AIAA JOURNAL
Vol. 30, No. 2, February 1992

Planar Laser-Induced Fluorescence Imaging of Shock-Tube
Flows with Vibrational Nonequilibrium

B. K. McMillin,* M. P. Lee,* and R. K. Hansont
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Single-shot planar laser-induced fluorescence images of nitric oxide in shock-heated flows with vibrational
nonequilibrium are reported. The results demonstrate that planar laser-induced fluorescence imaging is a
promising diagnostic technique for multidimensional high-speed flows because of its ability to examine shock
structure and to visualize and measure vibrational nonequilibrium. The flows studied were generated within
a shock tube and were composed of dilute mixtures of NO in argon. A narrow-band ArF laser tuned to the
D « X (0,1) R, (28.5) transition of NO at 193.346 nm was used as the excitation source. The broadband
fluorescence was collected at 90 deg to the path of excitation using an intensified, two-dimensional photodiode
array. Images presented include a normal incident shock, a normal reflected shock, and a four-image sequence
of the development of high-temperature supersonic flow over a two-dimensional blunt body. The vibrational
relaxation in the downstream region of the normal shocks is analyzed and compared with calculations based

on known relaxation rates.

Introduction

LANAR laser-based imaging techniques are becoming

an increasingly important diagnostic tool for investigat-
ing both reacting and nonreacting gas flows. These methods
are particularly attractive because they can provide spatially
and temporally resolved property measurements and flow-
field visualization of a planar region. Although planar meas-
urements are not sufficient to fully characterize complex
three-dimensional flows, they can provide quantitative infor-
mation and resolve flow structures that may be obscured with
conventional line-of-sight optical techniques. Planar laser-
induced fluorescence (PLIF) is both species- and quantum-
state-specific and thus is capable of measuring multiple flow-
field properties including species concentration, temperature,
pressure, and velocity.!? The combination of these features
along with its excellent spatial and temporal resolution makes
PLIF a very powerful diagnostic technique for investigating
complex supersonic/hypersonic flows.

Here, we report the first application of PLIF imaging to
nitric oxide, NO, in nonreacting shock-tube flows with vibra-
tional nonequilibrium. (Preliminary results were reported
previously for both molecular oxygen® and nitric oxide.*>)
The effects of vibrational nonequilibrinm are prominent in
many aerodynamic applications including hypersonic flight
and atmospheric re-entry studies. Thus, the ability to probe
nonequilibrium effects with a combustion/high-temperature
air species such as NO is of considerable importance.

Shock-tube flows provide a well-characterized environment
for the development and verification of PLIF as a nonequi-
librium flow diagnostic. The vibrational relaxation in these
one-dimensional flows is well understood, relatively simple
to model, and readily measured with conventional techniques,
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such as laser absorption® or infrared emission.” Although the
primary results of the present study were obtained in these
simple flows, they clearly demonstrate the potential of PLIF
imaging to simultaneously probe nonequilibrium and visualize
shock-wave structure in more complex multidimensional flows.

In the following sections, the theory of PLIF and the spec-
troscopy of NO for excitation near 193 nm are briefly re-
viewed. In addition, the experimental facility is described, the
spatial resolution of the imaging system is discussed, and rep-
resentative imaging results are presented. Single-shot PLIF
images of both normal incident and reflected shocks in dilute
mixtures of NO in argon are examined. The vibrational re-
laxation of NO in the downstream region of these shocks is
analyzed and compared to calculations based on known re-
laxation rates. In addition, a four-image sequence illustrating
the temporal development of high-temperature supersonic flow
over a two-dimensional blunt body is presented and discussed.

Technique

Theory

In a typical PLIF experiment, a thin sheet of pulsed laser
light is used as an excitation source, with the wavelength tuned
to coincide with a particular rovibronic transition of a species
in the flow of interest. The laser sheet is directed through the
flow and the resulting fluorescence from the illuminated re-
gion is imaged onto a two-dimensional solid-state camera,
recorded, and later processed using a computer. The fluo-
rescence signal is integrated temporally, but the laser pulse
duration and fluorescence lifetimes are sufficiently short to
provide flow-stopping temporal resolution. Various flowfield
properties can be determined from the images through their
known dependence on the fluorescence signal, or from the
relative signals obtained by excitation and detection of mul-
tiple transitions.

