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Ozone Tagging Velocimetry Using Narrowband Excimer Lasers
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Ozone tagging velocimetry (OTV), a nonintrusive, unseeded, time-of-flight velocity measurement technique, con-
sists of a write step, where a 193-nm pulsed excimer laser creates an O; line via O, uv absorption, and a subsequent
read step, where a 248-nm excimer laser photodissociates the O3 and fluoresces the vibrationally excited O, prod-
uct, revealing the tag line displacement. For the first time, instantaneous OTV images and velocity measurements
are reported in airflows at room temperature. The narrowband lasers are tuned to the O, Schumann-Runge
transitions improving the OTYV signal strength by a factor of six over that obtained using two broadband lasers.
This improvement is less than expected from absorption ratio estimates, due in part to incomplete laser locking
efficiency and possibly to laser bleaching. Diffusion of the O3 tag line is shown to be important only for write-read
delay times of the order of milliseconds or greater. Modeling of O3 concentration vs time shows Oj3 is long lived
at room temperature and relatively insensitive to water vapor, but O3 peak concentration and lifetime greatly
decrease at high temperature, though high pressure increases peak O3 concentration.

Introduction

LTHOUGH species concentrations and temperature are

routinely measured by laser-molecular interactions (laser-
induced fluorescence, Raman scattering), velocity is most often
measured by the introduction of foreign seed particles, such as oil
droplets or ceramic particles. Particle-imaging velocimetry systems
are commercially availableand provide velocity field measurements
based on time-of-flight data from many particles. However, seeding
non-uniformities and particle drag can lead to differences between
the particle and gas velocity fields. Other issues related to environ-
mental and operational concerns often discourage the introduction
of particles into large wind-tunnel test facilities. Velocity measure-
ment techniqueshave been developed where the flow is seeded with
a molecular tracer, i.e., iodine, biaceytl, nitric oxide, or sodium,
rather than particles. Many of these tracers are either corrosive or
toxic.

There remains a need for an optically based molecular velo-
city field measurement technique that is unseeded. A flow tracer
or tag should be created, photochemically or otherwise, from the
ambient gas species to obviate seeding requirements. High-speed
(supersonic) unseeded air velocity fields have been measured us-
ing the Doppler shift of Rayleigh scattering.! For lower speeds
though, direct Doppler methods are not as accurate as time-of-
flight methods. Several time-of-flight molecular flow tagging ve-
locity measurement techniques have been developed that do not
require seeding. Most of these techniques create a tag by nonlinear
optical processesthat limit the length of the tagged line to a few mil-
limeters. For example, using two-photon photodissociationof water
vapor, a tag line of the hydroxylradical (OH) can be created and sub-
sequently made to fluoresce to profile flow velocity.? In the RELIEF
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method, a nonlinear stimulated Raman process produces a tag line
of vibrationally excited oxygen (O,) whose enhanced fluorescence
strength reveals the displacement of the tag when the flowfield is
subsequently irradiated by an ultraviolet laser.’ The short lifetime
of vibrationally excited O,, especially in water-laden air, generally
limits RELIEF to high-speed, dry flows. Thus, there is still a need
for an unseeded molecular flow tagging technique that is amenable
to low- or high-speed flows of either dry or humid air.

This paper describesa techniquebeing developedto fill that need:
instantaneousozone tagging velocimetry (OTV).* Ozone (O3), pro-
duced from O,, is the flow tag and is relatively long lived and in-
sensitive to water vapor’s presence. It is produced and detected via
single-photon processes, which allow the use of long tag lines. Tag
lines of 40-mm length are used in an instantaneousOTV flow profile
presentedin this paper. Several OTV developmentalissues are also
investigated, including the dependence of O; production on tem-
perature, and the relative merit of using narrowband or broadband
lasers.

OTYV Photochemistry

Figure 1 shows a conceptual drawing of the OTV technique. First
a tag line of Oj; is created from O, by a pulsed argon-fluoride (ArF)
excimer laser operating at ~193 nm. After a known delay time, the
O; tag line position is revealed through O3 photodissociation and
subsequent O, fluorescence, both caused by a pulsed laser sheet
from a krypton-fluoride (KrF) excimer laser operating at ~248 nm.
A digital camera images the fluorescence from the initial and final
line locations; thus, a means for establishing a velocity profile is
provided.

