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has been demonstrated during recent injection studies.7-8 Pitot
rake measurements revealed a spanwise uniform and trans-
versely symmetric Mach 1.98 flow exiting the nozzle section.
Nozzle sidewall pressures suggested symmetry of the flow
about the spanwise centerline of the tunnel. Finally, total
pressure measurements just above the bottom wall illustrated
boundary-layer growth.
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Introduction

N ONINTRUSIVE diagnostic techniques have been shown
to provide the necessary spatial resolution and the high

measurement accuracy required for the validation of corn-
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putational codes used to predict mixing and reaction in super-
sonic combustion facilities. Planar laser-induced fluorescence
(PLIF) techniques are particularly suitable for the analysis of
both nonreacting1 and combusting gas flows2 since they re-
quire only modest optical access and can provide the signal-
to-noise ratio (SNR) and resolution required for accurate
quantitative imaging. PLIF measurements involving molec-
ular species naturally occurring in the flow, such as O2, OH,
and NO, have been used extensively for flow visualization
and to determine two-dimensional velocity, temperature, and
number density distributions.

OH PLIF has been used in a large variety of applications
for measurements of velocity,3 density, and temperature,4 in
both laminar and turbulent flames. Recently, a new approach
for planar laser-induced fluorescence imaging of OH using a
KrF excimer laser has been suggested5 and demonstrated in
a supersonic combustion facility.6

The objective of the present work was to demonstrate the
KrF technique for quantitative PLIF imaging of OH concen-
tration in a model H2-air scramjet combustor. The fluores-
cence images were obtained following excitation by a KrF
excimer laser operating at 248 nm, resonant with the 22 + (v'
= 3) <- 2Il(v" - 0) excitation band of OH. Absolute OH
density distributions were obtained from the fluorescence im-
ages by using, as a reference source, the OH formed in a
high-temperature electric furnace.7 The effect on systematic
error induced by collisional quenching by the major species
has been assessed.

Theoretical Background
The fluorescence yield following the excitation of the 22 + (v'

= 3) <- 2II(v" - 0) band in the A-X system of OH by a KrF
laser has previously been evaluated theoretically for a range
of temperatures and OH densities.8 In a typical imaging PLIF
experiment the total OH fluorescence in photoelectrons per
pixel wpc detected by an electronic camera consisting of an
array having np x mp pixels, increases linearly with its density,
NOH, and the relative occupational density of the probed state
/3(r). However, the fluorescence signal is also a function of
the spectroscopic properties of OH, as well as laser system
and collection optics parameters. The uncertainty in deter-
mining these parameters limits the accuracy of the density
measurement. Therefore, an independent PLIF measurement
of NOII in a calibrated OH source must be used to determine
experimentally a calibration coefficient that is representative
of system parameter effects and the spectroscopic coefficients.

The use of a high-temperature furnace to produce a stable,
easily characterized source of OH for calibration of OH den-
sity measurements has recently been reported.7 The OH flu-
orescence in this noncombusting environment has been shown7

to result only from thermal dissociation of H2O molecules.
With known temperature, pressure, and relative humidity,
equilibrium OH density in the furnace was calculated using
the chemical equilibrium code STANJAN. Equilibrium OH
mole fraction in excess of 10~~4 was obtained. Having this
density, direct relation between OH density and LIF quantum
yield could be measured, using known laser pulse energy. The
measured calibration coefficient accounts for the spectro-
scopic constants, optical, and geometrical parameters of the
measurement, and laser beam parameters such as linewidth
or locking efficiency. When the optical and geometrical pa-
rameters are identical for both the calibration and experi-
mental measurements, NOH can be determined by directly
scaling the experimental photon count per unit laser energy
by the predetermined calibration coefficient. A correction for
the temperature dependence of fi(T) may be required, via
the Boltzmann distribution. However, selection of an exci-
tation transition with weak temperature dependence may al-
low for accurate density measurements without a prior tem-
perature measurement.
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Experimental Apparatus and Procedure