In general, the fluorescence signal depends on the pressure,
temperature, species concentration, and laser intensity and
will reflect vibrational nonequilibrium through a dependence
on the absorbing state population. Assuming a broad laser
source with respect to the absorption linewidth and applying
a simple steady-state rate equation analysis, we can write®

M

where R, is the local fluorescence rate (photons/s), y the mole
fraction of the absorbing species, N the total number density,

R, = yNK(T, T ) /I, + I¥]
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F the Boltzmann fraction of the absorbing state, T the trans-
lational/rotational temperature, T, the vibrational tempera-
ture, I, the spectral laser intensity, and [ the saturation
intensity, which depends on the Einstein coefficients and var-
ious quenching rates.

The simple nonreacting flows considered here generally
consist of two distinct regions separated by a shock wave.
Within a given region, the local number density and trans-
lational/rotational temperature. do not vary significantly,
whereas the vibrational temperature varies considerably due
to the shock-induced vibrational nonequilibrium. Thus, the
fluorescence signal variation within a given region is primarily
determined by the evolving absorbing state vibrational pop-
ulation, i.e., R, « F(T,). However, the magnitude of the flu-
orescence signal in a given region (i.e., on either side of the
shock) depends not only on the thermodynamic state of the
gas, but also on the collisional quenching (and predissocia-
tion) rates in that region.

By selectively exciting a transition from a single vibrational
level, the axial fluorescence distribution in the one-dimen-
stonal flow behind a normal shock wave provides a measure
of the vibrational relaxation of the absorbing species. (Note
that, although the shock heating actually results in the pop-
ulation of excited vibrational levels, this process is conven-
tionally described as vibrational relaxation, i.e., relaxation
toward the new equilibrium distribution.) The vibrational re-
laxation rate obtained in this manner is that of the absorbing
state vibrational level. However, this individual vibrational
relaxation rate can be related to the relaxation rate of the
overall vibrational energy by assuming that the gas continu-
ously maintains a Boltzmann distribution.

In the previous discussion, we have assumed that either the
test gas is optically thin or the laser intensity is sufficient to
saturate the transition (i.e., I, >> I5*). If the laser intensity
is not sufficient to saturate the transition, the fluorescence
signal is dependent on the laser energy, and any spatial laser
energy variation will correspondingly affect the fluorescence
signal. This is not a problem in the optically thin limit because
no significant intensity variations are introduced by absorp-
tion. However, if the test gas is not optically thin, the fluo-
rescence signal at a given location can be significantly influ-
enced by the laser attenuation prior to that point. Hence,
because the measured fluorescence profile along any given
streamline depends on the vibrational relaxation and the spa-
tial distribution of the laser intensity, variations in the laser
intensity distribution due to attenuation can distort the re-
laxation rate inferred from the fluorescence signal.

In contrast, for saturated excitation where I, >> I, the
fluorescence signal is independent of laser intensity. Thus,
assuming the transition remains saturated across the imaged
region, laser intensity variations due to absorption will not
affect the signal and the fluorescence profile will accurately
reflect the vibrational relaxation.

Nitric Oxide Spectroscopy

Excimer lasers operating on ArF at 193 nm have been used
to access a variety of NO transitions. Shibuya and Stuhl® first
demonstrated broadband ArF laser excitation of NO-at 193
nm. Wodtke et al.’* later demonstrated the use of tunable
narrowband ATF lasers for excitation of the BI1 «— X1 (7,0)
and D23+ « X?I1(0,1) transitions of NO. Inthe B « X (7,0)
band, rotational levels ranging from J” = 23.5 to 34.5 can be
directly excited with an ArF laser, whereas in the D « X
(0,1) band, accessible levels range from J' = 17.5 to 45.5.
Rovibronic transitions of A2%,* « X211 (3,0) and (4,1) bands
can also be excited near 193 nm, but these transitions are
typically weaker than those of the D « X and B < X bands.

