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Velocity Field Imaging in Supersonic Reacting Flows near
Atmospheric Pressure
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A combined experimental and analytical effort was conducted to demonstrate the applicability of OH Doppler-
shifted fluorescence imaging of velocity distributions in supersonic combustion gases near and above atmospheric
pressure. The experiments were conducted in the underexpanded exhaust flow from a 6.8-atm, 2400-K, H,-O,-N,
burner exhausting into the atmosphere. The effects of pulse-to-pulse variations in the dye laser band shape and in-
plane variations in temperature and pressure were examined in detail. A modification was developed to increase
the single-pulse laser bandwidth, thereby increasing the intra-image velocity dynamic range as well as reducing
the sensitivity of the velocity measurement to the gas property variations. Single-point and imaging measurements
of the velocity field in the exhaust flowfield were compared with two-dimensional, finite-rate kinetics simulations
of the flowfield. Relative velocity accuracies of £50 m/s out of 1600 m/s were achieved in time-averaged imaging
measurements of the flow over an order of magnitude variation in pressure and a factor of 2 variation in temper-

ature.

Nomenclature
A =effective radiation rate
/s =Boltzmann population fraction in absorbing state
8 =absorption line shape function
Iy =laser spectral intensity
N,  =total number density of absorbing species
o =effective quench rate
V.  =collection volume
n =transmissivity of collection optics
T, =laser pulse duration
Q =collection solid angle

I. Introduction

NTEREST in supersonic propulsion systems (scramjets) and

controlled hypersonic flight places new demands on experimen-
tal techniques for high-enthalpy combusting flow property mea-
surements. Among the key parameters in combustor performance
assessment is the vector velocity field throughout the propulsion
system. Current velocity measurement techniques, such as hot-wire
anemometry and laser-Doppler anemometry, are generally inappli-
cable in high-enthalpy, combusting supersonic flow test facilities
or are subject to large systematic errors. The fluorescence approach
investigated in this study circumvents many of the inherent limita-
tions in conventional velocity measurement technology.

Other, nonintrusive, laser-based gas velocity measurement ap-
proaches have been the subject of intensive research and develop-
ment in recent years. Approaches based on flow tagging have been
demonstrated by several groups. Optical flow tagging approaches
mark a line or a cross in the flow with one laser beam and then
probe the marked line with a second laser beam or sheet at a
known time later. The displacement of the marked gas during the
known time delay gives the average convection speed during the
time between the two laser pulses. This basic approach has been
demonstrated using seeded biacetyl,! nascent molecular oxygen
(RELIEF method),” and water vapor.>* Water vapor tagging ap-
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proaches use a tunable KrF excimer laser to dissociate H,O into,
among other products, ground state OH in a thin line along the
laser beam. At some later time, a second laser is used to excite this
OH line to record its displacement. In the RELIEF technique, gas
marking is accomplished via Raman excitation of an excited vibra-
tional level in the oxygen ground electronic state. Of these tech-
niques, only the water vapor technique has promise for high tem-
perature flows.

All flow-tagging velocity techniques, in effect, measure the con-
vective velocity along a line in the flow which is averaged over the
time between the marking and interrogating laser pulses. Thus,
they find application primarily in flows whose principal mean
velocity is nominally one dimensional. As long as the time delay
between the two laser pulses is short compared to flow accelera-
tion or eddy turnover time scales, this measured velocity is mean-
ingful and turbulence statistics may be obtained.’> Our focus in this
work was the development of a velocity imaging technique which
would permit two-dimensional velocity mapping in flows typical
of practical high-speed combustion testing, i.e., H,-air combustion
gases with no seeding or diluents and no restrictions on flow
dimensionality.

