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OH Planar Laser-Induced Fluorescence Velocity
Measurements in a Supersonic Combustor
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Quantitative velocity measurements have been made in a hydrogen/air reacting ¯ ow in a supersonic combustor

model. These measurements were made with an unswept ramp fuel injector in a clean-air, electrically heated
supersonic combustion tunnel. A nonintrusive optical velocity measurement technique based on OH planar laser-

induced ¯ uorescence (OH PLIF) has been used for this study. A narrow line-width, tunable, pulse-ampli® ed,
doubled-dye uv beam was used to resolve an OH spectral line by monitoring the laser-induced ¯ uorescence at

every point in the measurement plane. The Doppler-shifted line center was measured with a counterpropagating
scheme to eliminatecollisional impact shifts. Velocity ® elds were measured in ® ve planesparallel to the injector wall.

The maximum streamwise component is 700± 800 m/s and the transverse spreading component is much smaller
compared to the streamwise component. These measurements have an uncertainty of §6± 8% in ¯ ow regions with

the maximum velocity. The spatial resolution and accuracy of these measurements provide a unique benchmark
data set (which also includes OH PLIF absolute concentration and temperature) for computational¯ uid dynamics

validation of reacting supersonic combustion ¯ ows.

Introduction

T HE need for easier and more economic access to space, as
well as the desire for higher-speed civil aircraft, motivated a

resurgenceof interestin hypersonic¯ ight in the1980s.The proposed
concept in the United States for a single-stage-to-orbithypersonic
¯ ight vehicle, the NationalAerospacePlane (NASP), utilizesan air-
breathing propulsion system with the engine completely integrated
into the airframe. These engines burn air and fuel at supersonic
speeds to eliminate the losses associatedwith subsonic combustion
at hypersonic ¯ ight Mach numbers.

Because the combustor inlet speeds are on the order of 1 km/s
and combustor lengths on the order of 1 m, the residence time in
the supersonic combustor is very short, on the order of 1 ms. As a
result, rapid mixing of fuel and air and fast chemical kinetics are
required to achieve ef® cient combustion.Fuel can be injected either
perpendicular or parallel to the main air¯ ow. In this investigation,
the injected jet is oriented at a 10-deg angle relative to the main air
¯ ow® eld and the injection is primarily parallel to the main air¯ ow;
the slight transverse component helps in jet penetration into the
main air¯ ow. This is referred to as a parallel injection scheme1 for
the current investigation.Parallel injection offers lower losses and,
in fact, augments thrust by adding the fuel momentum to that of the
main airstream.

Parallel injection, however, suffers from lower mixing ef® -
ciencyÐa problemthat becomes more severe with increasingMach
number. To enhance air±fuel mixing, hydrogen is injected from the
base of an unswept ramp injector.1 The ramp geometry is such that
the ramp sides are parallel to the main air¯ ow. The basic purpose
of the ramp is to provide a source of vorticity, which interacts with
the injectedhydrogen jet to enhancefuel±air mixing.2 An additional
functionof the ramp geometry is to provide a subsonic recirculation
region, which serves as the ¯ ame-holding region. A schematic rep-
resentation of the major ¯ ow features of an unswept ramp injector
used in the study reported here is presented in Fig. 1. As shown in
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this ® gure, the ¯ ow® eld is very complex,involvingsubsonicrecircu-
lation regions, three-dimensionalshocks,and shock/boundary-layer
interactions.

Experimental generationof the high-enthalpyconditions that oc-
cur in the NASP supersonic combustion ramjet (scramjet) during
¯ ight is a challenging task.3 Considering the limitations of ground-
based facilities, numerical simulations offer the only alternative for
thorough parametric examination of these complex internal ¯ ows.
However, keeping the complexity of these ¯ ows in mind, the nu-
merical simulations need to be compared with experimental results
at representative experimental conditions. After suf® cient valida-
tion, the computational ¯ uid dynamics (CFD) simulations become
an important design tool.

