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OH Laser-Induced Fluorescence Velocimetry Technique for
Steady, High-Speed, Reacting Flows

Kurt G. Klavuhn,* Gautam Gauba,* and James C. McDanielt
University of Virginia, Charlottesville, Virginia 22903

A high-resolution OH laser-induced fluorescence velocity measurement technique was developed for use in
steady, high-speed, reacting flows. A narrow-line width laser source was tuned through an isolated OH absorption
line to measure the Doppler-shifted line center frequency relative to an iodine reference line. A counterprop-
agating-beam approach was used to eliminate the collisional impact shift and minimize systematic errors. Results
from pointwise measurements of velocity in a unique reacting underexpanded jet facility are compared to an
axisymmetric Navier-Stokes calculation with finite-rate chemical kinetics as a test of the technique over a wide
range of flow conditions. The measured and calculated velocities in the supersonic jet core agree on average to
within 1.3%. The uncertainty in the velocity measurement in the jet core was on average ±6.0% for a single
measurement and ±3.5% for the average value of three scans. Potential errors caused by absorption effects
were not detected in these measurements.

Introduction

O VER the past decade, renewed interest in air-breathing
hypersonic vehicles has spawned major research and

development programs in the field of hypersonic propulsion.
The focus of the effort at high speeds is the development of
the supersonic-combustion-ramjet (scramjet). Development
of this type of engine presents a unique challenge because
ground test facilities are not able to reproduce the Mach num-
ber and thermodynamic conditions of the entire scramjet flight
envelope. Propulsion engineers must, therefore, rely on com-
putational fluid dynamics (CFD) models to aid with the design
optimization and performance prediction for those conditions
not obtainable with current test facility technology. Before
CFD models can be successfully applied, however, confidence
in their predictive abilities must be established through com-
parison with experimental data. The objective of the work
reported herein is to develop a spatially resolved velocity
measurement technique in steady, high-speed, reacting flows
to enable the collection of data with sufficient accuracy for
CFD validation.

Measurement in a supersonic combustion flowfield requires
a nonintrusive optical technique since mechanical probes can
alter the fluid dynamics and the chemical kinetics. Various
laser-based spectroscopic techniques have been developed for
providing accurate quantitative flowfield properties with ex-
cellent spatial resolution.1 In spite of all the recent advance-
ments in optical diagnostics, however, there is still a serious
need for an accurate velocity measurement technique for high-
speed reacting flows.

Particle-based Mie scattering techniques, such as laser-
Doppler velocimetry (LDV) and particle image velocimetry
(PIV), have proven to be highly successful, nonintrusive di-
agnostic tools for a variety of incompressible and low-speed
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compressible flows. However, in high-speed compressible flows
with large velocity gradients, particle-based techniques suffer
from particle lag and centrifugal effects due to the large inertia
of the seed particles relative to that of the gas molecules.2
Methods to correct for the particle velocity bias have been
reported,3 but these methods require full flowfield solutions
and knowledge of the particle size distribution, which are
usually not available.

Time-of-flight approaches, such as the RELIEF4 method,
where a line of oxygen molecules is tagged via stimulated
Raman scattering and later interrogated via laser-induced flu-
orescence, or the OH-flow-tagging5 method, where a KrF
excimer laser generates a zone of enhanced OH concentration
via the photolysis of water molecules and later interrogates
the generated OH via laser-induced fluorescence using a sec-
ond UV laser, have been successfully used to measure velocity
in low- and high-speed flows. However, these techniques are
relatively complex and do not have the spatial accuracy in-
herent in single-point techniques.

Doppler-shift methods measure the frequency shift of elas-
tic or inelastic scattering from atoms or molecules in the flow,
and have evolved as the most promising spatially-resolved
velocity measurement technique for high-speed compressible
flows. Miles and Lempert6 have demonstrated a technique
for qualitative and quantitative velocity field imaging using
filtered Rayleigh scattering. Their technique provides density
field images for molecules with velocities in a range deter-
mined by an iodine vapor filter used to selectively separate
Doppler-shifted Rayleigh-scattered light from the unshifted
background light. Since Rayleigh scattering cross sections are
typically very small, the measurement accuracy in flows with
strong background signals is limited.

Coherent scattering techniques for measuring molecular ve-
locity have been proposed using coherent Raman spectros-
copy,7 coherent antistokes Raman spectroscopy,8 stimulated
Raman gain spectroscopy,9 inverse Raman spectroscopy,10-11

and stimulated Rayleigh-Brillouin-gain spectroscopy.12 Since
N2 can be used as the scatterer, these Raman techniques, as
well as the Rayleigh technique mentioned above, are of par-
ticular interest because of their direct applicability to un-
seeded wind-tunnel flows. Although most of these techniques
have been successfully demonstrated in supersonic flows, they
have not been widely used because of their complexity and
relatively low signal strength.