Elastic and inelastic scattering from molecules or particles illu-
minated by a sheet of laser light offer the potential for such velocity
imaging. Velocity imaging techniques based on elastic scattering
from particles® and molecules’ have recently been demonstrated. In
these techniques, the scattered light is Doppler shifted in frequency
from the incident light and is imaged through ultra-narrow-band
filters to provide velocity information. An alternative approach is
to use inelastic scattering, or laser-induced fluorescence (LIF), to
probe the Doppler shift of a molecular absorption feature. Rela-
tively broadband fluorescence collection may then be used since
the velocity information is encoded by the absorption process
rather than by the detection filter. Numerous variations of this tech-
nique have been demonstrated and are reviewed subsequently. The
goal of this study was to adapt Doppler-shifted fluorescence
velocimetry to the constraints of practical high-speed combustor
test facilities rather than to modify the gas or flow characteristics to
improve the performance of the measurement technique. Relevant
flows include undiluted H,-air combustion gases with typical pres-
sure variations from 0.5 to 5 atm and temperature variations from
1000 to 3000 K. Since these thermodynamic variations may not
always be characterized simultaneously and may occur within the
velocity measurement plane, we sought strategies to minimize their
impact on the accuracy of the velocity determination. This paper
reports the results of demonstration experiments in a representative
H,-air combustor using fluorescence from the nascent OH mole-
cules in the reacting flow.



ALLEN ET AL.: IMAGING IN SUPERSONIC REACTING FLOWS 1677

II. Overview of Doppler-Shifted
Fluorescence Velocimetry

The magnitude of the fluorescence signal S; recorded by an indi-
vidual detector element is given by

A Q
SF=J-I(m)g(m)dm-A+Q- (fBVEN,)-(nL—J-IP )
(]

The first term in Eq. (1), the spectral overlap integral, is the veloc-
ity-sensitive term in the fluorescence equation.

The essence of LIF velocimetry is based on the Doppler-shifted
absorption frequency of an ensemble of atoms or molecules. A
group of molecules possessing a net directed velocity, when inter-
sected by a laser beam traveling in a given direction, experiences
an optical field which is Doppler shifted relative to an ensemble of
stationary molecules. To first order, the magnitude of this Doppler
shift is given by

®, = mo(l—g) 2)

c

where @y is the zero-velocity absorption frequency, 4 the compo-
nent of the gas velocity vector aligned with the laser propagation
direction, and ¢ the velocity of light.

The most direct measure of the magnitude of the Doppler shift
is made by scanning a laser wavelength across an absorption line
shape and determining the shift of the target line shape with re-
spect to a stationary reference line shape. This approach was first
suggested by Measures® and realized by Zimmerman and Miles.?
A drawback to this approach, however, is the time required to
complete a stable scan of the line shape. Recently, a modified ring-
dye laser has been scanned across OH fluorescence line shapes in a
supersonic reacting flow with an effective time resolution of ap-
proximately 1 ms for a single-point measurement.'® Using a
pulsed-dye amplifier, this approach has been extended to an imag-
ing configuration,!! although with much longer measurement
times.

The scanned approach is, in principle, unnecessary. Since the
magnitude of the spectral overlap integral depends on the relative
frequency between the laser spectral intensity line shape and the
molecular absorption line shape, it is possible to infer the relative
velocity by a simple measure of the strength of the fluorescence
signal, provided that the line shapes of the laser and absorber are
accurately known. Of course, the fluorescence signal must also be
normalized to account for variations in absorber number density,
fluorescence efficiency, etc.

The form of the algorithm derived to determine the flow veloc-
ity from single-wavelength LIF measurements depends primarily
on the dimensionality of the velocity field and the relative magni-
tude of the laser spectral bandwidth (A®;) and the molecular ab-
sorption bandwidth (A®, ). Simple, closed-form expressions for the
velocity as a function of the fluorescence signal can be derived by
making assumptions regarding the relative width of the laser spec-
tral bandwidth and the molecular absorption line shape g(,,. Refer-
ences 12-14 have extensively examined the case where the laser
spectral bandwidth is much narrower than the molecular absorp-
tion line shape. For this approach, the velocity may be determined
using two fluorescence measurements from counter-propagating
laser sheets Sg+and Sg-, where the ratio of the two measurements
can be used to eliminate the signal dependence on the local OH
number density. For narrow laser bandwidths, we obtain
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In this case, the velocity algorithm is sensitive to the inverse of the
slope of the molecular absorption line shape normalized by the
magnitude of the line shape. This basic approach was extensively
applied in the early LIF velocimetry literature using a frequency
modulated Ar* laser and seeded iodine fluorescence. The velocity
determined using this technique is sensitive to the local tempera-

ture and pressure, depending on the exact frequency of the laser
relative to the molecular line shape center frequency.

