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Introduction

T HE next generation civilian aircraft combustors will oper-
ate at conditions of higher pressures and temperatures than

do current combustors. Although providing greater engine effi-
ciency, these conditions not only create significant challenges to
emissions reduction1 but also pose unique challenges to all es-
tablished combustor diagnostic techniques. Classical diagnostic
methods, although they provide valuable information on stable
molecular species as well as unburned hydrocarbons, are inca-
pable of measuring chemical intermediates or elucidating flame
structure. Planar laser-induced fluorescence (PLIF) measurements
have demonstrated the capability to provide quantitative, tempo-
rally resolved, nonintrusive two-dimensional species, temperature,
and velocity measurements in combustion environments.2 Obtain-
ing this type of information is critically important for advanced
combustor design and evaluation and flame code development. In
this Note we present PLIF images of OH obtained from an op-
tically accessible flame tube combustor burning JP-5, with high
temperature, pressure, and airflow capabilities. The present study
was motivated in part by a need to better understand the combus-
tion process in large-scale, high-pressure combustors and to pro-
vide design evaluation feedback to combustor and fuel injector
designers.

Experimental Apparatus
The combustor test facility at NASA Lewis Research Center is

designed to deliver nonvitiated air at flow rates up to 4.5 kg/s at
temperatures of 866 K and pressures up to 1723 kPa. The combus-
tion section, illustrated in Fig. 1, is 74 cm long with a 7.62 x 7.62
cm flow cross section. The lean direct injection (LDI) scheme3 used
in this study is one of several under consideration for the NASA
High-Speed Research Program (HSR). In brief, the LDI concept
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deposits fuel directly into the flame zone using air swirl for flame
stabilization and efficient fuel/air mixing. Typical conditions sam-
pled in this series of experiments ranged from inlet temperatures
of 866 K, mass flow rates up to 0.68 kg/s, rig pressures approach-
ing 1450 kPa, and flow velocities of 24—45 m/s. These parame-
ters were selected because they simulate a range of HSR cruise
conditions and, as such, are of critical interest to the combustor
designers.

The optically accessible portion of the flame tube is located ap-
proximately 12 cm downstream from the fuel injector manifold.
One fused silica window was placed at the same axial position on
each of the four combustor walls. The windows afford a clear aper-
ture of 5 cm radially by 3.8 cm axially, resulting in a 67% view
of the flow cross section. The windows are able to withstand tem-
peratures approaching 2033 K by means of thin film cooling. The
nitrogen film cooling mechanism provides no more than 10% of
the aggregate combustor mass flow rate that has a maximum of
1.47 kg/s.

For the PLIF measurements the output of the Nd:YAG-pumped
dye laser was frequency doubled to provide uv output near 282 nm
(~16 mJ/pulse) with a bandwidth of approximately 1.0 cm"1 as
measured by a Burleigh wavemeter. The dye laser was tuned to
the tfi(l), fli(10), and <2i(l) transitions of the OH A <- X (1, 0)
band by directing a portion of the laser beam through the flame of
a Bunsen burner and observing the fluorescence with a photomulti-
plier tube/boxcar averager system.

The doubled dye output was expanded, collimated, and directed
through a series of high damage threshold, wavelength-specific mir-
rors to the test cell. The laser beam was then directed to the test sec-
tion by means of a beam positioning system immediately above the
test section. To reduce complexity, a computer program was written
to coordinate remote positioning of both the laser sheet and detector
system.

The laser sheet (33 x 0.3 mm) at 9 mJ/pulse was transmitted
vertically through the flowfield. Fluorescence was collected nor-
mal to the incident excitation sheet using a Princeton Instruments
intensified charge-coupled device (ICCD) camera with a resolution
of 576 x 384 pixels, coupled with a 105 mm, (A.5 Nikon uv lens.
The camera intensifier was synchronously triggered with the laser
pulse and was gated for 50 ns. Elimination of flame luminosity and
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Fig. 1 High-pressure, high-temperature square cross section of flame
tube.
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scattered laser light was accomplished with a WG-305 Schott filter
and a narrow band interference filter from Andover, having a peak
wavelength of 315 nm. In all images, flow is from left to right with
laser sheet propagation from top to bottom. -—~"

Results
Figure 2 is a comparison of three OH PLIF images obtained by

tuning the dye laser to three different resonant wavelengths while
maintaining steady operating conditions: 9 point LDI with 60/45 deg
air swirl (an alternating combination of 45 and 60-deg swirlers) at
1034 kPa, 866 K inlet air, and <I> = 0.53. The left image, with RI
(1) excitation at 281.458 nm, shows a relatively uniform flow and
exhibits no sign of laser sheet attenuation across the flowfield. The
center image, excited with /?i(10) at 281.591 nm, and the right im-
age, excited with Q\(l) at 281.970 nm, show evidence of moderate
to strong laser sheet attenuation, respectively, but otherwise uniform
flowfields.