An electricallyheated supersonic combustion tunnel4 and the as-
sociated laser diagnostics facilities at the University of Virginia’s
Aerospace Research Laboratory provide the capability to generate
experimental data for CFD validation of reacting combustor ¯ ow-
® elds. The objective of the current study is to apply OH planar
laser-induced ¯ uorescence (PLIF) velocimetry to provide detailed,
spatially-resolved, and time-averaged velocity measurements with
suf® cient accuracy for CFD validation in the reacting combustor
¯ ow® eld.

OH PLIF Velocimetry
A variety of techniques are available for velocity ® eld measure-

ments. Some of these techniques are based on the introduction of
particles into a ¯ ow, such as particle image velocimetry5 and digital
image velocimetry.6 These techniqueshave been applied with great
successto low-speedincompressible¯ ows. Attempts havealso been
made to extend these techniquesto high-speed¯ ows; however, in the
very high speed ¯ ows, the particle-based methods have a problem
with particle tracking in large gradientregionsof the ¯ ow. However,
CFD simulations provide suf® cient information to evaluate the par-
ticle trajectories7 and compare the simulations with the measured
velocity ® elds.

In the current study, velocity is measured by recording Doppler-
shifted OH LIF. For reacting ¯ ows, OH radicals are a naturally
occurring combustion intermediate species, with spectral absorp-
tion lines that are accessible with currently available uv lasers. OH
LIF velocimetry can be applied for accurate velocity measurement
in high-speed reacting ¯ ows because this technique does not suf-
fer from particle-tracking problems. Also, no extraneous material
is introduced into the ¯ ow, so there is no concern about altering the
chemical kinetics of the reacting ¯ ow. This technique has been suc-
cessfully demonstrated and validated in a reacting underexpanded
jet ¯ ow® eld.8 , 9
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Fig. 1 Schematic illustration of nonreacting ¯ ow features for parallel injection using an unswept ramp injector.

Fig. 2 Excitation and emission model for OH LIF.

OH LIF

In the current study, an OH transition between the X2 P ground
state and A2 R + excited electronic state is used for LIF measure-
ments. A schematic representation of the excitation and emission
model is presented in Fig. 2. The incident radiation induces a tran-
sition (b13) from the v 0 0 = 0 ground electronic state (level 1) to a
rotational level in the v 0 = 1 excited electronic state (level 3). The
excited molecules decay back to the ground state through sponta-
neous emission (A31), stimulated emission (b31), collisionaltransfer
(V32), or collisional quenching (Q31). The LIF signal (A31 and A21)
is collectedboth duringand after the laser-pulseduration.A detailed
modeling of the LIF signal has been presented in Ref. 8.

The (1, 0) vibrational excitation band offers a number of advan-
tages. This band has a large absorptioncoef® cient, which facilitates
planar measurements by providing a suf® ciently high signal. This
band also facilitates LIF detection because of signi® cant spectral
separation from the strong radiation associated with the (1, 1) and
(0, 0) bands. The Q rotational branch in the (1, 0) vibrational tran-
sition has been used in the current study. Of the various rotational
transitions, Q(5) is chosen because it has a signi® cant Boltzmann
population fraction in the temperature range of interest and because
it is located in a suf® ciently isolated spectral region. To reduce ab-
sorption effects, the satellite Q21(5) transition is chosen for LIF
velocity measurements.

Velocimetry Technique
The basis of the velocitymeasurement technique is measurement

of the Doppler frequency shift by using counterpropagating laser
sheets to cancel the additional collisional impact shift; it is illus-
trated in Fig. 3. A laser sheet is passed through the ¯ ow at a suitable
angle h i andLIF imagesare recordedas a functionof laser frequency.
Subsequent to this series of images the sheet is passed through the

¯ ow 180 deg to the ® rst direction. Because the Doppler shifts for
the two counterpropagating directions differ only by the sign and
because the impact shifts are the same for these two counterprop-
agating directions, the following equations result for the measured
Doppler shifts along the i, i 0 direction:

D m di, i 0 =
D m i ¡ D m i 0

2

=
( D m di + D m I

) ¡ ( D m di 0 + D m I
)

2
(1)

D m di,i 0 =
D m di ¡ D m di 0

2
=

D m di,i 0 ¡ D m di 0 , i
2

(2)

In these equations, D m i is the total frequency shift along direc-
tion i , D m di

is the Doppler shift along direction i, and D m I is the
impact shift. The frequency difference between the measured line
centers is twice the Doppler shift. The primary advantage of this
counterpropagatingmeasurement scheme is that it eliminates other
sources of line-center shift, such as impact or collisional shift. A
secondary advantage of this measurement scheme is that it elimi-
nates systematic errors due to factors such as spectral broadening
and nonsymmetric line shapes. This measurementmust be repeated
with the beam oriented at a different angle to measure both velocity
components within the plane.