In order to investigate the usefulness of ArF excitation for
PLIF imaging of NO, excitation spectra of heated NO have

been obtained. Nitric oxide (0.5%) diluted in N, was flowed -

through an electric torch (Sylvania model SGH 014-372), and

the resultant peak temperature of the gas exiting the torch
was ~1000 K. The narrowband output from an ArF laser
(Lambda Physik model EMG 150 MSC) was apertured down
to a 0.5-mm spot and propagated through the heated NO/N,
flow. A lens was used to focus the resultant NO fluorescence
at right angles to the path of excitation onto a uv-sensitive
solar-blind photomultiplier tube (Hamamatsu R166UH). A
2-mm-thick UG-5 Schott glass filter was used to block the
scattered laser light while passing the broadband NO fiuo-
rescence at longer wavelengths. The wavelength of the laser
was scanned by rotating the laser grating using a motor-driven
micrometer, and the photomultiplier tube output was aver-
aged using a boxcar averager (Stanford Research Systems
model SR-280). The laser was operated at 30 Hz and the
wavelength was tuned at a rate of ~0.001 nm/s. The spectra
were obtained by averaging 30 laser shots while the laser was
scanning.

A typical NO excitation spectrum is shown in Fig. 1a, and
a calculated NO absorption spectrum at 1000 K is shown for
comparison in Fig. 1b. Line identifications are shown for the
prominent lines in the D «— X (0,1) band and for the isolated
lines in the B < X (7,0) band. Note that, because Fig. 1a is
an excitation spectrum and Fig. 1b is an absorption spectrum,
we do not expect the relative strengths of the spectral lines
in the two plots to match. However, we do expect corre-
spondence between the calculated and observed line posi-
tions, and for this, we do see good agreement. In addition,
note that the spectral lines are broader and that overlaps occur
in the excitation spectrum as a result of the relatively broad
laser spectral profile.

The baseline signal in the measured excitation spectrum
results from the weak excitation of NO by the residual broad-
band component of the narrowband laser spectral output.!!
The baseline is lowest near the center of the ArF gain curve
at 193.34 nm where the locking efficiency is highest. Near the
limits of the ArF tuning range, the locking efficiency decreases
and, consequently, the baseline signal increases.

In the imaging results presented later, we chose to excite
a D « X (0,1) transition for a number of reasons. For ex-
ample, because the ground vibrational state of this band is
vibrationally excited (v" = 1), the resulting fluorescence signal
is very sensitive to changes in vibrational temperature. Such
sensitivity makes this. band ideal for studies of vibrational
nonequilibrium in supersonic flows. Also, the oscillator strength
and Einstein A coefficient for this band are at least an order
of magnitude greater than for any other NO transition ac-
cessible using 193-nm excitation; consequently, D « X ex-
citation provides the strongest fluorescence signal.

Although not used here, we should also note that the over-
lapping transitions of the D < X (0,1) band at 193.369 nm,
i.e., P, (39.5), Q, (32.5), and R, (26.5), are isolated from the
nearby lines of the Schumann-Runge bands of O, in this wave-
length region.! Hence, these transitions can be used to probe
NO in the presence of O, without the complication of sepa-
rating the O, and NO fluorescence signals. This may be an
important consideration in future aerodynamic or combustion
studies where both NO and O, are present and 193-nm ex-
citation is used. ]

Once NO is excited to the D state, several de-excitation
paths are possible and depend, in general, on what other
species are present. An NO energy-level diagram illustrating
the important de-excitation paths following D « X excitation
in the presence of argon is shown in Fig. 2. In the figure, Wy,
and W, are the stimulated absorption and emission rates,
A, is the Einstein coefficient for spontaneous emission from
state i to state j, Q7" is the Ar-NO collisional quenching rate
from state i to state j, ON° is the NO-NO collisional quenching
rate from state { to all lower states, and O is the predisso-
ciation rate of NO from the C state. Note that the B state is
not included in the diagram because its participation in D
state de-excitation is not significant in NO/Ar mixtures.'? Be-
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Fig. 1a . Excitation spectrum of NO measured with broadband collection.
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Fig. 1b Calculated absorption spectrum for NO near 193 nm assuming T = 1000 K, P = 1 atm, and a collisional linewidth of 0.055 cm~'. The
prominent D < X lines and the prominent, isolated B < X or S-lines are labeled in the absorption spectrum.

sides the D — X fluorescence and quenching paths, NO can
fluoresce from the D to the A state and, subsequently, the A
state can either fluoresce or collisionally quench to the X state.