The plots immediately below each image in Fig. 2 give the rel-
ative pixel intensity from top to bottom along the vertical lines
drawn at the same position through each respective image. The plot
for R\(\) excitation again displays no evidence of laser sheet at-
tenuation. The #i(10) excitation displays attenuation of the laser
sheet on the order of 25%, whereas the right-hand plot shows
significant attenuation, approaching 40%. Adiabatic equilibrium
code calculations for LDI injection at these conditions predict OH
concentrations of NOH ^ 3.0 x 1016 cm~3. Performing a simple
Beer's law calculation using the right-hand image yields an OH
concentration of NOH ^ 1.3 x 1016 cm~3. The choice of exci-
tation wavelengths was made to minimize beam walking effects
produced by the long beam path while tuning the dye laser. Future
experiments will use transitions such as /?i(12), PI(7), and Q2(l 1)>
which will minimize laser sheet attenuation as well as temperature
sensitivity.

Figure 3 contrasts two PLIF images for different LDI fuel injector
air swirl angles at identical operating conditions of 1034 kPa, 866 K
inlet air, and <£> = 0.53. Each image is a 10-shot average obtained
by exciting the /?i(10) transition. The image on the left, using 60/45
deg swirl, shows a nearly uniform flowfield and is representative of
all other images, including single shot, acquired with this configu-
ration. The image on the right, obtained with 45-deg swirl, displays
a highly nonuniform flowfield, again characteristic of all other im-
ages obtained in this study using 45-deg air swirl. From Fig. 3,
it is immediately apparent that with 45-deg swirl the greater frac-
tion of OH and hence higher flow temperatures are located along
the walls of the combustor. The significance of this observation
is that, before application of LIF imaging techniques, these injector
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Fig. 2 Comparison of 10-shot averaged OH PLIF images for different
resonant excitation: left: fli(l) 281.458 nm; middle: /?i(10) 281.591 nm;
right: Qi(i) 281.970 nm. Nine-point LDI injection with 45/60 deg swirl
at 1034 kPa and $ = 0.53.

Fig. 3 Comparison of 10-shot averaged OH PLIF images for different
fuel injector configurations with 9-point LDI at 1034 kPa and * = 0.53
and resonant excitation of /?i(10) 281.591 nm.

configurations were both believed to possess uniform flowfields. The
images revealing evidence of poor mixing and localized hot spots
for the injector with 45-deg air swirl have demonstrated the strength
of the PLIF imaging technique to address questions concerning
these combustors. By delineating the actual flowfield via species
and temperature distributions, the PLIF technique has been shown
to provide valuable feedback to injector and large-scale combustor
designers.

Conclusions
PLIF images of OH were obtained at a range of test conditions

duplicating those to be experienced by HSR-type combustors at
cruise. Although all images shown here were 10-shot averages, sim-
ilar results were obtained for single laser shots. Images resulting
from off-resonant excitation displayed no evidence of elastically
scattered laser light or contributions attributable to complex fuel
chemistries and/or polycyclic aromatic hydrocarbons. Lack of ev-
idence of hydrocarbon interference is not surprising because the
combustor is fuel lean and the windows are well downstream of
the primary combustion zone. Therefore, all images obtained in this
study were attributed to the fluorescence of OH.

Quenching was shown to play no major role in hindering the cap-
ture of the OH images at pressures approaching 1500 kPa. Addi-
tionally, no evidence of fluorescence trapping was observed, perhaps
because of the relatively short fluorescent path length (3.8 cm) uti-
lized in our combustor. Quagliaroli et al.4 determined fluorescence
trapping to be strongly fluorescent path length dependent and to be
problematic to some extent for all (0 «- 0) and (1 «- 0) excitation
schemes. For combustor concepts with longer path lengths, fluores-
cence trapping must be considered during diagnostic preparations
and viable reduction strategies investigated.

Although the images obtained in this study were qualitative and
only portray relative fluorescent yields, these results have estab-
lished the suitability of the PLIF diagnostic technique to large-scale
high-pressure combustor applications. The ability to portray the rel-
ative concentration distribution of OH and other species of interest
provides a unique opportunity to view large-scale combustor flow-
fields and to provide valuable feedback to powerplant designers.
Furthermore, implementation of recent advances developed in other
laboratories5'6 will allow determination of quantitative concentra-
tion distributions for OH, NO, and other species of interest, as well
as flowfield temperature distributions.
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Introduction

T EMPORALLY resolved measurements of flowfield variables,
such as temperature, density, velocity, and species concentra-

tion, are important for the study of turbulent reacting and nonre-
acting flows. Such measurements can provide data on probability
distributions that are unattainable with time-averaged techniques.
Short-duration impulse facilities such as shock tubes, shock tun-
nels, or combustion bombs that are employed in high-speed aerody-
namic and combustion research require instrumentation with pre-
cise timing as well as high time resolution. As temperature is an
important parameter in these studies, several time-resolved laser-
spectroscopic thermometry techniques have been developed and
demonstrated. Unfortunately, only a few techniques are sufficiently
versatile for widespread use. In general, these techniques are tailored
to specific measurement requirements, exploit certain thermody-
namic conditions or constraints in the gas flow under study, and/or
are applied to problems for which their strengths are particularly
suited.