Using the basic relation between the measured Doppler shift and
the velocity component,

D m d = k ¢ u/ 2 p (3)

and solving for u x and u y in the ¯ ow® eld coordinates gives the
desired velocity components as a function of ui, i 0 , u j, j 0 , h i, i 0 , h j, j 0 .
For a symmetric ¯ ow, it is possible to eliminate one direction and
still be able to calculate the entire velocity ® eld.8 This method is
illustrated in Fig. 3. For a symmetric ¯ ow, the velocity vectors are
such that at corresponding points across the symmetry plane the
following relationshipshold:

u1x = u2x (4)

u1y = ¡ u2y (5)

Considertwo directions,i and j , orientedso that h j = h i +90 deg.
The projected velocities along directions follow the relationship

u1 j = ¡ u2i (6)

¡ u1i = u2 j (7)

After measuringu1i and u2i , Eqs. (6) and (7) allow u1 j and u2 j to be
calculated.At this stage, the informationforprojectedvelocityalong
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two directions has been determined. The velocities in the ¯ ow® eld
(x , y) coordinate system can now be evaluated from the following
relations:

u1x = ¡ u1i cos h i ¡ u1 j cos h j (8)

u1y = ¡ u1i sin h i + u1 j sin h j (9)

Experimental Setup
Combustion Tunnel

These experiments were conducted in a supersonic combustion
wind tunnel. This facility is designed for continuous, steady-state
operation limited to severalhours only by fuel supply.The ability to
sustain combustion for long periods is an absolute necessity for the
OH PLIF velocity measurement currently reported because it is a
time-intensiveprocess, requiring the collectionof a large numberof
images to resolve the entire OH spectral line from each of the ¯ ow
directions shown in Fig. 3. The supersonic combustion tunnel cur-
rentlyprovidesa ¯ ow with a test-sectionstatic pressurefrom37 kPa
( 3

8
atm) to 50 kPa ( 1

2
atm) with a stagnation temperature up to 1200

K. Details of the combustiontunneldesign and performancecharac-
teristics have been reported previously. 4, 10 , 11 The ¯ ow conditions
for the current study are given in Table 1.

As a routine part of the combustion tunnel experiments, wall
pressures and temperatures were recorded, along with many other
operational conditions. Another PLIF approach using a KrF laser,
provided planar OH temperature and density measurements for this
¯ ow® eld.12 , 13

Table 1 Supersonic combustion tunnel
operational parameters

Parameter Tunnel (air) Injector (H2)

P0, kPa 305 750
T0, K 1200 460
Mach number 2.06 (freestream) 1.7 (exit)
P1 , kPa 37 149
T1 , K 695 290
U , m/s 1060 2218
Mass ¯ ow rate 0.19kg/s 1.41g/s

Fig. 3 Velocity measurement scheme for a ¯ ow with symmetry.

Dimensions of the test section, unswept ramp geometry, and a
reference axis system are presented in Fig. 4. The tunnel test sec-
tion startswith a replaceableinjector block.For the current work, an
unswept ramp injector block has been used. The top surface of the
ramp is inclined at a 10-deg angle to the base wall and the injector
face is perpendicularto the top surface.The ramp height (H ) is 6.35
mm (0.25 in.) and the ramp width is twice the height. A 2.54-mm
(0.1 in.) diameter (D) circular injector is locatedon the injector face.
Both thesedimensionsareusedas a referencescalewith H = 2.5 D.