The opposite limiting case is found when the laser spectral
bandwidth is much larger than the molecular absorption line shape.
Following an analogous approach to that used earlier, where the
laser band shape is substituted for the absorption band shape, we
derive
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Equation (4) is similar to Eq. (3) except that the normalized line
shape in the algorithm is now the laser line shape rather than the
molecular absorption line shape. This is convenient since the algo-
rithm is now independent of flow temperature and pressure fluctu-
ations and is only a function of the laser spectral properties. This -
approach was used by Paul et al.!> to measure the velocity distribu-
tion in a cold, supersonic jet seeded with NO. In this case, the low
temperature and pressure of the flow collapsed the absorption line
shape and a broadband pulsed dye laser was used to excite the flu-
orescence. This approach has also been recently pursued in high-
temperature, Jow-pressure jets of NO and Ar (Ref. 16).

In the case of comparable laser and absorption bandwidths, ana-
lytical inversion of the fluorescence ratio in terms of velocity is
only possible assuming a pure Gaussian (or Doppler broadened)
absorption band shape. We instead define an implicit velocity
algorithm
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where Spt = Sp+ + Sp- For a planar laser-induced fluorescence
(PLIF) experiment, this form may be preferred since one camera
measures only Sg+ whereas the second camera can be configured
to integrate both Sp+ and Sg- (Ref. 15). This difference ratio is
defined in the present application by analogy to the closed-form
inversions derived for the narrow laser/absorption bandwidth cases
discussed earlier and is applicable for any laser and absorption
band shape. It is important to note that the difference ratio does not
eliminate collisional-shift effects in the manner recently demon-
strated for fully resolved, scanned line shape velocity imaging.!!
Indeed, counter-propagating beams cannot eliminate symmetric
shift effects for single-wavelength velocity determinations.

Equation (5) is the form of the velocity algorithm used to reduce
the fluorescence images to velocity distributions in this study. As
discussed in detail in earlier publications,!” both thermodynamic
variations in the molecular absorption line shape and pulse-to-
pulse variations in the laser spectral bandwidth can effect the
velocity sensitivity of the algorithm defined by Eq. (5). To opti-
mize the experimental configuration for OH velocimetry, detailed
measurements of the OH (1, 0) band collisional broadening param-
eters were obtained for H,-air gases as a function of stoichiometry
and lower rotational level.!® These measurements permitted the
absorption line shape variations to be accurately predicted for typi-
cal temperature, pressure, and stoichiometry variations expected in
a scramjet test environment.

III. Pulsed Dye Laser Band Shape Modifications

Spectrally resolved measurements of the single-pulse and multi-
pulse average band shape of a Lambda-Physik FL3002 dye laser
were reported previously.!” These measurements, together with the
OH line shape determinations, demonstrated that modification of
the laser bandwidth is required to reduce the uncertainty in the
velocity determination due to uncharacterized in-plane variations
in the background temperature and pressure fields.

The bandwidth of the oscillator is related to the resolving power
of the grating, neglecting the complexity of gain narrowing due to
saturation and mode competition. This resolving power is propor-
tional to the number of grooves illuminated by the oscillator beam.
By inserting an intracavity aperture to reduce the image of the
oscillator beam on the grating, we increased the bandwidth of the
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radiation retroreflected back through the cavity. Since this band-
width is an upper limit for the envelope under which the laser
modes may oscillate, this technique increased the laser bandwidth.

The laser bandwidth was evaluated using an interferometer and
the single-pulse monitoring setup described earlier.!” We observed
increasing laser bandwidth broadening as the aperture was
reduced. Figure 1 is a comparison of the average visible laser
bandshape in the standard configuration (solid line) to the average
bandshape with half of the beam blocked (dashed line). The stan-
dard configuration average bandwidth is 0.15 cm™! whereas the
modified configuration is 0.24 cm™, a factor of 1.6 increase. This
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Fig. 1 Comparison of standard and modified average visible band-

shape of FL-3002 dye laser. The laser wavelength was 565 nm and
pulise energy was 25 mJ.
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Fig. 2 Comparison of OH absorption line shapes at selected condi-
tions in the jet flowfield with the uv laser bandshape.
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Fig. 3 Comparison of the velocity algorithm defined in Eq. (5) for
typical thermodynamic flow.