Laser-induced fluorescence (LIF) has proven to be the most
useful of the Doppler-shift methods due to its relatively large
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signal strength and its ability to discriminate the spectrally
shifted signal from elastic beam scatter. Laser-induced iodine
fluorescence (LIIF) has been used extensively as a diagnostic
tool for nonreacting compressible flows. The LIIF technique
uses iodine as the absorption species seeded into the flow.
Quantitative velocity measurements using LIIF1314 and planar
LIIF1516 have been reported for a variety of nonreacting flows.
Similar techniques using LIF of Na seeded in N2,17 Na seeded
in He,18 and NO seeded in air19-20 have also been demon-
strated. However, the addition of seed molecules into chem-
ically reacting flows is usually not an option due to the chem-
ical interactions between the seed material and the flow;
therefore, a naturally occurring specie must be used. Marinelli
et al.21 took advantage of the presence of Cu atoms seeded
in the flow during sputtering of the electrodes in a high-en-
thalpy arc jet thruster for velocity measurements using LIF of
Cu. Erwin et al.22 used LIF of nascent H atoms for velocity
measurements in an ammonia-propelled arcjet thruster, and
Liebeskind et al.23 used LIF of H atoms from the dissociation
of H2 for velocity measurements in a hydrogen arcjet.

In the types of supersonic hydrogen-air combustors consid-
ered here, the OH molecule is an abundant intermediate flame
species, and its (1,0) and (0,0) absorption bands of the A2£ +-
X2n system in the 280-320-nm range are easily accessible
with available uv laser sources. Quantitative point wise OH
LIF velocity measurements in a methane-air freejet using a
rapid tuning, narrow-band, continuous-wave (CW) dye laser24

have been reported; however, frequency-doubled CW lasers
do not provide enough power to extend the single-point tech-
nique to planar measurements. Paul and Hanson25 used a
pulsed broadband XeCl excimer laser for planar velocity mea-
surements in a hydrogen-air freejet. Although the broadband
technique shows promise for measuring velocity with both
spatial and temporal resolution, it relies on accurate char-
acterization of the laser line shape, is sensitive to any flowfield
variable that changes the absorber line shape, and is limited
as to the maximum range of measurable Doppler shifts.

The development of an accurate, spatially resolved OH LIF
velocity measurement technique for application in steady,
supersonic, reacting flows is presented in this article. Point-
wise measurements of velocity in a reacting underexpanded
jet facility were made to examine the accuracy of the tech-
nique over a broad range of flow conditions. This technique
is being developed for planar velocity measurements in a model
supersonic combustion ramjet flowfield and, together with
other measurements in this flowfield, will provide a complete
set of data for CFD validation.

OH LIF Velocity Measurement
The approach for measuring velocity in high-speed reacting

flows is based on detection of the laser-induced fluorescence
from a Doppler-shifted OH absorption line. For this tech-
nique, a narrow-linewidth laser source is tuned through an
isolated portion of the OH absorption spectrum, and the re-
sulting fluorescence is collected normal to the laser beam.
The velocity of the gas molecules causes them to absorb at a
frequency that is Doppler-shifted from the static line center
frequency by

where b>vd is the Doppler shift, k is the light propagation
vector with magnitude \k\ = 27T/A, and u is the gas velocity
vector. A complication arises due to an additional frequency
shift, termed collisional impact shift, caused by elastic colli-
sions between the emitting molecules and the surrounding
gas.26 The impact shift depends on the local thermodynamic
conditions that can vary greatly in a high-speed reacting flow.
Figure 1 illustrates an approach for canceling the impact shift
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Fig. 1 OH LIF velocity measurement technique using counterprop-
agating beams to eliminate the collisional impact shift.

effects.27 This approach uses counterpropagating laser beams,
such that for each point in the flow the OH absorption is
Doppler-shifted in an opposite sense for direction no. 1 than
for direction no. 2, (i.e., A^n = - A^/2 = A^). The impact
shift, A^7, is the same for the two laser beam directions, so
that Ai/j = kvdl + Az>7, and A^s = Az^/2 + A^7, where the
total line-center shifts AU, and Ai>2 are measured relative to
an absolute frequency reference, an iodine absorption line in
this case. The Doppler shift is given by one-half the difference
between the two total shifts

(2)

and the impact shift is thereby removed. Other advantages
to using counterpropagating beams in removing systematic
errors in the measurement will be discussed later.

OH LIF
A model of the OH LIF strategy employed in this work is

described below, with particular emphasis on optimizing this
strategy for quantitative velocity measurements. The model
is later used to calculate the expected signal-to-noise ratio
(SNR) for a test flowfield since, as will be later shown, the
measurement uncertainty is directly proportional to SNR"1.
Since the model does not include a detailed analysis of the
various energy transfer mechanisms, it is intended for signal
level estimation purposes only.