Initially, the test section is a uniform duct with a rectangular
cross section 6H wide and 4H high. The uniform part of the test
section extends to a location 10H downstream of the injector base.
At X/ H = 10 the tunnel base wall has a 2.9-deg divergence. The
tunneltestsectionhasglasswindowson three sides that allowoptical
access to the ¯ ow. These windows are mounted on the front wall (on
the side opposite the unswept ramp base) and the two side walls (on
either side of the unswept ramp). In the present study, a laser sheet
is transmitted through each side window and the LIF is recorded
by a charge-coupled device (CCD) camera viewing in through the
front window.

Laser System
To conduct accurate OH PLIF measurements using the Doppler

shift, a narrow linewidth, tunable, pulse-ampli® ed uv laser source
is required. A complex system using a number of lasers is required
to generate the desired beam characteristics. This system was de-
veloped, tested, and calibrated for a reactingunderexpandedjet and
has been previously described by Klavuhn et al.9; however, a brief
description is presented below. The system consists of an argon ion
laser, producing 4-W single-line output at 514.4 nm, to pump a
ring dye laser. The ring dye generates a narrow-linewidth, tunable
beam with 450 mW at 566 nm and with a linewidth of » 20 MHz.
A fraction of the beam is split off and passed through a frequency
stabilizer.The frequency stabilizer is critical for single-modelasing
of the ring dye in a noisy environmentwith long operating times at
a desired frequency. A small fraction of this beam is also split off
to monitor absolute and relative laser frequency information with a
wave meter, spectrum analyzer, and an I2 static cell. The remain-
ing portion of the beam is transmitted into a pulsed dye ampli® er
(PDA), pumpedby a Nd:YAG laser.The outputof the PDA is an am-
pli® ed, 10-nsduration,pulsedbeamat 566 nm, with 40 mJ perpulse.
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Fig. 4 Major dimensions of the tunnel test section and the unswept ramp injector.

This beam is passed through a wavelength doubler to produce a uv
laser beam at 283 nm with 1.5±2.2 mJ per pulse. The laser beam is
passed into the combustion tunnel room and through sheet-forming
optics. The beam is spread in one dimension by passing it through
a f = 50 mm cylindrical lens and then collimated by transmitting
it through a f = 300 mm spherical lens. This lens combination
producesa sheet approximately300 l m thick and 25 mm wide. For
the counterpropagatingmeasurement technique a laser sheet has to
be transmitted through the ¯ ow from either side of the tunnel. The
sheet-forming optics is mounted on optical rails on both sides of
the tunnel test section. A mirror mounted on a precise positioning
(Klinger) stage can be moved in and out of the incident laser beam
to select either of the optical rails. These two optical rails are con-
nected to a common frame and this optical assembly is mounted on
another Klinger translational stage. This translational stage allows
the laser sheet to be positioned at a desired Z/ H location with a
nominal accuracy of 1 l m. The CCD camera is mounted on a sep-
arate translation stage and when required it is moved by the same
distance as that traversed by the laser sheet.

Procedure

The ring dye laser is controlled by a laboratory 486 PC that is
used to scan the laser through a 16-GHz frequency range. For each
scan, 800 data points with a separation of 20 MHz are recorded.
At each frequency location, information about absolute and rela-
tive frequency location are recorded. Absolute frequency location
is determined by recording a reference I2 static cell ¯ uorescence.
Relative frequency information is collected from a 2-GHz inter-
ferometer. Because an OH spectral linewidth is on the order of a
few gigahertz, it is possible to resolve the OH spectral line with a
frequency resolution lower than that required to resolve the refer-
ence I2 spectra and interferometer fringes. So an OH PLIF image
is recorded at an interval of 25 points, giving a set of 32 images for
every frequency scan.

The laser frequency scan is paused every 500 MHz to allow a
signal to be sent to a Princeton Instruments gated, intensi® ed CCD
camera to collect an OH PLIF image. The camera collects the ¯ u-
orescence signal for 4 s. Each image is stored on a laboratory 486
PC that is dedicated to camera control and image acquisition. Each

scan takes approximately 5 min, and it takes approximately 45 min
to collect three complete sets of redundant measurements for each
plane. These images are later transferred to an RS6000 worksta-
tion and the OH spectral line is extracted for each camera pixel.
The procedure for reconstructing the spectrum for any pixel is il-
lustrated in Fig. 5. The signal value at a given pixel is extracted
from each of the 32 images to reconstruct the entire line shape at the
correspondingpoint in the ¯ ow® eld. The line center location is de-
termined by ® tting a Lorentzian function to the data. Subsequently,
the Doppler shiftsare determinedand thevelocitiesare calculatedby
Eqs. (1±5).