Table 1 Reduced H,-air chemistry model

Reaction Rate Variables

No. Reaction A,cm’/mole/s n  E, cal/gmole
1 H,+0,=0H+OH 55X 108 0 57,800
2 H+0,=0H+O 1.2x 1017 -091 16,500
3 OH+H,=H,O0+H 1x108 1.6 3,030
4 O+H,=OH+H 1.5 X 107 2.0 7,550
5 OH+OH=H,0+0 3.4 % 1013 0 5,020
6 HO+H+OH=H,0+H0 14x10® =20 0
7 Np+H+OH=H,0+N, 22x 102 20 0
8 H,+H,0=H+H+H,0 3.3 X 101 0 96,000
9 NO,+M=NO+0+M 2xX10% 0 65,600

10 NO,+H=NO+OH 347 X 10 0 1,470

Table 2 Sonic jet inflow conditions

U, m/s 971.2

p, amm 4.0

T, K 2240
Species mass fractions:

fi[H,] 1.669 X 10
£10,] 3.175 X 102
f[H,01 . 0.3142
f4[OH] 3.456 X 1073
f5[H] 6.582 X 1076
16101 1.778 X 107
f7INO} 5.138 X 1073
fINO,] 5.895 X 1076
fo[N,] 0.6451

increase was accomplished with no loss of pulse energy. With the
intracavity beam aperture, the single-pulse uv bandshape was mea-
sured to be between 0.35 and 0.55 cm™! depending on the laser
alignment.

Figure 2 summarizes the variation in the OH line shape over the
range of typical thermodynamic conditions in this study. Also
shown for reference is a uv laser band shape which is detuned
+0.26 cm™! from the zero-velocity line center and with a full-width
at half-minimum of 0.44 cm™!. The absorption line shapes were
calculated using our measured broadening parameters and assum-
ing equilibrium major species concentrations at the local tempera-
ture.!” This magnitude of detuning is nearly optimal in minimizing
the sensitivity of the velocimeter to the uncharacterized thermody-
namic variations.

This is illustrated in Fig. 3, where we plot the velocity algo-
rithm s, for the three conditions shown in Fig. 2. Except for the
highest pressure condition, the curves lie close to one another,
indicating a relative immunity to thermodynamic variations. The
high-pressure curve corresponds only to conditions near the nozzle
exit. Note that the curves do not collapse to zero at zero velocity.
For this calculation we assumed that the forward propagating sheet
had twice the energy of the rearward sheet. The effect of the
unequal laser sheet intensities is to reduce the signal dynamic
range of the measurement.

Modal fluctuations of the dye laser bandwidth were also exam-
ined in detail. As shown in Ref. 17, the effect of these variations
for the frequency-doubled Lambda-Physik dye laser are generally
smaller than the thermodynamic variations shown in Fig. 3 and can
be neglected. This is consistent with similar results obtained by
McMillin et a1.%% In lower pressure flows, where the velocity algo-
rithm is more sensitive to the laser band shape, these modal fluctu-
ations may constitute a significant source of error.

Figure 4 shows the effect of variations in the relative laser sheet
intensity on the functional form of the velocity algorithm. In this
case, the calculation was for P = 1 atm, T = 1673 K, and a static
detuning of +0.18 cm™. The three curves shown span a range of
Ipflz from 0.25 to 0.5. Variations in the relative sheet intensity
across the two sheets were a much larger source of potential error
than the uncharacterized variations in background gas temperature
and pressure.
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Fig.5 Calculated axial velocity contours.