The followingtwo reactionsare involvedin photochemicallywrit-
ing the O; line:

0,(X°S,,v" = 0) 4+ hv; _ 1930w = OCP)+0CP)  (RD)

OCP)+0,+M — 03+ M (R2)

In reaction (R1), O, in the ground (X 32;) electronic and ground
vibrational (v” = 0) state absorbs a single photon of 193-nm light
and decomposes into ground state (*P) O atoms, due to the excited
molecular state’s (B>E.) high predissociationrate. The ArF laser
accesses the (4 <— 0) vibrationaltransition in the Schumann-Runge
band, and typical values of predissociation linewidth are 3 cm™!
for this transition,’ indicating a predissociation rate of the order
of 10" s7!, This is the highest predissociation rate of any of the
Schumann-Runge vibrational transitions, which partially compen-
sates for the relatively low Franck-Condon factor of the (4 < 0)
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Fig.1 OTYV conceptual schematic.

transition compared to those originating in vibrationally excited
levels.® Inreaction (R2) the atomic oxygen produced by photodisso-
ciation combines with O,, via a three-bodyreaction with aninert M,
to form Os. The reactionrate coefficient k, for reaction (R2) governs
this O3 production. For M =N, k, =5.7 x 107*¢ m®/s at standard
conditions and is approximately the same if M = O, (Ref. 7). The
growth time of O5 (to ~63% of steady-stateconcentration) for stan-
dard conditions is then 1/(kyno,nn,) = 20 us, where n is number
density.

The displaced O; line is read by the 248-nm light sheet through
reactions (R3a) and (R4)

05 + hvy _sagem — OCP) + Oz(X3Z;, v>0) (R3a)

— O('D) +0,(a'A,) (R3b)
02(X’Z;, 1" =6,7) + hvi—sssam — O2(B’E, .0 =0,2)
(R4)

The KrF laser’s 248-nm wavelength output efficiently dissociates
O; because the broad peak of the O; Hartley absorption band, the
strongestof the O; bands, occurs from about 245 to 265 nm (Ref. 8).
Infact, with an absorptioncross section of approximately 10~'7 cm?
per molecule, and 248 nm fluences of the order of 40 J/cm?, it is
expected that all of the O3 will be photodissociatedby a single laser
pulse. However, in the earlier work,* multiple reads of an ozone
ribbon were accomplished.

Two photodissociation paths exist for O3 after uv absorption:
decomposition to a ground state O atom and vibrationally excited
O, as shown in reaction (R3a) or to electronically excited O and
O, as shown in reaction (R3b). The fraction of photodissociat-
ing O; that decomposes via path (R3a) has been estimated to be
from 0.06 to 0.15 for 248-nmexcitation? The O, molecules formed
by this path are widely distributed among the ground electronic
state’s vibrational levels, with a maximum population fraction oc-
curring for v” = 8, but with only slightly lower population fractions
occurring for v” =6 or 7 (Ref. 10). These two vibrational levels
can resultin fluorescence via Schumann-Runge transitions that are
within the output range of the KrF laser. Specifically several ro-
tational lines in the (X3E; — B2, v"=6,7tov =0, 2) bands
are accessible.!! The v/ =0, 2 levels also have significant predis-
sociation rates, though the rate for v =0 is about one-fourth that
for v’ =2, which is itself lower than the v =4 rate by an order
of magnitude?’ !> Although the lower predissociation rate for the
(0 <— 6) transition compared to the (2 < 7) indicates it may be the
better transition for fluorescence production, the relative strength
of the two excitation transitions also must be considered, with the
(2 <= 7) having about a factor of 30 higher Franck-Condon fac-
tor than the (0 <—6). The fluorescence production from the two
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Fig. 2 O3 concentration vs time for dry air, humid air, and polluted
humid air with 100 ppm NO: all cases at 1-atm constant pressure, 300-K
initial temperature, and assuming initial 1 % dissociation of ambient O,.

excited levels also depends on the Franck-Condon factors of the
fluorescence emission transitions, with the (0 — v” > 6) transitions
as a group having a larger average Franck-Condon factor than the
(2— v” > 7) transitions. Another issue associated with the choice
of (0 <— 6) or (2 <— 7) pumping is the filtering scheme used to sup-
press detected 248-nm scattering because the strongest emission
lines from (2 — 7) excitationare closer to 248 nm than the strongest
emission lines from (0 — 6) pumping.'"*'* Experimentally, it is de-
termined that pumping the (0 <— 6) vibrationaltransitionis the most
efficient in terms of producing detectable fluorescence.