For a given excitation and detection system, the fluores-
cence signal is dependent on the choice of the absorption line
and on the local thermodynamic conditions of the flow at the
measurement location. The chosen absorption line should be
relatively isolated (i.e., free from interference from adjacent
lines), have a sufficiently large absorption coefficient, rep-
resent a significant fraction of the total Boltzmann population,
and be sufficiently spectrally separated from the emitting band
to allow efficient discrimination of the fluorescence emission
from elastically scattered laser radiation (e.g., Mie or Ray-
leigh scattering). The Q-branch of the (1,0) band of OH offers
relatively large absorption coefficients28 and is separated from
the strongly radiating (1,1) and (0,0) bands by -25 nm.29

Figure 2 illustrates a model of the important coupling pro-
cesses between the X2H ground electronic state and the A22 +

excited electronic state for (1,0) excitation. For this particular
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Fig. 2 Important rate processes for OH (1,0) excitation with (1,1)
and (0,0) band detection.
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Fig. 3 Gated fluorescence detection when the fluorescence lifetime
exceeds the laser pulse duration.

model, the energy transfer among the individual rotational
levels in each vibrational level is not considered in detail and,
therefore, is not shown. The incident laser beam is tuned to
an electronic resonance, thereby inducing transitions pvBN,N,,
from an isolated rotational level in the v" = 0 ground elec-
tronic state to an isolated rotational level in the v' = 1 excited
electronic state. Since the excited molecules are not in thermal
equilibrium, they will decay back to the ground state via spon-
taneous emission Aly stimulated emission pv[gN"/gN']BN.N,,, or
collisional quenching Q from v' — 1, or via collisional transfer
y to v' = 0, followed by spontaneous emission A0 and col-
lisional quenching Q from v' = 0.

When using LIF to make quantitative velocity measure-
ments, it is often necessary to gate the fluorescence signal to
minimize the detection of background radiation and to avoid
motional blurring. The issue of motional blurring becomes
particularly important when making planar measurements in
fast, low-pressure flows where the fluorescence lifetime is
often longer than the time it takes for an emitting specie to
travel between pixels in the imaging plane. Conversely, in
order to maximize the number of photons collected, one would
like to use as large a gate as possible. Since the fluorescence
lifetime in low-pressure gaseous flows can significantly exceed
the laser temporal width, it is important to model the temporal
history of the fluorescence to account for gate times longer
than the laser pulse. The present temporal model, shown in

Fig. 3, accounts for this by assuming that the total number of
photons collected S^\ includes those emitted at a steady-
state rate during the laser pulse, plus those emitted after the
laser pulse at an exponentially-decreasing rate until the end
of the gate period.

Using the simple four-level model shown in Fig. 2, and
including both the steady-state and exponentially decaying
solutions as illustrated in Fig. 3, the total fluorescence signal
Slpl (no. of photons), can be expressed as30

sp = (3)
where the numbered subscripts refer to the emitting vibra-
tional levels. The steady-state terms are given by

(4)

(5)

(6)

))

(7)

and the exponentially decaying terms are given by

T§{1

for narrow-linewidth excitation and filtered detection of the
spectrally overlapping (1,1) and (0,0) band fluorescence. In
Eqs. (3-7), 77 is the detector quantum efficiency, fi is the
collection solid angle (ster), Vc is the collection volume (m3),
Nss is the steady-state number density of the directly pumped
energy level (m~3), A^ is the laser pulse duration (s), A^G is
the gate width (s), Aff and Af$ are the effective photon
emission rates (s-1) for the (1,1) and (0,0) bands, respectively,
and V is the vibrational transfer rate (s"1) from v' = 1 to v'
= 0. TJ and T0 are the total lifetimes of v' = 1 and v' = 0,
which are defined by rt = l/(Al 4- Q + V) and r() = ll(A(}
+ Q), where Al and A0 are the total Einstein coefficients for
spontaneous emission (s-1) from v' = 1 and v' = 0, respec-
tively, and Q is the collisional quenching rate (s"1)- The de-
tails of the calculation of the total fluorescence signal using
Eqs. (3-7) are given in the Appendix.

Reacting Underexpanded Jet Experiment
Reacting Underexpanded Jet

The OH LIF velocity measurement technique was cali-
brated using a unique reacting Underexpanded jet facility.31

The jet facility, illustrated in Fig. 4, consists of a small ce-
ramic-lined combustion chamber that contains a stoichio-
metric hydrogen-air flame, the products of which are accel-
erated through a 3.15-mm-i.d. alumina tube into a low-pressure
chamber to form a reacting Underexpanded jet. Alumina was
used to provide a high-temperature boundary to minimize
quenching of the OH. Figure 5 outlines the main features of
the jet flowfield. The high-pressure gas leaving the exit of the
tube undergoes rapid expansion into the low pressure of the
surrounding chamber. The resulting expansion waves reflect
off the constant pressure boundary as compression waves and
coalesce to form the characteristic barrel shock structure that
terminates with a Mach disk.

