Flame flow tagging velocimetry with 193-nm H,O

photodissociation
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In a new nonintrusive, instantaneous flow tagging method called hydroxyl tagging velocimetry (HTV), a
molecular grid of hydroxyl (OH) radicals is written into a flame and the displaced grid is imaged at a later
time to give the flame’s velocity profile. Single-photon photodissociation of vibrationally excited H,O,
when a 193-nm ArF excimer laser is used, produces a tag line of superequilibrium OH and H photo-
products in a high-temperature flow field that itself may contain ambient OH. The tag line OH con-
centration is composed mostly of direct OH photoproducts, but OH is also indirectly produced through H
photoproduct reactions with oxygen-bearing species. For lean and modestly rich flames the OH tag
lifetime is of the order of 1 ms. For very rich Hy-air flames (equivalence ratio of 4.4) the lifetime drops
to 200 ns. After displacement the position of the OH tag line is revealed through fluorescence caused by
OH (A-X) (3 < 0) excitation by using a 248-nm tunable KrF excimer laser. A HTV grid of multiple tag
lines, providing multipoint velocity information, is experimentally demonstrated in a turbulent H, /N,—

air diffusion flame.
OCIS codes:

1. Introduction

Temporally resolved, single-point velocity measure-
ments are made routinely in turbulent flows by using
hot wires, laser Doppler velocimetry, and even pres-
sure probes with moderate-frequency response. Op-
tically based methods have advantages over insertion
devices (e.g., hot wires and pressure probes). These
advantages include the minimal effect on the flow
field as well as the possibility of better spatial and
temporal resolution. Additionally, insertion devices
cannot be used in high-temperature reacting flows.
If an optically based method is to be used, it is desir-
able that it not require gas flow vitiation by particle
seeding (which is needed by laser Doppler velocim-
etry and sometimes by Doppler global velocimetry?)
or by the injection of a molecular tracer species (such
as iodine? or nitric oxide3). Such additives can be
objectionable from an environmental and/or safety
aspect, and in large-scale applications they can be
prohibitively costly. Biacetyl seeding? of gas flows
has been used for instantaneous, multipoint velocim-
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etry,5 but the phosphorescence of this nontoxic tracer
is easily quenched by oxygen, preventing application
to air flows. Filtered Rayleigh scattering® is a laser-
based technique that requires no seeding but is lim-
ited to high-speed applications only because of the
bandwidth characteristics of both the lasers and the
optical filters typically used.

Several techniques for measuring the velocity of
time-of-flight molecular flow tagging have been de-
veloped that do not require seeding. Two-photon
photodissociation of water vapor (H,O) produces a
relatively short tag line of the hydroxyl radical (OH)
that can be subsequently fluoresced to profile flow
velocity.”8 Inthe Raman excitation + laser-induced
electronic fluorescence (RELIEF) method, a nonlin-
ear stimulated Raman process produces a tag line of
vibrationally excited oxygen (O,) whose enhanced flu-
orescence excitation strength (over ground state O,)
reveals the displacement of the tag when the flow
field is subsequently irradiated by an UV laser.?
Another technique for molecular flow tagging that
uses ambient O, is ozone tagging velocimetry (OTV),
which involves the production of a line of ozone (O)
with a 193-nm ArF excimer laser.l0 After a time
delay a second laser pulse reveals the displaced O4
tag line position by O3 photodissociation and subse-
quent fluorescence of the vibrationally excited O,
photoproduct. Both RELIEF and OTV are problem-
atic when applied to high-temperature reacting flows.
The RELIEF signal becomes obscured by fluores-
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Fig. 1. H,O0 energy level diagram. Ground-state data from Ref.

12; excited-state data from Ref. 13. Both curves are for the equi-
librium bond angle (104.5°) and equilibrium spacing (0.97 A) for
the second OH bond.

cence from ambient vibrationally excited O,, and the
signal strength is reduced by H,O quenching. For
OTV at high temperature, the O3 produced from O,
photodissociation is quickly destroyed by thermal de-
composition, reducing both the Og lifetime and the
peak O4 concentration.1?