One concern for OTV is its applicability to high-temperature
and/or high-pressure flowfields, such as the internal and exhaust
flows of gas turbine engines. Whereas the half-life of dilute O; is
of the order of hours at standard conditions,!* it quickly diminishes
with increasing temperature. Anotherissue is the effect of minor air
species on O3 concentration, i.e., water vapor in open-circuit wind
tunnels that simulate sea-level conditions and nitric oxide (NO)
presentin gas turbine exhausts. To predict the concentration of O
asa functionof temperature, pressure,and time, the Chemkin II ther-
modynamic database and the SENKIN'® chemical kinetics solver
are used with a set of 119 reversible reactions, including reactions
involving nitrogen oxides.'®

Figure 2 shows a plot of O3 concentrationas a function of time
in three different environments: dry air, humid air, and polluted
humid air. In the case of dry air, the initial mole fractions of N, and
0O, are 79.00% and 20.79% respectively. This calculation assumes
~1% of the O, molecules are photodissociated into O atoms by
the ArF laser. This percentage is typical of broadband ArF laser
excitation (average absorption coefficient estimated at 0.01 cm™'
across the laser bandwidth)!” with approximately 100 mJ delivered
into a 0.5-mm-diam circular area (fluence of 50 J/cm?).

For dry air at standard conditions, with an estimatedinitial atomic
oxygenconcentrationof 4200 ppm (1% dissociationof ambient O, ),
a steady-state O; concentrationof ~3300 ppm is predicted to occur
after ~1 ms. This value is slightly lower than previous predictions®
because of improvements in the reaction rate estimates. Figure 2
also shows that within 20 s the O3 concentrationhas attained over
50% of it steady-state value, as predicted from analysis of reaction
(R2) only. For the other two cases shown in Fig. 2, the steady-
state O; concentrations are lower. The slight drop in steady-state
O; concentration for the humid air is due to an initially lower O,
concentrationand, hence, O atom concentration (still assuming 1%
dissociation). The additionof 3.5% mole fraction of water vapor has
no appreciablechemical effect on O; concentration.Polluted humid
air is modeled with an addition of 100 ppm of NO to the humid
air. The presence of NO efficiently removes O; by following well-
known reaction, important in tropospheric pollution modeling®:

The presenceof NO also acts to inhibit O; productionby scavenging
O according to

NO+O+ M — NO, + M (R6)
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Fig.3 O3 concentration vs time for dry air for several constant pres-
sure and initial temperature combinations: all cases assume initial 1%
dissociation of ambient O,.

NO, + O — NO + 0, (R7)

The results of Fig. 2 are all for an initial temperature of 300 K,
and a slight temperaturerise (typically ~30 K) occurs as a result of
the initial laser absorption that dissociates O, and subsequent heat
release in O3 formation from O and O, (Refs. 4 and 16).

As initial temperature is increased, O; reactions associated with
the thermal decompositionof O3 become important at limiting both
the maximum amount of O; formed and the length of time that a
significant O3 concentration exists. Ozone thermal decomposition
generally involves two-body collisions of the form

M+0s— M+0,+0 (R8a)
0+ 03 — 20, (R8b)

where M is any major species, all having similar reaction effi-
ciencies.!® It is known that reducing the temperature of stored
gaseous ozone by only a few degrees from standard temperature
can greatly increase its thermal decomposition half-life,' and like-
wise, raising its temperature can reduce the O; lifetime. This is
shown in Fig. 3, where dry air with an initial O atom concentra-
tion of 4200 ppm (1% dissociation of ambient O,) is subjected to
various pressure and initial temperature conditions. For an initial
temperature of 500 K and a constant pressure of 1 atm, the peak
O; concentrationis lowered to 600 ppm, down from the 3300 ppm
peak value for the 300-K initial condition. The lifetime of O; is
greatly reduced at high-temperature conditions with O3 disappear-
ing almost entirely in 1 s. These traits of reduced peak concentration
and lifetime are even more pronounced when the initial temperature
is increased to 600 K. The peak O3 concentrationfalls to 200 ppm,
and O3 almost completely disappears within 100 ms. The reduced
O; lifetime is not a serious issue in the application of OTV to ele-
vated temperature flows because delay times between write and read
laser pulses typically range from 20 s to 2 ms for medium-to-high
speed flows. However, the concomitant drop in peak O; concen-
tration is problematic because the read laser produces less fluores-
cence signal as a result of the lower O3 and vibrationally excited O,
populations.