Results and Discussion
Velocity measurements have been made for ® ve planes oriented

parallel to the base of the injector ramp located on the lower tunnel
wall (see Fig. 6). These planes were selected to illustrate the trans-
verse spreadingof the injectedhydrogen.It can be seen in Fig. 6 that
these planes are located at the injector center and at ¡ 1D, +0.5D,

+1D, +2D relative to the injector center, where D is the injector
exit diameter. This ® gure also shows the measurement region for
OH number density and temperature measurements13 obtained in a
separate investigation.As previouslymentioned, complete velocity
information can be extracted only in the overlap region between the
two independent orientations of the doubled-dye laser sheet. This
overlap region, shown as the diamond-shaped region (bold outline)
in Fig. 6, extends from 4 to 10 ramp heights (10±25D) downstream
of the ramp injector face and §2.5 ramp heights around the tunnel
center line.

A set of raw ¯ uorescence images in measurement planes located
at Z/ D = ¡ 1.0, 0.0, +1.0, and +2.0 is presented in Fig. 7. These
images are a typical sample picked at random from the three data
sets collected. Each image set shows similar spatial ¯ uorescence
distribution, and this is a measure of the repeatability of the ¯ uo-
rescence signal. It is evident that the strongest signal occurs in two
dominant lobes, which are also observed in a chemiluminescence
image (presented later). As expected, the signal variation in the
downstream direction within each lobe is primarily due to intensity
variations in the laser sheet. A plot of the normalizedsheet intensity
pro® le is also presented in Fig. 7. This pro® le was measured by
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Series of 32 PLIF images at different frequencies

Extract signal values for same pixel location and plot vs frequency

Fig. 5 Illustration of the procedure to reconstruct the spectrum at any point from a series of ¯ uorescence images.

a) Top view

b) Side view

Fig. 6 Location of measurement regions in supersonic combustion tunnel test section.

recording an image of the incident laser sheet on a plate of ground
glass.

The signal in the ¯ ow center is signi® cantly lower than that
observedin the two lobes.The plane Z/ D = ¡ 1.0 shows moreuni-
form signal distributioncompared to the plane Z / D = 0.0. This is
consistentwith the fact that the plane Z / D = ¡ 1.0 is locatedbelow
the injected jet and it is expected that recirculation regions would
uniformly mix the available OH. The planes, Z / D = +1.0 and

+2.0, show a decreasing amount of signal in the center of the ¯ ow.
This is consistentwith the expected fuel-plumestructure,where the

reactions occur in a shell at the outer limits of the plume. No mea-
surements were made beyond Z/ D = 2.0 because of a decreased
OH LIF signal in the ¯ ow center with increasing Z/ D.

A sample set of spectra obtained from both the counterpropagat-
ing directions on either side of the tunnel center line are presented
in Fig. 8. These spectra are extracted from the points X/ H = 8.31,
Y / H = 1.79 and X/ H = 5.81, Y/ H = ¡ 1.91. These points are
located on the laser-sheet path at approximately the same distance
aroundthe center line. These spectrashowno signi® cant differences
between the points that are located near the entrance and exit of the
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Fig. 7 Signal distribution variation across the measurement planes.