Nitric oxide molecules in the D state can also collisionally
quench to the C state and lead to C — X fluorescence, as
observed by Wodtke et al.'° in the measured fluorescence
spectrum of a flame following D < X excitation. In the pres-
ence of argon, collisional quenching to the C state is one of
the key de-excitation paths for NO in the .D state. Argon
quenches the D state to the C state exclusively, and does so
very efficiently, with a rate that is 60% of the gas-kinetic
collision rate for NO and argon.*® Following this de-excitation,
the C state NO molecules can predissociate or can fluoresce
or self-quench to either the A or the X state. Note that in
this study the collisional quenching from the C state is pre-
dominantly NO-NO self-quenching because argon does not
significantly quench NO from the C state.!®

Although a fluorescence spectrum was not measured in this
study, the spectral emission distribution can be estimated (at
least qualitatively) from the relative magnitudes of the rates
for the important excitation and de-excitation processes. Table
1 summarizes the relevant emission, predissociation, and
quenching rates for the conditions of this study (7 = 1000 -
3000 K, P = 0.5-3 atm, 0.5-1% NO in argon). The quench-
ing rates listed were estimated assuming the quenching cross
sections reported by Callear and Pilling!? do not vary with
temperature. Using these rates and applying a simple rate
equation analysis, we find that the majority of the emission
is composed of comparable amounts of D — X and C — X
fluorescence (187-268 nm), whereas the fluorescence con-
tribution from A — X is considerably weaker.

The significant amount of C — X fluorescence expected
here results from the indirect population of the C state through
the efficient quenching of NO from the D to the C state by
argon, combined with the relatively weak predissociation of
the v = 0 level of the C state. Note, however, that, although
the C — X fluorescence is shifted ~920 cm~! to the red, it
has the same general spectral character as that of D — X
fluorescence because of their similar Frank-Condon factors.
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Fig. 2 [Energy-level diagram for NO including the X, A, C, and D
electronic states: the arrows show the important de-excitation proc-
esses following D < X excitation in the presence of argon.

Table 1 Important excitation and
de-excitation rates

Process Rate coefficient, s~!
Wyp ~10'

px 2Wyp
Apx (v = 0) 4.1 x 107
Aps (v = 0) 0.95 x 107
Acx (v = 0) 5.1 x 107
Aca (v = 0) 3.5 x 107
Aux (v =0) 0.51 x 107

3 ~10°

5 ~10°

% ~10°
Qs(v =0) 1.7 x 10°

25 10°-10°

ne 10°-107

NO is assumed to self-quench from the D and C states to
the X state exclusively.
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Fig. 3 Schematic of the experimental facility.

Expei’imental Procedure

Shock Tube

A schematic of the experimental facility is shown in Fig. 3.
The flows studied were generated in a 6-m-long shock tube
in which the 4.5-m-long driven section had a 3- x 3-in. square
cross section. Ultraviolet-grade fused silica windows were
mounted flush with the shock-tube walls to provide optical
access with minimal flow disturbance. The incident shock-
wave velocity was measured across two intervals using stan-
dard thin-film gauges located just upstream of the test section.
The measured shock velocity was used to calculate the tem-
perature and pressure of the shock-heated gas. The shock
tube was evacuated to 5 X 10~° Torr or lower before each
run and the leak rate was 8 X 10~° Torr/min. Test gas mix-
tures were obtained by diluting a commercial mixtare of 5%
NO in argon and were mixed in a cylinder equipped with a
magnetic stirrer.

A series of electronic delays was used to sequence the laser
firing, intensifier gating, and camera readout. The shock-tube
driver pressure was monitored with a transducer that triggered
the laser power supply to charge just prior to diaphragm rup-
ture. A thin-film gauge upstream of the test section was used
to detect the arrival of the shock wave and to initiate the delay
sequence used to trigger the laser/intensifier/camera system.