The flowfield properties for a stoichiometric hydrogen-air
jet with a source temperature T() = 2000 K, a source pressure
P0 = 160 kPa (1.58 atm), and a chamber pressure Ph = 11
kPa (0.11 atm), were calculated using an axisymmetric version
of SPARK, a Reynolds-averaged Navier-Stokes code with
finite-rate chemistry that uses a 9-species (H2, O2, H2O, OH,
H, O, HO2, H2O2, and inert N2), 18-reaction chemistry model.32

The conditions in the combustion chamber were determined
using an equilibrium code.33 The conditions through the ce-
ramic tube were calculated assuming one-dimensional adi-
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Fig. 5 Flowfield schematic for the reacting underexpanded jet.

abatic flow with friction (Fanno line) and frozen chemistry.
The flow properties at the tube exit were used as the inflow
boundary conditions for the axisymmetric calculation. Figure
6 shows calculated contours of Mach number and tempera-
ture, and Fig. 7 shows contours of pressure and OH number
density. Centerline values are plotted independently to better
illustrate the wide range of thermodynamic conditions that is
representative of supersonic reacting flows and free jet ex-
pansions.
Laser System

Figure 8 is a schematic of the optical setup for the reacting
underexpanded jet experiment, including the narrow-line-

width laser source required for the OH LIF velocity mea-
surements. An argon ion laser (Spectra Physics 2030) pumps
a CW ring dye laser (Spectra Physics 380A) with 4 W at 514.4
nm to produce a 500-mW tunable CW beam at 566 nm with
a measured linewidth of —20 MHz-VIS (VIS denotes "in the
visible"). Rhodamine 560 perchlorate is used in the ring laser
because of its high gain at the wavelength of interest. The
output of the ring laser is passed through a frequency stabilizer
(Spectra Physics 388) for active stabilization, a necessity in
noisy environments when scan times are on the order of min-
utes. A fraction (5%) of the throughput from the frequency
stabilizer is split, and a portion is sent to a 10-GHz-VIS spec-
trum analyzer (Spectra Physics 450-04) to monitor laser sta-
bility, while the remainder is chopped and sent to an iodine
static cell and to a 2-GHz-VIS confocal interferometer (Spec-
tra Physics 450-03) for phase-sensitive detection of absolute
and relative frequency, respectively. An additional beam sam-
ple is sent to a wavemeter (Burleigh Wavemeter Jr.) for wave-
length measurement. The remainder of the dye laser beam is
amplified with a pulsed dye amplifier (Spectra Physics PDA-
1), pumped by a NdiYAG laser (Spectra Physics DCR-3). A
4.90(10)~5 solution of Rhodamine 590 in methanol is used in
the first amplifier stage and a 3.21(10)~5 molar solution is
used in the remaining two stages to produce 15-mJ, 13-ns
pulses at 566 nm, with a measured, nearly transform-limited
linewidth of -110 MHz-VIS, and less than 1% amplified stim-
ulated emission (ASE). Unpreventable ASE (i.e., ASE that
is not suppressed by the spatial filters and slightly tilted optics
in the pulsed dye amplifier) is blocked by an optical isolator
on the input side of the amplifier to prevent feedback from
destabilizing the ring laser. The pulse-amplified beam is fre-
quency doubled in a wavelength extender (Spectra Physics
WEX-1), resulting in 0.3-mJ pulses at 283 nm with an esti-
mated linewidth of —155 MHz-uv (uv denotes "in the ultra-
violet"), which is less than 2% of typical OH linewidths in
high-speed flames.

Procedure
The 5-mm-diam uv beam is focused with a / = 340 mm

lens on the jet centerline at an angle of 54 deg to the direction
of the flow. Fluorescence is detected by a photomultiplier
tube (RCA 4837) through//1.9 optics oriented at right angles
to the laser beam. A combination bandpass and cuton filter
(1-mm-thick Schott UG-11 and 4-mm-thick Schott WG-305)
is used to discriminate the (0,0) and (1,1) band fluorescence
from elastic beam scatter. The photomultiplier tube is set to
a bias of —610 V. When making measurements in the high-
density regions of the flow, a 0.7-ND filter is added to keep
the signal level within the linear range of the photomultiplier
tube. The intersection of the focused beam (waist diam =
150 /mi) and the collection solid angle (aperture diam = 150
jum) provides a measurement volume of ~2.7(10)~3 mm3. The
reacting underexpanded jet facility is mounted on translation
stages to allow complete access to the entire jet flowfield
without moving the optics. In addition, one mirror is mounted
on a precision translation stage so that the beam can be di-
rected through the jet in either counterpropagating direction
by moving the mirror in and out of the beam path. Laser
scanning and data acquisition are fully automated and con-
trolled by a laboratory PC. The laser is scanned through a
60-GHz-uv (30-GHz-VIS) region centered on the (1,0) Q,(5)
absorption line. The OH fluorescence and laser power signals
are amplified with 300-MHz amplifiers (SRS SR445). The
amplified signals are gated at 40 ns (chosen as a compromise
between signal level and motional blurring in future planar
imaging applications), and averaged over 10 laser pulses with
gated integrators (SRS SR250), and routed, along with the
iodine static cell and interferometer signals, to the computer
for storage. A total of 1500 data points (i.e., one data point
every 20-MHz-VIS increment tuned by the laser) are collected
for the iodine and interferometer signals in order to resolve
the narrow spectral features; however, the much broader OH