Figure 4 shows peak O3 concentrationas a function of tempera-
ture for dry air at 1 atm. The peak concentrationcan be seen to drop
almost linearly with temperature down to about 200 ppm at 600 K,
where it continues to drop, though at a slower rate, with increasing
temperature. Whereas these predictionsindicate the inapplicability
of OTV to high-temperature,atmospheric pressure flows, it may still
be applicable to flows at both high temperature and pressure, such
as compressor flowfields. Because the O; production path involves
a trimolecular reaction (R2) while the destruction path involves bi-
molecularcollisions(R8a) and (R8b), the O; productionraterelative
to the destructionrate will be enhanced with an increase in pressure.
This is shown in Fig. 3, where increased peak O; concentrationsoc-
cur when the pressure is increased from 1 to 2 atm. For both initial
temperatureconditions,the peak O; concentrationis almostdoubled
by doubling the pressure.
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In addition to influencing the peak O; concentration, the tem-
perature and pressure conditions of the tagged flowfield also affect
the time at which the peak concentrationoccurs. The optimum time
delay should be some time shorter than the time at which signifi-
cant Oj is destroyed, and yet long enough to ensure irradiation of
nearly the maximum concentration of Os. Figure 5 shows the time
required, as a function of temperature, to produce 99% of the peak
O; concentration for dry air at three pressures. At 1 atm, the time
for peak O; concentration varies between 200 and 450 us as tem-
perature is increased. At higher pressures the time for peak Os is
reduced, ranging from 50 to 200 ps for 2 atm and from 10 to 50 us
for 3.5 atm.

Narrowband/Broadband Experimental Comparison

Time-averaged OTV images have previously been demonstrated
in air using broadband ArF and KrF lasers.* Two narrowbandlasers,
whose outputcan be tuned onto specific O, transitions to maximize
either photodissociationor fluorescence yields, are expected to en-
hance OTV signalstrengthover that obtained from broadbandlasers
and allow instantaneous OTV imaging.

In the present work, two Lambda-Physik lasers are used: a
COMPex-150T (~0.003-nm linewidth tunable from 192.9 to
193.9nm) and an EMG-160T MSC (~0.001-nm linewidth tun-
able from 248 to 249 nm). In addition to narrowband operation,
both lasers can be operated in the broadband mode with output
linewidths equal to their tuning ranges. Figure 6 shows a schematic
of the OTV system. The output from the ArF laser is focused to a
beam waist of approximately 0.5 mm using a 1-m focal length lens.
Several of the following OTV images use only one focused ArF
beam whereas others use a pair of crossed beams with the second
beam formed using a 50% beamsplitter inserted into the system,
as shown in Fig. 6. Total travel length for the ArF beams is from
1.5 to 2 m. The KrF beam is focused to a sheet using a 1-m focal
length cylindrical lens, providing a sheet with a 2 cm by 0.5 mm
cross section. A Nikon uv camera lens and a Princeton Instruments
imaging charge-coupleddevice camera comprise the light detection
system. Two different filter combinations are used for the follow-
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ing OTV images. One combination uses two identical interference
filters in series (Laseroptik GmbH, 0-deg incidence notch filters) to
block 248-nm Rayleigh scattering. Even though the camera intensi-
fieris gated only during the KrF laser firing, this filter scheme allows
193-nm Rayleigh scattering to mark the original tag line location,
due to photocathodeimage persistence. A second filter combination
is also used, consisting of only one 248-nm notch interference filter
in series with a 10-mm-thickliquid butylacetate filter. The liquid fil-
ter acts as a long-pass filter to block all light shorter than ~253 nm,
and thus, the 193-nm Rayleigh scattering is also attenuated.
Figure 7 shows four time-averaged (20 laser pulse pairs) OTV
images obtained in a uniform airflow (~3 m/s) with each image
for a specific combination of narrowband and/or broadband lasers.
The nozzle producing the uniform flow is a 25-mm-diam Hencken
burner with a 12.5-mm-diam core surrounded by an annular coflow
region. The coflow was not used, so that a 12.5-mm uniform flow-
fieldis provided. The time delay between write and read laser pulses
is 4 ms. In narrowband operation the lasers are tuned to the follow-
ing wavelengths: 193.293 nm, correspondingto the predissociation-
broadened P(17) and R(19) (4 <— 0) transitions, and 248.534 nm for
the R(17) (0 <— 6) transition. These four images were obtained us-
ing the two interference filters in series, and as a result, the original
write line location can be seen under the displaced line location by
the 193-nm Rayleigh scattering. Scattering off the 25-mm nozzle
producedthe dark images at the bottom. Strength of signalis greatly
improvedby using two narrowbandlasersratherthan two broadband
lasers, as shown in Fig. 7 by the increased signal of the upper left
OTV image compared to the lower right. Graphs of signal vs vertical
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Camera & /4.5 UV Imaging