Laser

A tunable ArF injection-seeded excimer laser (~100 mJ/
pulse with ~15 ns pulsewidth) was used as the excitation
source. The laser was operated in a narrowband mode (~1
cm~! linewidth) and tuned to excite the D22+ « X211 (0,1)
R, (28.5) transition of NO at 193.346 nm. The 6- X 22-mm
beam was rotated to a horizontal orientation using two uv
turning mirrors and then directed through a spherical lens
(f = 2 m) and a pair of cylindrical lenses (f = 150 and 500 mm)
to form a sheet approximately 500 pm thick.

Including losses due to room air absorption of the beam
and imperfect transmission through the optical elements, the
resulting spectral laser intensity in the test section was ap-
proximately 107 W/cm?-cm ~'. This laser intensity is about five
times higher than the saturation intensity measured by Wodtke

et al.'° For the flows considered here, we indeed found evi-
dence of partial saturation; however, as discussed later, the
partial saturation observed has no significant impact on the
vibrational relaxation measurements presented here.

Although the laser was operated in a narrowband mode,
there is a small broadband component to its spectral output.
The locking efficiency of the laser, defined as the ratio of the
energy within the tunable narrow linewidth to the total pulse
energy, was measured to be 85-90% for this wavelength. The
locking efficiency was measured by imaging a 5% reflection
of the laser beam onto the entrance of a 3/4-m spectrometer
operating in seventh order (~0.01-nm resolution). The spec-
trum was recorded with a 512-element linear photodiode array
mounted at the -exit plane of the spectrometer. The locking
efficiency was determined by comparing the magnitude of the
broadband component of the narrowband laser output to that
of the laser running broadband (i.e., with the oscillator blocked).
The reduction of the broadband component of the output in
narrowband operation is a direct measure of the locking ef-
ficiency of the laser.!

Imaging System

The broadband fluorescence induced from a single laser
shot was collected at 90 deg to the illumination plane with a
uv-Nikkor lens (f 4.5, 105-mm focal length). A 2-mm-thick
BG-24 Schott glass (200-nm long-pass) filter was used to block
elastically scattered laser light while transmitting most of the
NO fluorescence. The lens was focused using a commercial
resolution target. This lens is corrected for aberrations and
has significantly better resolution than the camera system (see
the following discussion). As a result, the effective depth of
field is >10 mm and exact positioning of the laser sheet at
the focal plane of the lens is not critical.

The fluorescence was imaged onto a single microchannel
plate intensifier (ITT F4111) that was fiber-optically coupled
to a Reticon MC9128 camera. This Reticon camera utilizes
an array of 128 X 128 pixels (each pixel 60 x 60 u) and
provides frame reset- and acquire-on-demand, an essential
characteristic for the timing requirements of this experiment.
Image acquisition was performed with a Data Translation DT-
2851 frame grabber in a PC/AT compatible computer.
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Fig. 4 Knife edge response of the imaging system at best focus and
at a severe degree of defocusing: each point represents an individual
pixel and corresponds to ~0.27 mm in the object plane.

The intensifier gate width was ~1 us for these measure-
ments. The imaged region was 39 X 39 mm, but the images
were trimmed to 35 X 35 mm for presentation. A background
image was subtracted from each-of the PLIF images, and a
laser sheet correction was applied to account for spatial var-
iations in the input laser intensity profile. The sheet correction
was obtained by averaging several images of the equilibrium
(and thus uniform) region far downstream of an incident shock.
Shot-to-shot variations in the laser intensity profile were found
to be generally <10%. Thus, an average sheet correction
introduces a slight systematic error; however, this error can
be removed if the laser sheet profile is monitored shot by shot
with, for example, a linear photodiode array.

Spatial Resolution

Background

The overall spatial resolution of the imaging system is de-
termined by the combination of its three major components:
the imaging lens, image intensifier, and two-dimensional pho-
todiode array. The spatial resolution of an imaging system is
conventionally described in terms of spatial frequencies, which
can be mterpreted here as the rate at which the fluorescence
signal varies spatially: Large spatial gadients in the fluores-
cence signal correspond to high spatial frequencies, whereas
small gradients correspond to low spatial frequencies. To eval-
uate the maximum spatial resolution of the imaging system,
we must consider both the Nyquist frequency of the array and
the cutoff frequency of the system modulation transfer func-
tion (MTF)." The minimum of these two criteria sets the
maximum spatial resolution of the imaging system.