In this paper we describe a new technique for mo-
lecular flow tagging called hydroxyl tagging velocim-
etry (HTV). It is amenable to high temperature
reacting flow fields, and can produce relatively long
tag lines by virtue of its single-photon write and read
steps. When an ArF excimer laser is used, photo-
dissociation of vibrationally excited H,O creates a
line of OH at a concentration higher than the ambient
OH. The OH superequilibrium line is displaced and
then irradiated with a KrF excimer laser light sheet
to reveal the location of the displaced tag line by OH
fluorescence. The HTV demonstration in this paper
uses a single laser sheet and thus does not show
out-of-plane velocity information.

2. H,O Photodissociation and OH Photoproduct
Lifetime

For H,O vibrational motion there are three funda-
mental frequencies (v, vy, v5) for three modes: sym-
metric stretch (v; = 3651 cm ™ '), bending (v, = 1595
ecm™Y), and asymmetric stretch (v; = 3756 cm™?).
Figure 1 shows curves of the potential energy sur-
faces for the ground (X*A,) and first excited (A'B,)
electronic states of H,O. The A'B, state is a repul-
sive state with an energy relative to the ground state
of at least 53,800 cm™ " for O-H spacings typically
encompassed by ground-state H,O. Thus the first
absorption band for H,O has a high wavelength cutoff
at ~185 nm for low-temperature (atmospheric condi-
tions) H,0.1¢ The photon energy of 193-nm radia-
tion (51,813 cm ') is too low for absorption by ground
vibrational state H,O, but absorption by vibra-
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Fig. 2. H,0 equilibrium vibrational level population fractions
versus temperature for first four vibrationally excited levels.

tionally excited H,O is possible. As a simplistic ex-
ample, H,O in the (0, 0, 1) state needs only 53,800 —
3756 = 50,044 cm ! of photon energy for appreciable
absorption to occur. The 193-nm absorption cross
section by the (0, 0, 1) state is approximately 500
times that for ground-state H,O, and the enhanced
absorption strength of vibrationally excited H,O has
been used to study photodissociation dynamics of par-
ticular rovibrational levels through IR-UV pump-—
probe experiments.’> Although (0, 1, 0) has little
enhanced absorption compared with the ground
state, the (0, 2, 0), (1, 0, 0), and (0, 0, 1) levels all have
sufficient vibrational energy to allow enhanced
193-nm absorption. In addition, these three vibra-
tional levels have significant populations at flame
temperatures: ~3% for each at 1500 K and ~5% for
each at 2000 K. This is shown in Fig. 2 where equi-
librium H,O vibrational population fractions are
plotted versus temperature.

As vibrationally excited HyO is pumped by 193-nm
excitation into the repulsive A'B; state, it produces
OH and H through direct fragmentation. The line of
photofragments can then be convected by the flow
field, and its displaced location is revealed by OH
fluorescence. The KrF laser used in the present
work accesses several rotational lines of the A 23 7-X
2[1 (3 < 0) OH band that lie in the laser’s output
range (from 248 to 249 nm).16

The tag line created by the ArF laser consists of
both OH and H photofragments superimposed on a
reacting flow field containing ambient amounts of
OH that can obscure detection of the tag line. In
addition, the reactive OH tag molecule cannot exist
for long periods in the high-temperature flow field
in which it is created. To assess these issues, the
SENKIN application!? is used to simulate a constant-
pressure, adiabatic system that initially contains
an equilibrium mixture of hot products from Hy—air
combustion along with additional amounts of OH
and H photoproducts. The chemical reaction
mechanism used is an abridged version of the Gas
Research Institute’s GRI-Mech 2.11 mechanism
that retains reactions involving only noncarbon-
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Fig. 3. OH concentration versus time for four Hy—air postflame
flows, initially including H,O photodissociation OH and H photo-
products. The ¢ = 0.43 flame was also modeled without the H
photoproduct.