KLAVUHN, GAUBA, AND McDANIEL: OH LASER-INDUCED FLUORESCENCE 791

2 3

Mach Number

500 1000 1500 2000

Static Temperature (K)

Fig. 6 Calculated contours and centerline distributions of Mach number and temperature in the reacting underexpanded jet, where P0 = 160
kPa (1.58 atm), T0 = 2000 K, Pb = 11 kPa (0.11 atm), and <£ = 1.0 (H2-air).

line shape is resolved with only a total of 60 data points (i.e.,
one data point every 500 MHz-VIS tuned by the laser). Col-
lecting fewer OH fluorescence data points considerably re-
duces the total acquisition time, since each OH fluorescence
data point requires a minimum of 1 s to average over 10 laser
pulses. Line-center locations are determined by scaling the
frequency axis to match the 2-GHz-VIS interferometer fringe
spacing, and fitting Gaussian and Voigt line shapes to the
iodine and OH signals, respectively.

Results and Discussion
Figure 9 shows sample Doppler-shifted spectra from three

points along the centerline of the reacting underexpanded jet
core. At each point the results from a scan in each of the two
counterpropagating directions is shown in addition to the si-
multaneously acquired iodine spectra that are used as an ab-
solute frequency reference for the two directions. The in-
creasing shift and narrowing line shape are evident as the
velocity increases and the pressure and temperature decrease
from the nozzle exit to the Mach disk. The noise in these
spectral scans will be discussed later.

Figure 10 shows the results of the pointwise velocity mea-
surements along the jet centerline, compared with the cal-
culated velocity profile. Each data point represents an average
of three frequency shifts measured from three separate scans
for each of the two counterpropagating directions. The axial
velocity at each point is given by

u = 2 cos 0 (8)

where 0 is the angle the laser beam makes with the jet axis
(deg), and A^ and A^2 are the measured average frequency
shifts in the two directions (see Fig. 1). The vertical error

bars in Fig. 10 represent the uncertainty 2cr for the average
measured velocity at each location. The horizontal error bars
represent the ±0.0757?y uncertainty in the absolute position
in the jet . (Note that the point-to-point spatial uncertainty
was ±0.003/?y, owing to the use of a precision translation
stage.) The velocities inside the measured supersonic jet core
agree on average with the calculated values to within 1.3%,
with the maximum difference being 2.9%. The Mach disk
location was measured to be approximately 0.267?, upstream
of the calculated position, not an uncommon occurrence in
underexpanded jet studies.34"37

The greater thickness of the measured Mach disk and the
rounding of the velocity profile at the normal shock location
result from unsteadiness in the shock position. The shock
unsteadiness is caused by combustion-related disturbances that
are generated upstream of the nozzle exit. These disturbances
travel downstream and, upon traversing one of the shock
waves, produce significant acoustic energy. The resulting sound
waves travel back upstream through the subsonic flow outside
the jet, and initiate instabilities in the boundary layer at the
nozzle exit, thereby completing a resonant feedback loop. The
noise created by these disturbances is characterized by high-
amplitude, discrete tones (referred to as screech),38 which
cause fluctuations in the jet pressure ratio and, therefore, the
Mach disk location.

In order to quantify the movement of the Mach disk, the
pressure fluctuations in'the combustion and vacuum chambers
of the reacting underexpanded jet facility were measured with
a high-speed pressure transducer (Kulite XCQ-093-50A).
Typical traces of the pressure fluctuations in the combustion
chamber and vacuum chamber are shown in Fig. 11. The low-
frequency fluctuations in the combustion chamber are on the
order of ±1.2 kPa in magnitude and occur with a character-
istic time of a few seconds, well within the minute required



792 KLAVUHN, GAUBA, AND McDANIEL: OH LASER-INDUCED FLUORESCENCE

20 30 40 50 60

Static Pressure (kPa)
70

5 10 15 20 25 30

OH Number Density (1020 m'3)

Fig. 7 Calculated contours and centerline distributions of pressure and OH number density in the reacting underexpanded jet, where /*0 = 160
kPa (1.58 atm), T0 = 2000 K, Pb = 11 kPa (0.11 atm), and 3> = 1.0 (H2-air).
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Fig. 9 Spectra at three points in the core of the reacting underexpanded jet for the two counterpropagating-beam directions. Also shown is the
72 spectrum acquired for an absolute frequency reference.

for a complete scan of the OH absorption line. The fluctua-
tions in the vacuum chamber were measured to be approxi-
mately ±1.0 kPa in magnitude at a frequency of —38 kHz.
The effect these fluctuations have on the Mach disk location
XM can be estimated by using the relationship for the nor-
malized Mach disk location given in Ref. 35

(9)

where Pgx (i.e., the stagnation pressure at the nozzle exit after
the Fanno line expansion through the nozzle tube) has been
substituted for P0. By differentiating Eq. (9), the fluctuation
in the normalized Mach disk location is given by

8(XM/Rj)
XJR, (10)

For the typical stoichiometric jet, where Pf}
x = 131.4 kPa and

Ph = 11.1 kPa, the percent fluctuations for the combustion

and vacuum chambers are ±0.9 and ±9.0%, respectively.
The fluctuation in XMIR.} is calculated to be ±5.0%, which
is in good agreement with the apparent thickness of the mea-
sured Mach disk.