IV. Demonstration Flowfield

A. Supersonic Burner Overview
Development and optimization of the velocity imaging tech-
nique required a stable, continuous source of high-velocity gases at
temperatures and pressures relevant to scramjet operation. An
underexpanded supersonic jet flow with high-temperature, high-
pressure stagnation conditions provided such a flowfield. We cre-
ated these stagnation conditions using a high-pressure Hy-O,-N,
burner with a simple axisymmetric jet exhaust. The jet flow is rea-
sonably well understood, both experimentally and analytically,
and contains a wide range of velocity, pressure, and temperature
variations in a small region downstream of the jet exit. These vari-
" ations provide a stringent test of the technique’s ability to deter-
mine gas velocity in the presence of large, uncharacterized in-
plane property variations.

The body of the burner consisted of a 2-in. i.d. carbon steel pipe
6 in. in length surrounded by a press-fit copper jacket. Four sonic
hydrogen injectors were located in the base, along with a spark
ignitor and condensation drain. Four sonic, radial oxidizer jets
were placed symmetrically around the burner one radius above the
base. The oxygen/nitrogen ratio of the oxidizer was separately
adjustable. Immediately above the oxidizer jets was a tap for a
high-frequency pressure transducer. A static pressure tap was pro-
vided above the mounting yoke. A 70-deg interior taper nozzle,
manufactured from Inconel 600, tapering to a 5-mm exit diameter,
was clamped onto the end of the burner.

The burner body and nozzle were cooled using Dow-ThermA
in a closed-loop heat exchanger. To reduce the heat transfer to the
burner walls and to maintain the high gas enthalpy, a 2-in.-diam
alumina tube wrapped with zirconia felt was fit into the burner.
Stable combustion was achieved at the design pressure of 100 psi
for extended periods (typically ~30 min). No significant instabili-
ties were recorded either by the pressure transducer or by PLIF
imaging of the OH distribution in the jet exhaust.

B. Jet Flow Simulations Using SPARK

"To assess the accuracy of the veloc1ty images, computatmnal

studies of the jet flows were performed using the SPARK code.?!
This code solves the compressible; Reynolds-averaged, Navier-
Stokes equatlons mcludmg finite-rate chemistry for the 1mportant
gas species found in these high-temperature jets. -
" Since the underexpanded jet flow consisted of recombmmg
combustlon product gases, we developed a reduced reacnon mech-
anism for Hy-air chemistry based on cons1derat10n of more exten-
sive mechanisms in the literature?>23 and the flow residence times
involved. Considerable simplification occurs by neglecting the
ignition part. of the problem The reaction rate Vvariables for: this
reduced set are glven in Table 1. The exhaust gas at the nozzle exit
was assumed to be in chemical equilibrium at the nozzle exit tem-
perature. The initial jet conditions are summarized in Table 2. In
the calculations, a small coflow of 3.5 m/s was imposed to sweep
artificial pressure waves out of the computational domain.

Figure 5 shows the calculated axial velocity contour for the jet.
Calculated pressure and temperature variations were used to assess
the potential thermodynamic variations over which the velocity
measurement would be made. Complete flowfield results are avail-
able in a separate report.?* To verify the SPARK results and to
confirm the operating conditions of the burner, we conducted
series of scanned line shape velocity measurements along the
burner centerline. Fluorescence line shapes were recorded simulta-
neously in the jet flowfield and in a low-velocity methane-air
flame. The Doppler shift was determined from the two line shapes,
after correction for pressure shifts.

The series of measurements are summarized in Fig. 6, where the
mean velocity determinations are plotted against both the SPARK
calculations and experimental correlations available in the litera-
ture (cf., Ref. 25 and the references therein). Except for the first
data point at the jet throat, the measured velocity profile agrees
well with the SPARK predictions. The low measured throat veloc-
ity was a persistent feature in several, repeated experiments and
may be due to nonidealities in the throat flowfield due to bound-
ary-layer effects.

V. Imaging Instrument Characterization Experiments

The experimental setup for the velocity imaging experiments is
shown in Fig. 7. The uv and residual visible output from the laser
were directed along separate paths. The uv beam was directed
toward the burner, where an anti-reflection-coated beam splitter
was used to create two beam paths. The primary, forward propa-
gating beam was then formed into a thin sheet approximately 2 cm
in height and 250-um thick. This sheet was directed along the top
of the burner. The second beam passed near the burner and trav-
eled about 25 ft across the laboratory to a coated mirror, where it
was retroreflected back through a series of sheet forming optics.
This backward propagating beam was then focused to the same
plane in the jet flowfield as the forward propagating sheet. We typ-
ically delivered about 1.5 mJ in the forward sheet and about 0.75
mlJ in the backward sheet.
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Fig. 6 Comparison of measured and calculated mean velocity pro-
files.