Fig. 8 Sample spectra obtained from each of the counterpropagating directions for two locations on either side of the tunnel center line.
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laser sheet into the ¯ ow. Because three redundantdata sets were col-
lected for each direction, a measure of the repeatability of the data
can be obtained by examining the absorption line center. The center
of the absorption line is determined by curve ® tting a Lorentzian
pro® le to the data and for the point shown in Fig. 8, X/ H = 8.31,
Y / H = 1.79, along direction i 0 , the center line frequency is de-
termined to be 1.43, 1.42, and 1.39 GHz. The curve-® t procedure
minimizes goodnessof ® t v 2 for the spectrum at each location.The
major factor contributing to the curve-® t uncertainty and eventu-
ally the velocity uncertainty, is the intermittency of the OH signal
in the turbulent reacting ¯ ow. However, for any pixel, the signal
¯ uctuations will affect the images at each frequency in a similar
manner. This effect can be reduced by collecting a LIF signal for a
statistically signi® cant number of laser shots, which is not practical
to implement. The velocity uncertainty due to this and other fac-
tors can then be estimated8 provided that the signal-to-noise ratio,
Lorentzian width (D m 1), and number of points are known.The mea-
sured velocity uncertainty is estimated after the above parameters
are determined during the curve-® t procedure.

For the resultspresentedhere, ¯ owsymmetryhasbeenassumedto
generatethevelocity ® elds.For ¯ ows with symmetry, it is possibleto
reduce the requireddatasets fromfour to two. This advantageallows
more measurements to be made to generate more complete ¯ ow
mapping. It has previously been shown in underexpanded reacting

Fig. 9a Chemiluminescence image of the measurement region for the
test-section ¯ ow.

Fig. 9b Signal intensity variation across the image at three different
axial locations X/H = 4, 7, and 10.

Fig. 10 Transverse velocity pro® le at Z/D = ¡ 1.0 for X/H = 6 to
compare the velocity ® eld calculated with and without the assumption
of symmetry.

jets that measurements made with this assumption compare very
well with measurements made without assuming symmetry.8

The symmetry of the current ¯ ow is evident from a num-
ber of independent measurements: chemiluminescence image (i.e.,
¯ ame emissions without laser excitation), measured OH num-
ber densities,13 and a comparison of velocity measurements with
and without the assumption of symmetry for the plane located at
Z / D = ¡ 1.0. A chemiluminescence image of the ¯ ow obtained
for the measurement region is presented in Fig. 9a. The highest
signal occurs in two regions located on either side of the tunnel test-
section center line. A graph of the signal intensity variation across
the image is presented in Fig. 9b. It can be seen in the transverse
variation that the peak signal value is located symmetrically about
the test-section center line.

For the plane Z / D = ¡ 1.0, the velocity ® eld was calculated
in three different ways: 1) assuming symmetry from direction i ,
2) assuming symmetry from direction j , and 3) without assum-
ing symmetry. Sample transverse variation pro® les for streamwise
velocity (U ) at X/ H = 6 are presented in Fig. 10. For the ¯ ow
regions with the lowest uncertainties, i.e., the high-velocityregions
at X/ H » 2±2.5, the peak velocities occur symmetrically about
the tunnel center line. The difference between the transverse pro-
® les increases as the velocities decrease toward the tunnel center.
However, at both locations the differencesare within the uncertainty
limits for the measurements. It appears that any errors introduced
by the assumption of symmetry are smaller than the measurement
uncertaintiesdue to other factors.

The measured velocity ® eld for the planes located at Z / D =
¡ 1.0, 0.0,+0.5,+1.0, and+2.0 are presentedin the formof stream-
wise velocity contours and vector ® elds in Fig. 11. The measured
¯ ow® eld contains approximately 23,000 points. The resolution of
these measurements (i.e., point to point spacing)is 200 l m. To sim-
plify visualization of the ¯ ow structure, only every eighth point in
the streamwise direction and every fourth point in the transverse
direction has been displayed in the vector plots.

It can be seen in the velocity vector ® elds for all Z / D loca-
tions that the transverse velocity components are very small com-
pared to the streamwise components. For the measurement plane
Z / D = ¡ 1.0, the ¯ ow is observed to turn in toward the center in
the transverse region from Y/ H = 0.4 to 1.6 on either side of the
test-section center. This ¯ ow structure is visible to varying extents
in the planes located at Z/ D = 0.0, 0.5, and +1.0 in Fig. 11; how-
ever, the turning of the ¯ ow is visible most clearlyat Z / D = ¡ 1.0.
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a) Z/D = ¡ 1.0

b) Z/D = 0.0

c) Z/D = 0.5

d) Z/D = 1.0

e) Z/D = 2.0

Fig. 11 Measured velocity vector ® eld and axial velocity contours.