The reacceleration of the flow downstream of the Mach
disk is expected as the throat-like condition is approached
(see Fig. 1); however, the measured velocity reached a max-
imum of 1054 m/s, whereas the calculated reached only 542
m/s. This discrepancy in the region downstream of the Mach
disk may be because the turbulent shear layers that create
the throat-like condition are not well-predicted in the laminar
calculation.

Laser-induced fluorescence measurements are often limited
in their accuracy by the "shot" noise associated with the num-
ber of signal photons collected. In order to determine if the
velocity measurement in the reacting underexpanded jet was
shot-noise limited, or whether other dominant sources were
present, the experimental SNR was compared to the theo-
retical shot-noise-limited value. The theoretical SNR was cal-
culated using Eqs. (3-7), the parameters listed in Table Al
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Fig. 11 Typical pressure traces for a) the combustion chamber and
b) the vacuum chamber of the reacting underexpanded jet facility.

(located in the Appendix), the flow conditions calculated with
the SPARK code, and the shot-noise-limited-detecton rela-
tionship, SNRcalc = VNLPS)rot,39 where NLP is the number of
laser pulses averaged. For the experimental signal-to-noise,
SNRexp = VPTS/x* is used, where PTS is the number of data
points making up the Voigt profile, and x2 represents the
"goodness of fit" of a Voigt line shape to the experimental
data.40 Thus, SNRexp represents the inverse of the rms noise
along the Voigt curve. The calculated and experimental SNR
values of the velocity measurements in the reacting under-
expanded jet flowfield are shown in Fig. 12. The consistently
low experimental SNR clearly indicates that the experimental
signal was not shot-noise limited. The extra noise may be

400

300

I 200

100

—— Calculated
• Experimental (x10)

10

X/R.

Fig. 12 Calculated and experimental (x 10) signal-to-noise ratio for
the underexpanded jet experiment. The calculation includes the use
of a 0.7-ND filter for 0 < X/Rj < 2.71 and X/Rj > 4.62.

caused by the same combustion-related instabilities in the
combustion chamber of the jet that were discussed earlier in
relation to the Mach disk instability. Combustion instabilities,
perhaps caused by incomplete and unsteady fuel-air mixing,
would also cause total temperature fluctuations leading to
velocity and OH concentration fluctuations in the underex-
panded jet. Such fluctuations would add noise to the spectral
scans (as seen in Fig. 9), increasing the x2 of the spectral
Voigt fits and lowering the experimental SNR.

A Monte Carlo simulation was performed to determine the
relationship between the uncertainty in the measured total
shifts (i.e., the uncertainty in the curve fit parameters Ai^
and Ai/2), and the Voigt line shape, the number of data points,
and the signal-to-noise ratio. Random noise of varying mag-
nitude was added to Voigt curves of varying widths and vary-
ing number of points. A Voigt function was fit to the noisy
curves, and the difference between the fit centerline locations
and the original centerline location was recorded for later
statistical analysis over 100 trials. The uncertainty 2a in the
measured total shift GHz-uv was found to be related to the
signal-to-noise ratio, the number of data points, and the Voigt
line shape by30

= [16.632 / A^v\°
SNR \PTs)

SV(D, B')ldv\
V(D,B') \

(11)

where the term in the square brackets is the normalized slope
of the Voigt line shape at the half-maximum point, where
(v — v0)/kvv = 0.5. With the Voigt line shapes and signal-
to-noise levels measured here, the uncertainty in the total
measured shifts from the curve fits 5Aj>f*2 is on average ±0.270
GHz-uv in the jet core. There is an additional contribution
to the random uncertainty that arises through the power nor-
malization procedure. With the incident irradiance levels used
here, where / = 5.2(10)n W/m2, the OH absorption transition
is saturated to various degrees, depending on the local ther-
modynamic conditions at the measurement point. Since these
conditions are not known, the relationship between the flu-
orescence signal and the incident irradiance is also not known.
This additional uncertainty due to the power normalization
procedure SAi '̂ was estimated (for the average measured
rms laser power fluctuations of ±4.9%) by comparing curve
fits with (assuming Sp* oc /) and without power normalization
and was determined to be on average ±0.154 GHz-uv in the
jet core. By taking the square root of the sum of the squares
of the two random uncertainties described above, the total
random uncertainty 6Ai>£2is ±0.310 GHz-uv. The systematic
uncertainty due to the uncertainty in the measurement of the
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beam angle 30 is ±0.25 deg. The fractional uncertainty in the
velocity, calculated using Eq. (8), is given by40

*- . /2u
1

(12)

and upon substitution of the beam angle (6 = 54 deg), the
average Doppler shift A^ — A^2 = 7.312 CrHz-uv, and the
random SA^and systematic 80 uncertainties described above,
the fractional uncertainty 2cr for a velocity measurement in
the jet core is on average ±6.0%. By averaging three mea-
surements, the fractional uncertainty in the average velocity
reduces to a calculated value of ±3.5%. This is consistent
with the maximum measured difference of 2.9% in the super-
sonic jet core.