1680 ALLEN ET AL.: IMAGING IN SUPERSONIC REACTING FLOWS

Two Phillips charge-coupled device cameras were used to
image the fluorescence. One camera was fitted with a slow-gating
intensifier (Tg i, ~ 1 Us) and the second with a fast-gating intensi-
fier (T, min ~ 20 ns). The fast-gating tube used an additional layer
of metalization on the photocathode which reduced the overall
sensitivity of this camera by about an order of magnitude com-
pared to the slow-gating camera. Prior to the experiment, both
cameras are adjusted for minimum gain and offset variations
across the array, thereby permitting a simple background subtrac-
tion to within the signal shot-noise limitations of the current data
set. The two cameras were carefully aligned with an Air Force reg-
istration target prior to the experiments. To maximize the fluores-
cence collection efficiency, only 2-mm Schott Glass UG-5 block-
ing filters were used. These transmit over 90% of the fluorescence,
but do little to reject scattered laser light or burner incandescence
integrated by the slow-gating camera. For these reasons, we were
unable to image the velocity closer than about 2 mm from the noz-
zle exit.

Example raw PLIF images obtained by excitation of the isolated
P,(4) transition of the (1, 0) band at 283.463 nm are shown in Fig.
8. The right image is from the slow-gating camera which inte-
grated both the forward and backward propagating laser sheets.
The left image is from the fast-gating camera and is from the for-
ward propagating sheet only. The bumer is tilted at 56 deg from
the vertical. The field of view in both images is 2.56 cm (H) by
1.92 cm (V) and the jet flow is from lower right to upper left. The
signal level in each image has been rescaled for this figure so the
gray scales do not represent the actual relative signal strengths
between the two images. The slow-gating image at the left is the
average of 24 laser pulses, and the fast-gating image at the right is
the average of 12 laser shots.

The velocity sensitivity of the fluorescence signal is immedi-
ately apparent from the difference in the flow structure revealed by
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Fig. 7 Experimental configuration for velocity imaging demonstra-
tions.

Fig. 8 Comparison of raw PLIF images from slow gating camera
(right) and fast gating camera (left).

850 m/s

Fig. 9 Comparison of calculated (upper) and measured (lower) radial
velocity distributions. Gray scale look-up-table units in m/s.

each image. For these images, the laser was detuned from the static
absorption line center by +0.26 cm™’, as determined by the shift in
the interferogram recorded from the Fabry-Perot. This is near the
half-power value of the unshifted convolution line shape. The
slow-gating camera, integrating both forward and backward propa-
gating sheets, averages both up- and down-shifted fluorescence
signals, resulting in a fluorescence signal which is independent of
velocity but which retains some pressure and temperature sensitiv-
ity from the absorption liné shape near the half-width of the convo-
lution profile. Most of the signal variations in the jet are due to
variations in the laser sheet energy profile. The Mach disk is barely
visible near the bottom of the image. The fast-gating camera, in
contrast, views only the forward propagating sheet. Since we have
already detuned the laser to higher frequencies, regions of high
velocity in the flow are further shifted out on the convolution line
shape, resulting in Jower fluorescence signals. Thus, the left image
in Fig. 8 has the highest fluorescence signals in the low velocity
regions immediately downstream of the Mach disk.

Based on the SPARK prediction of ~0.5% OH (mole-fraction)
at typical post-Mach disk conditions of ~1 atm and 2400 K, the
available laser energy generated a signal level of approximately
1500 photons/pixel. For the 10% quantum efficiency of the slow-
gating camera, this corresponds to a signal-to-noise ratio (SNR) of
about 12. For the fast-gating camera, the lower quantum efficiency
and the fact that only one sheet was used resulted in a single-pulse
SNR of only about 4. By image averaging, we were able to
improve this to about 10.