A new single-pulse, two-line laser-induced O2 fluorescence tem-
perature measurement technique has recently been developed1 for
use in unseeded high-temperature (1500-3000 K) reacting and non-
reacting airflows where temperature, pressure, and species con-
centrations are subject to turbulent fluctuation. The technique has
been characterized and calibrated in a high-temperature atmospheric
air furnace. Here, we demonstrate its potential for use in high-
temperature reacting flows with measurements in the turbulent
postflame gases of a premixed, atmospheric propane-O2 flame.
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Temperature Measurement Technique
The technique is based on the simultaneous excitation of the

spectrally coincident i/(0) «- v"(6)P(13) and i/(2) ^- i/'(7)fl(ll)
absorption lines in the 53S~ — X3T,~ Schumann-Runge system
of O2 using a tunable KrF laser. The peaks of these lines near
40,251 cm"1 (248.44 nm) overlap each other within ~0.05 cm"1.
Because of their close proximity, a single laser with a bandwidth of
approximately 1 cm"1 can excite both lines simultaneously. As a re-
sult, the fluorescence from both upper states reached by absorption
is emitted simultaneously as well. Although separation of the two
fluorescence contributions by time-resolved detection is not pos-
sible, unique features of their emission spectra allow them to be
separated spectroscopically. By using a spectrometer equipped with
a multichannel array detector, the fluorescence spectrum resulting
from the excitation of both lines can be recorded on a single-pulse
basis. Thus, by analyzing each single-pulse dispersion spectrum,
time-resolved thermometry is realized. Although limited to point or
line measurements, this approach is simpler than alternative two-line
laser-induced fluorescence (LIF) approaches,2'3 where two lasers
and two detection systems are needed for time-resolved thermom-
etry. Unlike single-pulse Rayleigh or Raman techniques, which re-
quire high laser pulse energies (~200 ml) to produce a sufficiently
high single-pulse signal-to-noise ratio, this LIF technique requires
only 5-10 ml and thereby precludes problems associated with par-
ticle incandescence as well as with exceeding damage thresholds
of window materials. Owing to the high predissociation rate of the
upper states, quenching corrections are unnecessary for pressure
up to approximately 2 atm—an important consideration in turbu-
lent reacting flows where the local gas composition is subject to
considerable fluctuation. However, the low fluorescence conversion
efficiency and restrictions on the incident laser flux present with this
O2 LIF technique1 may limit its use to high-temperature flows with
greater than trace concentrations of O2. Although LIF detection lim-
its are intimately tied to particular experimental configurations, the
detection limit realized in the present experiment was estimated to
be ~0.5% mole fraction at 2500 K and 1 atm.

The technique was calibrated in a high-temperature atmospheric
air furnace where independent thermocouple measurements were
available.1 Mean temperatures and their variances were obtained
from 100 single-pulse measurements at furnace temperatures from
1300 to 1800 K, and the mean temperatures were compared with
the corresponding thermocouple measurements. For 100-pulse av-
erages, typical measurement error over this range was 1.3%. Photon
shot noise was found to be the primary source of error in the flu-
orescence measurements. The measured standard deviation in the
single-pulse LIF temperature measurements in the furnace agreed
well with the predicted uncertainty computed using the mean tem-
perature and fluorescence signals. Single-pulse temperature mea-
surement uncertainties (Icr) in atmospheric air ranged from approx-
imately 13% at 1300 K to 7% at 1800 K. The theoretical model1
that was used to accurately interpret the temperature dependence
of the fluorescence signals measured in the furnace was also used
in the present demonstration to determine temperatures outside the
calibration range. Since the coefficients that were determined from
the calibration measurements are temperature independent, such ex-
trapolation outside of the calibration range is justified. In addition,
systematic errors in the temperature measurement due to uncer-
tainties in the model parameters were found to be small relative
to propagated uncertainties in the single-pulse fluorescence signal
measurement.4

Turbulent Flame Temperature Measurements
To demonstrate the technique's viability for measurements in re-

acting gas flows where the O2 concentration and temperature are
subject to turbulent fluctuation, temperature measurements were
obtained in the turbulent high-temperature gases of a premixed
propane-O2 jet flame. The flame was produced by a commercially
available, atmospheric pressure blast burner commonly used for
glass and metal shaping. The intense, axisymmetric turbulent flame
was approximately 15 mm in length and was located approximately
5 mm above the burner tip (D = 1 mm). The luminous region of the
postflame gases extended approximately 150 mm above the base of