Many sources of systematic error are eliminated by the
counterpropagating-beam technique. By using counterprop-
agating beams, errors due to effects that are of the same
magnitude and sense for each beam direction automatically
cancel. These types of effects include saturation of the tran-
sition, trapping of the fluorescence signal, or detection of
fluorescence from adjacent resonance lines. One potential
source of error that is not canceled by the counterpropagating-
beam technique is that caused by laser beam absorption. The
absorption of the laser beam at each location in the flow is a
function of the local velocity and thermodynamic conditions.
Since the net incident irradiance at each measurement loca-
tion is a function of the integrated absorption along the beam
path, it may be nonuniform in laser frequency, depending on
the velocities and thermodynamic conditions of the regions
of the flow through which the beam has traversed. With the
counterpropagating-beam approach, the flow regions through
which the beam passes to reach a particular point will be
different for the two beam directions. The signal from each
direction could be unequally affected, thereby increasing the
errors in determining the line center frequencies. This effect
could be significant in situations where there are regions of
high OH concentration, where long beam paths are required,
and/or where / « 7sat. For the measurements presented herein,
where 7//sat > 1000, Nou < 6.5(10)20 m~3 , and the beam path
is less than 5 mm, no absorption effects were expected or
detected. If laser beam absorption proves to be a source of
systematic error, it can be reduced by using a satellite line,
such as the (1,0) <22i(5) located —34 GHz-uv to the lower
frequency side of the (1,0) Qi(5) main line. Typically, such
satellite lines have absorption coefficients that are an order
of magnitude less than those of the main lines. Since absorp-
tion problems occur in flows with relatively large absorber
densities, the favorable absorber population will partially
compensate for the weaker fluorescence signal due to the
smaller absorption coefficient of the satellite line.

Summary and Conclusions
A high-resolution OH LIF velocity measurement technique

was developed for use in steady, high-speed, reacting flows.
A narrow-linewidth laser source was tuned through an iso-
lated OH absorption line to measure the Doppler-shifted line
center frequency relative to an iodine reference line. A coun-
terpropagating-beam approach was used to eliminate the col-
lisional impact shift and minimize systematic errors. Pointwise
measurements of velocity were made in a unique reacting
underexpanded jet facility as a test of the technique over a
wide range of flow conditions. The measured and calculated
velocities in the supersonic jet core agree on average to within
1.3%. The uncertainty in the velocity measurement in the jet
core was on average ±6.0% for a single measurement and
±3.5% for the average value of three scans. Potential errors
caused by absorption effects were not detected in these mea-
surements.

Future work includes conducting planar velocity measure-
ments in the reacting underexpanded jet using an extension
of the pointwise technique reported herein and applying the
technique in a model scramjet combustor. Results from the
combustor experiment will provide much needed data for the
validation of CFD codes to be used for scramjet combustor
design and development.

Appendix: Calculation of the Total
Fluorescence Signal

The fundamental relations for calculating the total fluores-
cence signal are given by Eqs. (3-7). The details of the eval-
uation of the terms in these equations are given in this Ap-
pendix. The total Einstein coefficients for spontaneous emis-
sion are calculated using30

A,,, = (Al)

where fN, is the population fraction of the excited state ro-
tational level N' [i.e., the number of molecules in rovibra-
tional level (TV', v') divided by the total number of molecules
in vibrational level v'], and AN>N» is the Einstein coefficient
for spontaneous emission from the excited state rotational
level N' to the ground state rotational level N". The effective
photon emission rates are defined as30

(A2)

where F(XN,N») is the filter transmissivity at the transition-
dependent wavelength \N>N».

The steady-state population of the directly pumped energy
level can be related to the total OH number density by30

C/±VD VI + ///sat
V(D, (A3)

where Blo is the Einstein coefficient for stimulated absorption
from the v" = 0 ground state to the v' = I excited state (m3/
J-s2), c is the speed of light (m/s), / is the laser irradiance
(W/m2), &VD is the Doppler linewidth (s"1),/^ is the ground
state Boltzmann population fraction (i.e., the number of mol-
ecules in ro vibrational level N", v" divided by the total number
of molecules in the ground state electronic level), NOH is the
total OH number density (m~3), /sat is the saturation irradi-
ance (W/m2), and V(D, B') is the Voigt line shape integral.
The saturation irradiance is defined as30

j —
-'sat ~~ (A4)

where A*>c is the collisional linewidth (s-1), fN, is the popu-
lation fraction of the directly pumped excited state, and gN»
and gN, are the energy level degeneracies of the ground and
directly pumped excited states, respectively. The Voigt in-
tegral represents the convolution of the two predominant
broadening mechanisms, collisional and Doppler, and is ex-
pressed as