Since we anticipated potential errors due to variations in the rel-
ative laser sheet intensity distribution between the forward and
backward propagating sheets, initial measurements were made
using a single laser sheet and camera. The burner was directed ver-
tically, so that only the radial velocity components of the jet could
Doppler shift the absorption line shapes. This image was then mir-
rored about the axis of symmetry of the flowfield to synthesize the
backward propagating sheet image. The images were then pro-
cessed according to Eq. (5) using a single jet condition of 1 atm
and 1700 K and scaled so that the zero velocity contour at the jet
centerline was at the center of the dynamic range of the image.
Since a single laser sheet was used to generate the two images,
there is no variation in the relative laser sheet intensity, and we
have introduced no velocity uncertainty due to this effect. Figure 9
is a comparison of the calculated radial velocity distribution to the
measured velocity distribution. The measured velocity frame has
been scaled to match the velocity range in the calculated frame.
Since the algorithm of Eq. (5) is essentially a linear function of
velocity over this range, the scaling is simply placing the relative
velocity map on an absolute basis against the code predictions. The
agreement between the calculated and measured velocity distribu-
tions is excellent through all regions of the near jet flowfield,
including reversed flow regions.

From the nozzle exit at the bottom of the image, through the
Mach disk, and extending to the end of the second shock cell, all of
the major flow patterns are correctly visualized, despite the order
of magnitude variation pressure and the factor of 2 variation in
temperature. This agreements encompasses both the largely lami-
nar flow in the jet core as well as the turbulent shear layers sur-
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Fig. 10 Comparisons between measured (upper) and calculated
(lower) angular velocity distribution. Gray scale look-up-table in units
of m/s.

rounding the barrel shock and downstream of the triple point. Note
that regions of the flow with velocity variations less than 100 m/s
are clearly resolved. It is important to emphasize that the velocity
data in Fig. 9 has not been corrected for any variations in pressure-
or temperature-dependent broadening or shifting of the OH
absorption line shapes. Because of the tailoring of the laser band-
width and the selected value of the static detuning, the sensitivity
of the velocity algorithm to the large variations in the flowfield has
been reduced to near the residual shot-noise limit of the fluores-
cence data and can be ignored.

For flows without axes of symmetry or for single-pulse images,
the two-camera/two-laser sheet approach is required. This type of
measurement places much more stringent demands on the mainte-
nance of constant, known relative laser sheet intensities. Fluores-
cence images were processed according to Eq. (5) and then scaled
to the nonlinear velocity range using a model of the velocity
dependence of the Doppler-shifted OH absorption line shape (at
representative pressure and temperature) and the measured laser
band shape. As with the radial velocity images, the absolute veloc-
ity range was obtained by scaling the maximum value of the veloc-
ity algorithm to the maximum velocity predicted by the SPARK
simulations.

Figure 10 is a comparison of the velocity image obtained from
the two-camera determination with the 56-deg velocity component
calculated by the SPARK code. Despite the problems described
with the relative laser sheet variations, the agreement between the
measured and calculated velocity distributions is reasonable. Note
that the white region below the Mach disk at the bottom center of
the measured velocity image is due to lack of OH fluorescence sig-
nal there and does not represent an erroneous determination of low
velocity. The region of high velocity near the triple point is also
observed in the data, and relative velocity variations are in general
correctly captured. Deviations between the measured and calcu-
lated velocity distributions near the top and bottom of the flowfield
are attributable to the variations in the relative laser sheet intensity.

Since the two cameras used for this experiment used different
gate-on times, another source of potential systematic error is intro-
duced. This arises from the finite signal collected during the fluo-
rescence decay after the laser pulse terminates. At the lowest pres-
sure, lowest temperature portions of the jet flow, the characteristic
fluorescence decay time is on the order of 5 ns, which, together
with the nominal 15-ns laser pulse duration, suggests that the 20-ns
gate on the fast-gating camera may not integrate the entire fluores-
cence pulse: The 1-us gate used for the slow-gating camera, how-
ever, will integrate the entire pulse. For this flowfield, this effect is
largely limited to regions of the flow below atmospheric pressure
(i.e., the region immediately upstream of the Mach disk) and is

estimated to introduce less than 10% uncertainty in the fluores-
cence ratio. For flows at lower pressures, it may be a more severe
effect and suggests that cameras with identical and accurately
timed intensifier gates should be employed.