/\\\ @
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1000 mm Cylindrical l:l
Lens Liquid and/or
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Mirror Air Flow
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)

Fig.6 OTYV experimental setup using two narrowband excimer lasers
and two write beams.

position are shown to the left of each image. These graphs corre-
spond to the sliceindicatedby the verticalarrows. Horizontal arrows
show the OTV signal appearing in each graph. For single narrow-
band and single broadband laser operation, a narrowband ArF laser
provides slightly better signal than a narrowband KrF laser. Signal
to noise ratios for the four images are 39, 15, 6, and 19, clockwise
from upper left, estimated by averages of displaced OTV line signal
divided by background noise, mainly due to 248-nm scattering.
Improvementin signal going from broadband to narrowband op-
eration can be estimated by considering the amount of light in the
narrowband mode that is at wavelengthsefficient for excitationcom-
pared to the amount in the broadband mode. For the ArF laser the
improvement should then be approximately a factor of four, based
on the absorption spectrum of 295 K air.!” Because of the reduced
predissociationlinewidths of the v' = O transitions and the resulting
sparsenessin the absorption spectrum,'? the expected improvement
going from broadband to narrowband KrF laser operation should
be even greater, estimated to be approximately a factor of 10. One
reason that these estimated improvements are not fully realized in
the images of Fig. 7 could be the incomplete locking efficiency of
both of the narrowband lasers. Another possibility is the potential
saturation of an excitation transition. This is more probable for the
(0 <— 6) transition, which involves a smaller O, population and has
a Franck-Condon factorof 1.5 x 1073, almost three orders of mag-
nitude higher than the 3 x 107° value for the (4 < 0) transition

Instantaneous OTYV Velocity Profile

Figure 8 shows an instantaneous OTV image, obtained from a
single laser pulse from each laser. Both lasers are operated in the
narrowband mode. A straight nozzle, attached to a loudspeakerre-
ceiving a 1-Hz square wave signal, produces a cylindrically sym-
metric, mushroom-shapedvortical flowfield. Two tag lines, with the
second line created using a 50% beamsplitter (as shown in Fig. 6),
are used to provide a cross, whose center provides an unambiguous
point to determine velocity. The cross center’s 8-mm displacement
during the 4-ms delay gives a measured velocity of 2 m/s. For this
OTV image the butyl acetate liquid filter is used, greatly reduc-
ing detected 193-nm Rayleigh scattering. As a result, the original
tag line position is not marked by light scatterin this image, though
other OTV images with O ms read/write delays confirm the tag lines’
initial locations, which are shown by the dashed lines in Fig. 8.

OTYV Filter Selection

Figures 7 and 8 were obtained using two differentfilter combina-
tions. A butyl acetate filter may be desirable if 193-nm light inter-
feres with OTV signal detection, possibly when scattering surfaces
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Fig.7 Time-averaged OTYV images, with 4-ms delay time, for 12.5-mm-diam uniform flowfield of room temperature dry air.
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Fig. 9 O, fluorescence spectra from 193-nm narrowband ArF laser
excitation tuned to O transition; each spectrum associated with one
detection filter condition: 1-mm-thick Schott UG-5 color glass filter,
10-mm-thick 0.5 % acetone in water liquid filter, and unfiltered.

are within the detection system field of view. However, other filter
options exist that block both 193- and 248-nm light but allow flu-
orescence detection for O, transitions between these wavelengths.
The O, laser-inducedfluorescencespectrafrom (4 <— 0) 193-nmex-
citation is shown in Fig. 9 for various filter combinations. Figure 9
shows that a liquid acetone filter'® (10-mm thick, 0.5% acetone in
water solution) or a 1-mm-thick Schott UG-5 filter both greatly at-
tenuate 193-nm light while allowing through longer wavelength O,
fluorescence. Whereas the acetone filter is more transmissive from
198 to 228 nm, the glass filter becomes the more transmissive at
longer wavelengths. Combinations of these 193-nm filters and the
248-nm interference notch filters can be used when a background
of intense scattered light is present at both wavelengths.