Planar images of the OH density distributions were ob-
tained in a continuous-flow, electrical-resistance-heated, high-
enthalpy, hydrogen-air combustion tunnel.9 Mach 2 airflow
at a stagnation pressure of 287 kPa and stagnation tempera-
ture of 1141 K entered the model scramjet combustor con-
sisting of a 2.5 x 3.8 cm constant-area duct, with downstream
transverse hydrogen injection behind a rearward-facing, 0.51-
cm step. A circular 2-mm injector, providing fuel at a pressure
of 378 kPa, temperature of 453 K, and flow rate of 0.54 gm/
s, was positioned approximately 3 step heights downstream
of the step. Optical access was provided through fused silica
windows at the sidewalls, and through an observation window
opposite the injector wall.

The illumination and detection configuration is shown in
Fig. 1. The OH fluorescence was excited using a narrow-band,
tunable KrF laser operating near 248 nm, with a bandwidth
of 0.4 cm"1. The wavelength of the laser was tuned using a
diffraction grating, positioned by a motorized variable-speed
linear actuator with the addition of a piezoelectric linear ac-
tuator for fine adjustment. Typical laser energy was —96 mJ/
pulse at the test section, where the beam was shaped into an
—4.6 cm wide by —0.2 mm thick sheet.

By using a small portion of the laser beam, absorption
transitions were selected by detecting the LIF produced in a
small propane-air reference flame. The fluorescence pro-
duced in the combustor test section following the laser exci-
tation was detected through the observation window by a
camera with a 576 x 384 charge-coupled device (CCD) array,
uv intensified and gated, and fitted with a uv-clear 105-mm
f/4.5 lens. A flowfield volume of -0.2 x 0.2 x 0.2 mm was
imaged by each pixel of the detector array. Filtering was
provided by a 10-nm bandpass filter centered at 297 nm and
a Schott UG-11 glass filter. This optimized collection of the
22 + (v' = 3) -* 2n(v" = 2) emission band of OH while re-
jecting radiation due to chemical luminescence and scattered
laser light.

Correction for spatial variation in the laser sheet intensity
was achieved by splitting a small portion of the sheet just after
the final collimating lens (see Fig. 1). This split portion was
projected onto a screen and imaged by a second CCD camera.

The recorded image was then numerically collapsed to a one-
dimensional data field, representing time-averaged spatial in-
tensity variations along the transverse dimension of the sheet.
This data field was spatially correlated to the fluorescence
image by two registration marks located near the edges of the
laser sheet. The overall intensity variation was found to vary
<±5% across the sheet, with the largest variation occurring
at the edges.

Images of OH fluorescence in the supersonic combustor
were obtained in planes parallel to the injector wall. The
imaged area spanned a distance from approximately 1 step
height upstream of the injector to approximately 8 step heights
downstream of the injector. Both the camera and the sheet-
forming optics were mounted on precision translation stages.
This permitted recording of sequential images at planes par-
allel to the injection wall, separated by 1 mm.

At each spatial position, two intensity distributions were
recorded^ each representing an average of 200 laser pulses,
normalized by sheet intensity. The first image was obtained
with the laser tuned to the absorption transition. A second
image was obtained with the laser tuned off resonance. Sub-
traction of the second from the first provided the background
correction for any radiation not originating from the desired
narrow-band excitation. When recording the background im-
ages the fluorescence output from the small propane flame
was monitored to avoid tuning the laser to regions where O2
excitation would occur and to verify that the amount of de-
tuning from the absorption line center was reproduced at each
imaging position.

The OH source used for the calibration was an electrical-
resistance heated atmospheric furnace capable of operating
at temperatures of up to 1875 K,7 designed for optical access
through three walls. Internal furnace temperature was mon-
itored by two thermocouples with a specified 0.5% uncer-
tainty. Since the furnace was exposed to the atmosphere,
internal atmospheric conditions could be determined by mon-
itoring external conditions and furnace temperature. Ambient
humidity and atmospheric pressure were measured using a
psychrometer and a standard mercury barometer, respec-
tively.