VI. Discussion and Summary

Since the dominant source of error in the two-camera experi-
ments arose from an experimental artifact (i.e., the uncorrected rel-
ative sheet energy distributions), it is not straightforward to deter-
mine a single figure of merit for the accuracy of the technique as
demonstrated in these experiments. The single-camera demonstra-
tions are free from the relative laser sheet intensity artifacts and are
perhaps a better measure of the ultimate accuracy of the technique.
In these images, the relative velocity uncertainty is on the order of
+ 50 m/s out of a total dynamic range of 1600 (-830 m/s < u < 830
m/s), or about 3%. Here, the uncertainty is based on the smallest
velocity variations recorded in the image. This uncertainty appears
to be limited by the shot-noise statistics in the image rather than
any systematic error due to the changing thermodynamic condi-
tions in the flowfield. Of course, this low uncertainty has been
achieved by averaging together 24 images. The single-shot uncer-
tainty would be about 15% for these experimental conditions. Note
that the axisymmetry of the jet is invoked only in the application of
a single camera/laser sheet in the experimental setup. The flow
symmetry in no way reduces the potential sensitivity of the mea-
surement to in-plane temperature or pressure variations.

The angular velocity determinations have much larger shot-
noise contributions. The velocity image from Fig. 10 was calcu-
lated using the average of 24 slow-gating camera images and 12
fast-gating camera images. The random velocity variation due to
the shot noise is about £200 m/s, or 12% of the total dynamic
range. Systematic errors due to the variations in the relative laser
sheet intensity increase this uncertainty near the edges of the laser
sheets. Since the pulse energy for each PLIF image is less than half
of that used in the radial velocity determination, the single-shot
uncertainty is concomitantly higher. At these lJow energy levels the
single-shot uncertainty of the fast-gating camera image approaches
40%. Attempts to calculate velocity images from selected single-
pulse data were plagued by these large, random uncertainties
which essentially masked most significant flow features.

In many applications, the frame averaging employed in these
results may not prove burdensome, particularly since most compu-
tational fluid dynamics models of such flowfields are used to pre-
dict mean velocity distributions, as we have measured. As a result
of the inherently low signal-to-noise ratio associated with PLIF
imaging measurements in general, it is likely that image averaging
will be used in most applications of Doppler-shifted velocity imag-
ing where such averaging is possible. In future applications, it may
be interesting to examine the effect of image averaging, particu-
larly since the fluorescence signal is conditionally weighted on the
presence of OH. In turbulent mixing layers, where the concentra-
tion of OH (or any other tracer species used to generate the fluo-
rescence signal) is highly intermittent, the mean velocity deter-
mined by such averaging may be biased, as is the case in some
laser Doppler velocimetry applications. Also, the effect of spatial
averaging across the measurement volume (typically 50 X 20 X
500 pum in the present experiments) may bias the averaging in
flows with significant variations at small scales. These caveats not-
withstanding, the present results suggest that Doppler-shifted OH
velocimetry can provide usefully accurate mean velocity data in
flows where in-stream data was previously unavailable.

Improved accuracy in velocity mapping at these pressures, tem-
peratures, and OH concentration levels requires more laser energy
than was available from our pulsed dye laser. Pumping the dye
laser with XeCl instead of XeF would approximately double the
output pulse energy. Other pulsed dye laser systems, however, can
produce 30-40 mJ at these wavelengths. These energy levels
would permit true single-shot velocity imaging with acceptable
uncertainties. Our examination of the Spectra-Physics PDL series
dye lasers determined that their pulse-to-pulse spectral stability
was not adequate for velocimetry applications. If single-shot ve-
locity imaging is a stringent requirement, other dye lasers should
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be explored to verify that their spectral stability is sufficient for ve-
locimetry applications. Additional improvements could be ob-
tained with higher quantum efficiency in the fast-gating camera.
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