The Nyquist frequency of the array [8.33 line pairs (Ip)/mm
in the image plane for our camera] is the maximum spatial
frequency that can be faithfully reconstructed in- an image.

Spatial frequenmes greater than Nyquist cannot be accurately -

reconstructed in the image and will be aliased, i.e., recorded
(erroneously) as frequencies lower than Nyquist.

By definition, the system MTF is a function of spatial fre-
quency and indicates the ability of an imaging system to re-
produce the contrast of an object. Each’ component in an
optical system has a characteristic MTF, and the response of
the entire (linear) system is given by the product of the com-
ponent MTFs. The overall cutoff frequency is typically de-
fined as the spatlal frequency at which the system MTF falls
t0°4%.

For the system used here, the cutoff frequency of the lens
is. ~150 Ip/mm, whereas the cutoff frequencies of the image
intensifier and the camera are ~22 and ~17 lp/mm in. the
image plane, respectively. Thus, it is clear that the image
intensifier and the array limit the spatial resolution of this
system. If we model the MTF of the intensifier as a Gaussian

and that of the array as a sinc function,' the overall cutoff
frequency of the system is ~15 Ip/mm. As a result, at best
focus, this optical system will transmit spatial frequencies greater
than the array Nyquist frequency and the potential for aliasing
exists.

It has been suggested that, when the potential for aliasing
exists, the lens should be defocused to reduce the system
cutoff frequency to prevent aliasing by the array'®; however,
defocusing the lens will result in a blurring of sharp edges as
well as an overall loss in contrast within the image and is
generally undesirable. Indeed, if the aliasing does not intro-
duce any significant degradations to the image, a cutoff fre-
quency greater than Nyquist is advantageous because the im-
aging system will generally have a better overall frequency
response and produce a sharper image. ’

For digital imaging of structures containing sharp edges
(e.g., a shock front), the image degradation introduced by
aliasing is usually limited to those pixels adjacent to the sharp
edge.?> Therefore, aliasing is a localized effect and.pixels else-
where within the image are not affected. For éur imaging
system, at best focus, we expect a minimal amount of distor-
tion in the fluorescence profile near the shock front due to
aliasing.

Knife Edge Response

We can examine the system spatial resolution and 81mulate
the aliasing introduced into the fluorescence signal near a-
shock wave by measuring the knife edge response of the sys-
tem. A knife edge input is a severe test of the system response
because the input spectrum of the edge is composed of fre-
quency components far in excess of the Nyquist limit of the
array. Thus, it provides a means of simulating the worst case
for this study, i.e., the nearly instantaneous jump in fluores-
cence signal that occurs across a very strong shock wave.

In a knife edge image, pixels on one side of the image will
show zero signal and on the other side will show full signal.
However, the transition between these regions, i.e., the edge
response, will not be perfectly sharp due to imperfections in
the collection optics and aliasing introduced by array.'¢ For
a perfect system with no aliasing, we would expect at least
one pixel in the edge response to have an intermediate signal
because, for our array, the exact image of the knife edge is
more likely to be located within a given pixel, rather than
between pixels.

To measure the edge response, we imaged a knife edge
positioned at the center of the object plane and back illu-
minated with a uniform near-white light source. Figure 4 shows
the knife edge response for best focus and for a severely
degraded focus. At best focus, the resolution is excellent, with
the edge response blurred over about three pixels. Preliminary
edge response calculations (which do not account for aliasing)
indicate that most of the blurring in this case is due to-the
finite system cutoff frequency. Thus;, aliasing appears to be a
minor effect here.

The edge response for this system with a large degree of
defocusing is also shown in Fig. 4. In this case the lens has
been defocused to reduce the system cutoff frequency to <8
Ip/mm, thereby ensuring that no aliasing is introduced by the
array. Note that the resolution here is degraded considerably,
with the edge response extending over about 10 pixels. Hence,
we see that defocusing the lens distorts the measured edge
response more than the combined effects of aliasing and a
finite system response in the best focus case. Therefore, even
with the aliasing introduced by the array, adjusting the lens
to the best focus provides the optimum spatial resolution for
this application.