bearing species.’® The OH time histories for sev-
eral initial conditions are shown in Fig. 3.
Adiabatic equilibrium temperatures and equiva-
lence ratios (¢) used for initial conditions are also
shown in Fig. 3. The amount of H,O photodisso-
ciated is assumed to be the total H,O concentration
multiplied by the population fraction of the (0, 0, 1)
level, assuming a transition probability of 100%.
The large ground-state H,O absorption coefficient
at 180 nm (Ref. 14) suggests that the 193-nm tran-
sition probability is high for the vibrationally ex-
cited levels, and experimental results show that the
OH photoproduct concentration is at least an order
of magnitude higher than the ambient OH.

Recently, absorption cross sections for the five
lowest-lying vibrational levels have been estimat-
ed!® by using three-dimensional wave packet calcu-
lations2° that employ a X 'A, ground-state potential
surface?! fitted to experimental data and an ab in-
itio A 'B, excited-state surface. At 193 nm the pre-
dicted cross sections for the vibrationally excited
states, in units of 1078 cm?, are 0.0042 + 0.001 for
(0, 1, 0), 0.0161 = 0.003 for (0, 2, 0), 0.37 = 0.05 for
(0,0, 1), and 1.9 + 0.3 for (1, 0, 0). These calcula-
tions assume that the H,O is rotationally cold (J" =
0), and they predict that ~98% of the OH photo-
product is in the vibrational ground state. Com-
pared with the ground-state value of 0.0008 x 108
cm?, the excited-state cross sections are greater by
factors of 5 (0, 1, 0), 20 (0, 2, 0), 460 (0, 0, 1), and
2370 (1,0, 0). The large cross sections for the (1, 0,
0) and the (0, 0, 1) states ensure almost complete
photodissociation of those H,O populations at the
laser fluence levels used in the present work. Thus
the assumption of only (0, 0, 1) participation, at
100% efficiency, is conservative for the OH photo-
product lifetime calculations.

Figure 3 shows that, for the two lean flames with
initial adiabatic flame temperatures of 1500 and
2000 K, the OH tag line persists until ~1 ms when
the OH concentration has almost fully decayed to
its equilibrium concentration. For the 2000-K
lean flame the ambient OH concentration and the
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Fig. 4. Production rates for most significant OH production or
destruction reactions for the ¢ = 0.43 H,—air flame (from Fig. 3)
with initial OH and H photoproducts.

H,O (0, 0, 1) population fraction are both higher
than for the 1500-K flame, leading to a higher sig-
nal but also to higher background noise for OH flow
tag detection in the higher-temperature flame.
For both of these lean flames, before the OH con-
centration decays to equilibrium, there is additional
production of OH beyond that created directly from
photodissociation. The most important OH pro-
duction rates are displayed in Fig. 4 as functions of
time for the & = 0.43 flame. To as high as ~1 ps,
the reaction responsible for much of the postphoto-
dissociation OH production is H + O, — OH + O
and to a lesser extent the reaction H + H,0 —
OH + H,. Both of these reactions consume the
superequilibrium H atoms formed by H,O photodis-
sociation. Figure 3 shows an additional OH con-
centration history for the ¢ = 0.43 flame, in which
only the equilibrium H (essentially nonexistent) is
present initially rather than the additional H pho-
toproduct. For this situation there is no additional
postphotodissociation production of OH and its con-
centration drops monotonically with time. Data
for two rich flame conditions are shown in Fig. 3
with the H atom photoproduct concentration in-
cluded initially. For the ¢ = 1.45 flame the initial
OH photoproduct concentration decays to approxi-
mately half of its value within 200 ns and, for the
very rich (¢ = 4.36) flame, almost fully decays
within 200 ns. The decreased OH lifetime in the
rich flames, and the monotonic nature of their OH
concentration histories, are due mainly to the reac-
tion OH + H, — H,0 + H, which removes the OH
photoproduct by its reaction with excess H, fuel.
This is shown in Fig. 5, which graphs, for the ¢ =
1.45 flame, the production (or destruction) rate his-
tories for the most important OH reactions. In
Fig. 3 the two-tiered OH concentration history for
the ¢ = 1.45 flame is due to the fast removal of OH
photoproducts by excess fuel (as shown in the above
reaction) within ~1 s, whereas at longer time
scales this reaction ceases to be the predominant
OH removal mechanism. In the ¢ = 4.3 flame
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there is enough excess fuel to remove completely
the OH photoproducts within 1 ws.