V(D, B') - —
7T +(D- yj dy (A5)



796 KLAVUHN, GAUBA, AND McDANIEL: OH LASER-INDUCED FLUORESCENCE

Table Al Experimental parameters and coefficients used for
calculating an estimate of the photon yield for pointwise OH LIF

velocity measurements in the reacting underexpanded jet

OH (1,0) Q, (5) Absorption line
i/o = 1.061(10)15Hz (Ref. 29)
Bol = 2.859(10)17 m3/J-s2 (Ref. 28)
AN.N. (Ref. 28)
A™- (Ref. 29)

Signal detection
77 •= 0.17a

(I = 0.226
Vc = 2.7(10) - | 2m 3

A/c = 4.0(10) ~ 8 s
WLP = 10

Laser beam
El = 0. 12(10) - 3J b

AL = 1.77(10)-8m2

A/z - 1.3(10)-8s
/ - 5.2(10)" W/m2

Collisional quenching coefficients0

<7Nl - 0.15 + 0.58 exp(- 771000) + 3.50 exp(- 77500) m2

o-H",0 = 2.56 + 55.70 exp(- 7/1000) + 42.00 exp( - 7/500) m2

o-H; - 0.18 + 8.16exp(-771000) + 2.87 exp(- 7/500) m2

o-9; - 0.60 + 15.70 exp(- 7/1000) + 5.03 exp(- 7/500) m2

Collisional broadening coefficients41

TN^ = 7.54(10)8[7]-°-54 s-VkPa (Ref. 45)
yH~o = 6.35(10)9[7]-°66 s-VkPa (Ref. 46)
^ = 9.27(10)8[7] . 47)

<y0[ = 7.26(10)8[7]-°5
 S-VkPa (Ref. 47)

Vibrational transfer coefficient0

y = [Q.74 - (0.029 x N')] x Q ________________

''Includes estimate of reflection losses through jet window and collection
optics, and the 0.7-ND filter for 0 < X/Rj < 2.71 and XIR, > 4.62.
hEstimate of remaining energy after reflecting from mirrors and passing
through focusing optics and jet window.
cFit to data in Ref. 48 using equations of the form suggested in Ref. 44.
Only values for N2 and H2O are required for stoichiometric mixtures with
complete combustion.
dlnf erred values for y, from the specified references assuming a T"° 5 depen-
dence (except as noted for H2O and N2) given by a hard sphere (constant
cross section) collision model.49 Only values for N2 and H2O are required
for stoichiometric mixtures with complete combustion.
cLinear fit to the data in Ref. 50.

where

y = V4(/;,2)[(i> - i/0)/Ai/J

D = V4(/,,2)[(iY - i/o)/Ai/D]

B' = V7T2(

(A6)

(A7)

(A8)

with the laser frequency VL, molecular transition frequency
j>(), and homogeneous line width kvH = A^cVl + ///Sat- The
Voigt linewidth is given to a good approximation by41

Aiv = (AV2) + V(Ai/y4) + Ai/?, (A9)

For OH, the Doppler width (s-1) can be calculated using

bvD - 1.737(10)-7i/0VT (A10)

where Tis the static temperature (K), and the collisional width
(s-1) can be calculated using

&vc = S 7iPi (All)

where y,- (s~VkPa) is the temperature-dependent broadening
parameter, and p, (kPa) is the partial pressure of species /.

A few assumptions were made regarding the rotational
transfer in the excited states to simplify the above model. For
example, studies of vibrational energy transfer in A22 + OH
at room temperature42 and in flames43 have shown that, al-
though some rotational relaxation does occur in v' = 1 before
vibrational transfer to v' = 0, the molecules redistribute

themselves mostly to the rotational levels immediately adja-
cent to the directly pumped level. Therefore, the rotational
distribution inv' = 1 is assumed frozen in the directly pumped
rotational level (i.e., fN, = 1), and the values used for V and
AN,N» are those ascribed to that level. It was also found42-43

that the rotational distribution in the v' = 0 level, after vi-
brational transfer from the v' = I level, is approximately
thermal. It is, therefore, reasonable to assume that the ro-
tational population in the v' = 0 level is distributed in a
Boltzmann fashion with a temperature equal to the transla-
tional temperature of the gas. In addition, the quenching rates
for v' = I and v' = 0 are assumed to be equal and are
calculated using

Q = (A12)

where rc, is the number density (m~3), v{ is the relative collision
velocity (m/s), and cr, is the quenching cross section (m2) of
specie /. The temperature- and rotational-level-dependent
quenching cross sections are determined using the method
outlined in Ref. 44. Table Al includes a summary of the
experimental parameters, collisional quenching coefficients,
collisional broadening coefficients, and vibrational transfer
coefficient used for calculating the photon yield in the un-
derexpanded jet experiment.
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