Both the OH calibration images and the combustion tunnel
images were obtained using the same detection system, with
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Main Flow
Fig. 1 Experimental configuration for the imaging of OH density distributions. Preheated air enters the duct from below. H2 is injected by a
single injector behind a rear-facing step.
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the exception of the collection solid angles, which were mea-
sured separately. Thus, the relationship between the mea-
sured signal and OH concentration, established by calibra-
tion, could be extended to permit determination of absolute
OH concentration from fluorescence in the supersonic com-
bustion tests.

Results and Discussion
Density measurements using the excitation of a single ro-

tational level and without temperature correction for /3(7),
require that the population density of this level exhibit small
variation over the anticipated temperature range and that
interfering fluorescence from other species be small. The <2?(11)
absorption transition was selected for imaging the density
distribution of OH in the supersonic combustion facility. The
population density of the N = II level increases by approx-
imately 30% as the temperature increases from the lowest
temperature limit of 1500 K to an upper limit of 2500 K.
Although other OH transitions present lower temperature
sensitivities to temperature, the present transition was se-
lected because it offered a high degree of discrimination be-
tween OH and background O2 fluorescence. While interfer-
ence by O2 in a combustion environment is expected to be
small, it could not be neglected in the calibration furnace
where the concentration of OH relative to O2 is <0.1 %. Thus,
the choice of a noninterfering transition is more constraining
in the calibration furnace. Use of the <22(11) transition permits
reliable background subtraction in both the calibration and
density measurement experiments.

Figure 2 presents contours of the measured OH density
distributions obtained in three planes at distances of ZIH =
-0.8, 0.0, and 0.8, where H is the step height. In these
images, the main flow of preheated air is from bottom to top,
with the hydrogen injected normal to the page. In the images,
the injector is located at XIH = 0 and Y/H = 0. Each image
consists of a 200-pulse average, normalized with laser intensity
distribution after the background fluorescence has been sub-
tracted. Single-pulse images were also obtained; however, the
images exhibited significant scatter due to both shot noise and
turbulent fluctuations.

The values of Noll in each image were obtained by multi-
plying the signal at each pixel (after correction for background
and laser intensity distribution) by the calibration constant.
To partially correct for the temperature dependence of /3(T),

the images were also multiplied by the Boltzmann fraction of
the N = 11 ground state at 1800 K. At 1800 K the calculated
Boltzmann fraction represented the average of Boltzmann
fractions over the predicted10 temperature range of 1500-2500
K. The measured OH concentrations are seen to vary from
approximately 2.5 x 1015 cm~3 in the regions around the
injected fuel, to peak values of 2.6 x 1016 cm~3.

A slight asymmetry in the OH density distribution can be
observed in Fig. 2. A similar asymmetry was also observed
in chemiluminescence images obtained by removing the band-
pass filter, blocking the laser beam, and increasing the ex-
posure time. This asymmetry was, therefore, attributed to
nonuniformities in the flow, rather than beam absorption or
fluorescence-trapping effects.

The overall accuracy of the measurements is limited pri-
marily by the variation of the N = 11 population over the
temperature range. At a fixed temperature of 1800 K, for
which /3(T) was evaluated, an uncertainty of ±15% is antic-
ipated. The calibration measurement is expected to contribute
a 6% uncertainty, due to a wet-bulb temperature measure-
ment uncertainty of 1 K. The combined uncertainty is 21%.
Reduction in the uncertainty of this density measurement
could be provided by an independent local OH temperature
measurement. The effects of quenching by H2O, the strongest
electronic quenching species,11 have been considered. The
largest H2O concentration in nonvitiated flows is obtained in
a near stoichiometric, 4> = 1.0, atmospheric H2-air flame.
Using published quenching cross sections,12 the electronic
quenching rate by H2O is expected to be kQ = 4.5 x 108 s"1,
for a pressure of 1 atm and a temperature of 2000 K. For
comparison, the predissociation rate13 of the v' = 3, /' =
11.5 level is kprc = 1.33 x 101() s~l. Therefore, during the
lifetime of the excited state, less than 5% of the population
is electronically quenched by H2O.