3. Experimental

Two narrow-band Lambda-Physik COMPex-150T ex-
cimer lasers are used for the following hot H,O flow
tagging demonstration. Figure 6 shows a schematic
of the experimental system with two grid lines. The
write laser has ~150 md of ~193-nm output energy
with only ~50% arriving at the sample volume
through 1 m of air. The read laser’s output is ~400
md at ~248 nm with a tunable bandwidth of 0.001
nm and is tuned to excite the A 23"-X 2[I (3 < 0)
P,(8) OH transition.’* The OH fluorescence emis-
sion is imaged with a gated, intensified CCD camera
coupled to an f/4.5 UV imaging lens. The intensifier
is gated on for 100 ns only during the firing of the
read pulse so that 193-nm scattering is not detected,
nor is the background flame luminosity. A Schott
WG-305 filter is placed in front of the camera to filter
out both the 248-nm Rayleigh and Mie scattering.
We created a grid of tag lines by splitting the 193-nm
write laser into six beams, each focused by separate
500-mm focal-length lenses. Nine grid crossing
points occur, with each crossing point providing an
unambiguous location to determine displacement.

Intensified, Gated CCD Camera &

/8.5 UV Imagin; Lens

3 Reacting :I Liquid and/or
R o - Flow field Interterence Filters

L& 2
193 nm Write / — ‘?
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Fig. 6. Experimental system schematic showing optics needed for
two tag lines only.
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Fig. 7. Single-pulse OH fluorescence images from hot H,O pho-
todissociation, taken in turbulent H,/Ny—air diffusion flame.
Write-read delays: (a) 50 s, (b) 0 ps.

4. Results

The demonstration flow field is a turbulent H,/Ny—
air diffusion flame created by a nozzle 1.8 mm in
diameter issuing Ny-diluted H, into quiescent air.
The measured flow rates (at 0 °C STP) are ~40 liters/
min of H, and 4 liters/min for N,. A 50-us write—
read delay is used. Figure 7(a) shows a typical
instantaneous image of the displaced hot tag grid.
This is for a location ~40 mm (22 diameters) down-
stream of the jet exit near the jet centerline. The
flow proceeds from the figure’s bottom right corner up
to the upper left corner. Figure 7(b) shows another
image of the hot tag grid where the write-read delay
time is O ws, thus providing the initial locations of the
hot tag grid. These initial locations are indicated on
Fig. 7(a) by the superimposed initial grid; displace-
ment vectors are also shown. The length estimate
for the center displacement vector is 1.1 mm, which,
when divided by the 50-us write-read delay time,
gives a measured velocity of 22 m/s.

