values. The process is iterated to convergence. Fig-
ures 12 to 14 show the end result of one such process where the inclusion of correction factors have
resulted in data agreeing fairly well with the predicted laminar flamelet calculations. An implicit
assumption in this calibration procedure is that the flames are laminar and have very limited amount
of stretch such that they do not have any nonequilibrium effects. Predicted values for the CHy-
containing flames were obtained for different assumed stretch rates [Chen et al. (1989)]. The profiles
shown in Figures 7 to 14 were obtained for an assumed stretch of 5/s and did not depend strongly on
this assumed value.

Once the correction factors were obtained they were kept constant for reduction of all the tur-
bulent fl~.ne data. More sophisticated methods using linear matrix manipulation and artificial intelli-
gence r.odes are being pursued elsewhere [Dibble et al. (1990)]. Experience has shown that this itera-
tion process can be accelerated by “educated guesses.” The calibration procedures were repeated
before and after each set of measurements.

2.3 Discussion of Data

(a) CO/H,/N; Flame

The fuel c -nsists of a mixture of 27.5% CO/ 32.3% H,/ 40.2% N,, a medium Btu gas. The exper-
imental results are compared with calculations in Section 2.5; here only qualitative observations are
made. The data showed significant nonequilibrium chemistry effects. However, even in the high
shear region in the neck of the flame no significant localized extinction was observed because of the
high hydrogen content of the fuel. To study a flame with significant extent of local extinction it was
decided to switch to pure methane, whose slower kinetics are expected to increase the probability of
localized extinction. The results of Masri et. al. (1987, 1988, 1989) and Dibble et al. (1987) support
this expectation, but Bilger (1989) points out that the reason may be chemical rather than aero-
dynamic.

(b) Pure Methane Flame

The CH, flame used in this study (Figure 5) is at a Reynolds number of 12,000, based on the jet
diameter of 3.175 mm and jet exit velocit