Quenching by vibrational energy transfer (VET) due to
other major species, most importantly N2 (Ref. 14), has been
shown to cause —1% loss15 of the initially excited molecules
in the v' = 3 state in atmospheric flames. However, similar
VET quenching in the calibration furnace offsets matching
error induced by N2 quenching in the flame. Therefore, the
total additional error introduced due to collisional quenching
would be —5%.

Although the error associated with collisional quenching
may increase in regions following shock waves, the present
test was run at near thermal choking conditions. Shocks pres-

Z/H = -0.8 Z/H = 0.0 Z/H = 0.8

-2.0 0.0 2.0 -2.0 0.0 2.0 -2.0 0.0 2.0
a) Y/H b) Y/H c) Y/H

Fig. 2 Measured OH concentrations in planes normal to the injector axis at normalized distances of Z/H = a) — 0.8, b) 0.0, and c) 0.8.
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ent in the flame region had to be weak and were imperceptible
in the fluorescence images.

Conclusions
Planar LIF images of OH in a supersonic combustion test

section were obtained by the excitation of the Q2(H) rovi-
bronic transition. OH densities were obtained from these im-
ages by calibration with an OH source generated by the ther-
mal dissociation of H2O in an atmospheric air furnace. Peak
OH concentrations of 2.6 x 1016 cm~3 were measured with
a predicted uncertainty of —21%.
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I. Introduction

A NUMBER of malondianilide derivatives have been used
in a wide range of industrial applications,l~5 in other

different fields,6"10 and in continuation of our previous
work.11"13 We have investigated A^Af-diphenylmalondianilide
derivatives (la, b) to use them as stabilizers for double-base
propellants, to examine the explosive properties of the ma-
londianilide molecule, and to study another type of applica-
tion of these compounds. The compounds prepared as indi-
cated in previous literature14"16 and the structural assignment
have been proved by elemental analysis and IR spectrum:

R

CO—N— Ph

PhCH=C
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\
CO—N—Ph
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R =
R =

R
H
C2H5

II. Experimental
The sample mixtures, which contain nitrocellulose (12.10%

N) 56%, nitroglycerin 27%, dinitrotoluene 9%, dibutyl-
phthalate 4%, dianilide compound 3%, and transformer oil
1%, are treated according to the different steps used in pro-
duction of double-base propellant.

The stability tests,17 the calorific test carried out on the
samples, and the results are tabulated in Table 1. The tests
of calorific value prove that the compound (Ib) has an en-
dothermic action and ranged between - 25 cal/g to - 33 cal/
g (average -29 cal/g). The comparison was carried out be-
tween centralite 1 sample (diethyldiphenylurea, 22.6 cal/g)
and stabilizer Ib sample.

The results of the stability tests shown in Table 1 indicate
that the dianilides have a distinct stabilizing effect in double-
base propellant. This fact was clearly confirmed by the cal-
culation of the half lifetime of sample III in comparison with
sample I as a stabilizer. Storage tests at 100, 90, and 80°C
were done under the same conditions and weight of the sam-
ples.18 The rest of the stabilizer was calculated periodically as
shown in Table 2 by using column partition chromatography
after the samples were extracted by using different solvents.

The rest of the stabilizers before and after storage for dif-
ferent times are shown in Table 3. The needed time to use
50% of the original stabilizer (sample I = 1.43 and sam-
ple III = 1.45%) at different temperatures is tabulated in
Table 4.
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