Effect of Molecular Diffusion on
OTY Velocity Measurement
As the delay time between read and write steps, At, is increased,
the displacement of the O; line from its original position, Ax, also
increases.In addition, the width of the O; tagline, w, increasesdue to
molecular diffusion. The increase in w with At can affect velocity

A

At =10 msec At =15 msec

Fig. 10 Instantaneous OTV images for 12.5-mm-diam uniform flow-
field of room temperature dry air.

measurement accuracy by increasing the error in a measurement
of Ax.

For the instantaneousOTV images shownin Fig. 10, the Hencken
burneris again used to produce a uniform flowfield over an approxi-
mately 12-mm-diam circular area. The ArF write beam remains
split into two beams to form a cross. Each of the six OTV images
in Fig. 10 are for a specific A¢, ranging from 0 to 15 ms. Graphs
of signal strength, shown to the left of each image, correspond to
locations shown by vertical arrows. Horizontal arrows point to OTV
signal. As At isincreased, moleculardiffusioncauses the tag lines to
widen and the peak OTV fluorescence signal to diminish due to the
reduced local concentration of O3. Values of experimentally mea-
sured w range from an initial width wy of 500 um at Az = 0 ms, upto
® = 1600 mm for At = 15 ms. This can be compared to an expected
value of w using the following theoretical relationship, valid for an
initial Gaussian distributionof O3 concentrationacross w, (Ref. 20):

o= [8[n(2)AtD+w§]% 6

where D is the diffusion coefficient of O; into air. By the approxi-
mating of D as the binary diffusion coefficient of O; into N, and
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the using of critical thermodynamic properties for those two gases,
D is estimated as 0.15 cm?/s at standard conditions. A calculated
w of 1200 um is obtained for At =15 us, about 25% less than the
measured value. This difference could be caused by local heating
alongthetagline from photolyticprocesses,includingO; formation,
resulting in increased molecular diffusion.

The uncertainties (oA, 04,) in the measurements of Ax and At
affect the overall velocity measurement uncertainty oy,. However,
oy is dominated by o5, because At is accurately controlled using a
digital delay generator with picosecond resolution, and the timing
jitter of each laser is specified at only &2 ns. If it is assumed that
oa, depends only on identifying the center of the displaced tag
line within its width @ (with the center of w, accurately known),
and if 10% of w is assumed as the uncertainty in identifying its
center, then the ratio of oy to measured velocity V can be estimated
as

ov/V = oa /A Z0.1w/Ax = 0.10/(A1V) 2)

For instance, by the assumption of values of w of 1 mm and Ax ~
10w = 10 mm (a situation similar to that of Fig. 8), the relative
uncertainty in displacement measurement, and, hence, in velocity
measurement, is ~1%.

At standard conditions, a tagged line with wy, = 0.5 mm requires
~5 ms to double its width due to diffusion. Thus, for short time
delays and fast velocities, e.g., Af <1 ms and V > 5 m/s, mole-
cular diffusion effects become negligible for 1% accurate velocity
measurements as o remains essentially wy during the short Az. For
example, at 5 m/s, a 0.5-mm line will displace 5 mm in 1 ms making
a 1% measurement possible if the line center can be located to 10%
of its width. The 20-us formation time of O acts as a lower limit
on At as significant reductionsin OTV signal occur at At <20 us,
resultingin increaseduncertainty atlocating the displacedOTV line.

Examination of Egs. (1) and (2) suggests that, to reduce oy / V,
the value of At should be as large as practicable, given the imaging
system dimensions because Ax scales with At whereas w scales
only with the squarerootof Az. However, atlarge A¢, the uncertainty
in determining the line center of w increases above 0.1w due to
diffusionand resultantreduced OTV fluorescence signal. Figure 11
shows the measured OTV signal strength as a function of A¢, with
data taken from the images of Fig. 10 at locations shown by the
crossingsof the horizontaland verticalarrowsin Fig. 10. Also shown
in Fig. 11 is the average background level (~560 A/D counts) for
the images of Fig. 10. As At is increased from 0 to 15 ms, the
OTYV signal drops from ~1750 counts down to ~1000 counts, both
including background. Thus, the contrast ratio drops by almost a
factor of two, and the presence of the OTV line, as well the location
of its line center, becomes increasingly hard to detect.