This pattern can partially be attributed to higher transversevelocity
components at Z/ D = ¡ 1.0 because this plane is located well
below the injector for 4.0 < X/ H < 10.0. It can be seen that at
Z / D = 2.0, because of the absence of signal, it is not possible to
determine velocities in the ¯ ow center; this behavior is consistent
with the ¯ uorescence pattern displayed in Fig. 7.

Anotherconsistentfeaturefor all of themeasurementplanes is the
increase in the streamwise component with increasing Y / H . This
behavior is attributableto the formation of ¯ ame-holding recircula-
tion regions in the region below the injected hydrogen. The higher
streamwise components found at Y / H » 2±2.5 are associatedwith

the main air¯ ow. At any X/ H location, the smallest streamwise
componentoccurs at the center (Y/ H = 0). As Y / H increases, the
streamwise component increases.

The maximum streamwise component occurs for Y / H ranging
from 2 to 2.5. The maximum streamwise component is approxi-
mately 700 m/s for the planes Z / D = ¡ 1.0, 0.0. This maximum
value increases slightly up to 800 m/s for the planes Z / D = 0.5,
1.0, and 2.0. The uncertainties are estimated to be 6±8% in this
region. Near the center of the ¯ ow (Y / H = 0), the streamwise
component increases from about 200 m/s to 400 m/s (with an un-
certainty of up to 20%) with increasing X/ H .
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Currently work is in progress for a full three-dimensionalnumer-
ical simulation using SPARK, a CFD code with a ® nite-rate kinetic
mechanism.However, the velocitydistributionis consistentwith the
expected ¯ ow behavior. The main airstream is blocked by the ramp
and the recirculation region formed downstream of the ramp. This
results in a low velocity region at the tunnel center. Suf® ciently far
downstream, the main airstream turns in toward the tunnel center,
forming a wake-like structureas observed in the measurements.Be-
cause the measurement planes are located well downstream and are
below the injected jet for the X/ H locations of the measurement
region the ¯ ow velocitiesare less than the nominal values presented
in Table 1. A one-dimensional analysis predicts that for the cur-
rent conditions a thermally choked ¯ ow would approach a velocity
of 900 m/s (Ref. 12). The measurement technique reported here
can measure only two-dimensionalvelocity components within the
measurement plane; therefore, the maximum axial ¯ ow velocities
are consistent with the results of the one-dimensionalanalysis.

Summary and Conclusions
An application of Doppler-shifted OH PLIF velocity measure-

ment to combusting supersonic ¯ ow has been demonstrated.Veloc-
ity measurements have been made for a reacting ¯ ow® eld using an
unswept ramp fuel injector in a Mach 2 scramjet combustor. The
Doppler-shiftedline center for an OH absorption line is determined
by recording the broadband ¯ uorescence emission while a narrow
linewidth, tunable doubled-dye laser source is scanned through an
OH absorption line. A counterpropagatingbeam approachhas been
used to eliminate impact shifts.

The velocity ® eld has been measured in ® ve planes, oriented
parallel to the injector base wall, in the region 4±10 ramp heights
downstreamof the injectorbase. In this region, themeasuredspread-
ing (transverse) component of the velocity ® eld is small compared
to the streamwise component. The maximum streamwise compo-
nent is approximately700±800 m/s and occurs at about 2±2.4 ramp
heights on either side of the center line.

These measurements provide a quantitative, spatially complete
velocity data set with a pixel-to-pixel spatial resolution of 200 l m
for ® ve distinct planes. The uncertainty of these measurements de-
pends on OH signal level and velocity magnitude, with a typical
uncertainty of §6±8% in the high velocity regions and §20±30%
in the low-velocity, low-signal region at the combustor center.

These measurements represent the ® rst successful applicationof
a Doppler-shifted OH LIF velocimetry technique in the University
of Virginia AerospaceResearch Laboratory supersonic combustion
tunnel. These results provide a velocity ¯ ow® eld data set that can
be used, together with OH absolute concentration and temperature
data, for validation of CFD predictions.
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