The velocity measurement uncertainty is domi-
nated by the displacement measurement uncer-
tainty, inasmuch as the write-read delay is known to
within 4 ns, or ~0.1% of the 50-ws value used. The
displacement measurement uncertainty depends on
uncertainties in measuring the initial and final grid
locations. Of these two, the final location uncer-
tainty is higher because molecular diffusion spreads
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out the tag line from its initial tightly focused size.
The displaced tag-line size can be estimated by us-
ing22

w = [8 In(2)AtD + wy*]"?,

where w is the tag-line width after a delay time A¢, w,,
is the initial tag-line width, and D is an appropriate
diffusion coefficient. When D is estimated at 10
cm?/s, the binary diffusion coefficient of OH into N,
at 2340 K (the adiabatic flame temperature for this
H,/Ny—air flow field), the above equation gives an
expected tag-line width of ~600 pm. This assumes
that w, is 250 pm, which is typical for 500-mm focal-
length lenses at 193 nm. The average w in Fig. 7(a)
is significantly larger than 600 wm, being closer to 1.5
mm. This could at least be partially explained by
the additional formation of OH by the H photoprod-
uct. Before H reacts to form OH, it diffuses from the
tag line at a faster rate than the heavier OH mole-
cule. The binary diffusion coefficient for H into Ny, is
~4 times that for OH, and as a result the tag-line
width is predicted to be about twice as great, or 1.2
mm. A rough estimate of the ability to determine
the center of the diffusion-broadened displaced line is
to assume that it can be measured to within one tenth
of the tag line’s width. Using the experimentally
determined width of 1.5 mm results in an uncertainty
of 150 pm, which is 14% of the displacement vector.
Thus for these conditions the velocity can be esti-
mated to within ~14% of its value. This uncertainty
will improve going from the relatively low-velocity
flow demonstrated here to high-velocity combustion
flows. Thus a prime application of hot water vapor
flow tagging velocimetry is to high-temperature,
high-speed environments found in aeropropulsion,
especially in supersonic ramjets.

5. Summary and Conclusions

When a 193-nm ArF excimer laser is used, vibra-
tionally excited H,O is photodissociated to form OH
and H photoproducts, creating a tag line of super-
equilibrium OH in a high-temperature flow field that
itself may contain ambient OH. The relative con-
centrations of the ambient and tag-line OH depends
on temperature as well as the amount of H,0
present. As temperature rises the ambient OH con-
centration rises, but also the percentage of H,O in
vibrationally excited states increases. The tag-line
OH concentration is composed mostly of direct OH
photoproducts, but OH is also indirectly produced
through reactions involving the H photoproduct.
For lean flames the OH tag lifetime is of the order of
1 ms, whereas for rich flames the lifetime can be
significantly less, with the lifetime dropping to 200 ns
for very rich H,—air flames. The mechanism for this
OH tag depletion in rich H,-fueled flames is the re-
action OH + H, forming H,O + H. After displace-
ment we revealed the OH tag line through
fluorescence caused by A 23" —X 21 (3 < 0) excitation
by using a 248-nm tunable KrF excimer laser.

For the experimental demonstration shown in this
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paper, both lasers are tunable, although it is unnec-
essary for the ArF laser, because the H,O absorption
band is a broad continuum with no distinct absorp-
tion lines. Also a 308-nm XeCl excimer laser could
be a better choice for the read laser since stronger A
257X 21 (0 < 0) transitions can be accessed. We
chose the present two lasers in an effort to develop
HTV as a velocimetry method that can be performed
simultaneously with OTV, which requires tunable
ArF and KrF lasers. This would allow OTV and
HTYV to be used simultaneously to measure velocities
in adjacent low- and high-temperature flows, such as
are frequently encountered in combustion environ-
ments.

The experimental demonstration shown in this pa-
per is for a reacting Hy,/N,—air flame with a local
velocity of 22 m/s, determined from a displacement
vector of 1.1 mm and a write-read delay time of 50
ws. For this velocity the estimated uncertainty is
~14%, mainly because of the spreading of the OH tag
line from OH and H molecular diffusion. For faster
flows requiring less delay time, diffusion should be-
come increasingly unimportant, allowing better mea-
surement precision. Thus a prime application of the
hot water vapor flow tagging velocimetry is the high-
temperature, high-speed environments found in
aeropropulsion, both internal and external to the en-

gine.
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