Conclusions

OTV, previously demonstrated only as a time-averaging velocity
measurement method,* has been shown as capable of providing
instantaneous velocity measurements in room temperature airflows.
Tag line lengths over 40 mm in length are imaged instantaneously.
This is possible because the single-photon processes of both the
write and read steps are insensitive to beam focus, thus allowing

long tag lines to be created with equal strength down the write line
and to be imaged with equal efficiency down the read sheet.

One of the main reasons for the current improvement from time-
averaged to instantaneous OTV imaging is the additional signal
obtainable using narrowband uv excimer lasers, rather than broad-
band versions. It is demonstrated that by tuning the narrowband
lasers onto specific O, Schumann-Runge transitions, the resulting
OTV signal strength is markedly improved, by a factor of six, over
a system using two broadband lasers. The signal increase is less
than expected based on ratios of estimated absorption coefficients
for narrowband or broadband operation. The discrepancyis at least
partly due to incomplete locking efficiency of the two narrowband
lasers and possibly to bleaching of the excited state O, molecules
involved in the read step.

For low velocities (<5 m/s) or long delay times (>1 ms), the
diffusion of the displaced OTV tag line has been shown to be an
important factor associated with the uncertainty in measuring the
displacement of the OTV line. For delay times between the write
and read pulses greater than ~15 ms, detection of the displaced
OTV line and its line center becomes problematic. However, this
should be an issue only when OTV is applied to very low-velocity
flows, because typical delay times associated with medium- and
high-velocityflows are much shorter, of the order of tens to hundreds
of microseconds.

Improvements to the OTV system involve both increasing OTV
signal and reducing background light. Improving the locking effi-
ciency of both lasers can improve OTV signal by putting more of
the available light energy into the most efficient wavelengths for O,
excitation. When in narrowband operation, approximately 50% of
the laser energy exiting the ArF is lost over a 1.5-m distance. En-
closing and purging the light path of O, between laser and sample
volume will reduce this absorption problem. For the present work
this purging was not done, nor was it performed inside of the ArF
laser. By the purging of the O, from the light path in the laser, both
the locking efficiency and the outputenergy of the ArF laser are ex-
pectedtoimprove. Filterimprovementscanactto bothincrease OTV
signal, by allowing in more O, fluorescence bands, and to reduce
background,by more effectivelyblockingthe 193- and 248-nmscat-
tering. A combination of the 193-nm long-pass and 248-nm notch
filters may be the best filter combinationin terms of O, fluorescence
transmission and Rayleigh/Mie scattering blocking. However, other
scattering processes, most notably O, and N, Raman from 248-nm
excitation, may dominate the backgroundafter the 193- and 248-nm
wavelengths are effectively blocked. An effective filtering scheme
could be to use a wide notch interference filter that blocks 264-nm
N, Raman scattering as well as 248-nm scattering.

The numerical modeling of the O3 formation chemistry shows O
to be a long-lived molecular tag in low-temperature flows of dry or
humid air, even when the flowfield contains a significant amount of
NO. However, as temperature increases, O3 begins to thermally de-
compose soon after formation, with the peak concentrationdropping
from 3300 to 600 ppm, going from 300 to 500 K at a constant pres-
sure of 1 atm. At temperatures above ~600 K, only trace amounts
of O; are present even at times of peak concentration. An increase
in pressure increases the peak O3 concentration, by enhancing the
rate of three-body O; formation reactions relative to two-body de-
struction reactions, with the increase in peak concentration scaling
approximately as the increase in pressure. However, the reduction
in O3 concentration at high temperatures is significant enough that
application of OTV to fully map the flowfields encountered in, for
example, the exhausts of gas turbine engines or in lean-premixed
combustors, will be problematic. Other types of unseeded molecular
flow tags amenable to hot flows are currently being considered to
act as a complementary hot tag to the cold O; tag. These tags would
be complementaryin the sense that one write laser can produce both
tags along its path, with the O; tag produced in cold regions of the
flowfield and the hot tag producedin the remaining hot regions. Both
tags would also be operated on by the same read laser, revealing tag
line displacements across the entire flowfield. This complementary
hot/cold flow tag scheme is especially applicable to chemically re-
acting flowfields, such as those found in gas turbine combustors,
where cold unreacted regions can coexist close to reacting or fully
reacted hot regions.
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