We can expect similar if not better resolution in the mea-
sured fluorescence profile near the shock fronts in the flows -
examined here. In this study, the v’ = 1 level is excited and
the resulting fluorescence profile is exponential in nature. As
a result, the spatial frequency content of the fluorescence
signal is lower than that of a step input; thus, even for very
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Fig. 5 PLIF image of an incident shock moving from right to left at
~1.24 mm/us in a 1% NO/argon mixture.
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Fig. 6 Comparison of measured and calculated axial fluorescence
profiles for the incident shock shown in Fig. 5: each point represents
the local average pixel value and corresponds to ~0.31-mm (axial)
resolution in the flowfield.

strong shocks, the blurring of the shock front should be less
severe than that for the knife edge. Further, if any aliasing
occurs, it will only affect those pixels adjacent to the shock
front and, thus, will not, in general, distort the measured
fluorescence profile.

Results and Discussion

Incident Shock

Figure 5 shows a single-shot image of an incident shock
moving from right to left at ~1.24 mm/us in a 1% NO/argon
mixture. The image is displayed in a continuous gray scale in
which white indicates the highest fluorescence signal and,
thus, a larger v" = 1 population. The conditions upstream
(left) of the shock are 295 K and 25 Torr, and the equilibrium
conditions downstream of the shock are 1640 K and 0.62 atm.
For these conditions, no dissociation of NO occurs within the
imaged region.

We can examine the vibrational relaxation downstream of
the shock by plotting the axial fluorescence distribution. Fig-
ure 6 is a plot of the measured axial fluorescence profile
obtained by averaging across five pixel rows oriented parallel
to the line indicated in Fig. 5. The shock front is located at
x = 0 in the plot. The fluorescence signal upstream of the
shock (x < 0) is effectively zero because the absorbing state
population there is very low. Downstream of the shock (x >
0), the fluorescence signal increases exponentially due to vi-
brational relaxation, i.e., due to the increasing v" = 1 pop-
ulation. Note that no immediate. increase in the fluorescence
signal downstream of the shock front results from the rota-
tional relaxation because the initial vibrational population is
so low.

Fig: 7 PLIF image of a reflected shock moving right to left at ~0.66
mm/us in a 0.5% NO/argon mixture.
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Fig. 8 Comparison of the measured and calculated fluorescence pro-
files for the reflected shock wave shown in Fig. 7: each point represents
an individual pixel and corresponds to ~0.31-mm resolution in the
flow coordinates.

Figure 6 also shows the normalized calculated fluorescence
profile given by

5,00 _ FIT)
S T @

where x is the axial coordinate, S, the (temporally integrated)
fluorescence signal, and the superscript (*) indicates the equi-
librium value behind the shock front. To model the fluores-
cence, the absorbing state population was calculated assuming
an (essentially) instantaneous rotational relaxation at the shock
front and an exponential vibrational relaxation downstream
of the shock. The normalized axial fluorescence profile for
x > 0 can be modeled using Eq. (2) because the signal var-
iation downstream of the shock is primarily determined by
the variation in the absorbing state vibrational population.
Note that here we are neglecting the very slight variation in
both the translational/rotational temperature and the number
density downstream of the shock; which tesults from the vi-
brational relaxation. Also note that the quenching and any
optical saturation effects are uniform throughout the region
downstream of the shock and need not be considered in this
analysis.

For the conditions of the incident shock shown in Fig. 5,
laser absorption was <5% across the image and introduced
no significant distortion into the measured fluorescence pro-
file. The best fit between the calculated and the measured
fluorescence profile for this case was obtained for an overall
(i.e.; for a vibrational energy) relaxation rate coefficient of
8.9 x 10° cm*/mol-s, or equivalently, a relaxation time of 24
us (particle time). This rate'is in good agreement with that
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Fig. 9 PLIF images of the development of high-temperature super-
sonic flow over a two-dimensional plate with a flat nose: a) acquired
a few microseconds after the incident shock impinged on the plate and
the incident shock is still within the image; b) time delay of 12.5 us;
c) time delay of 25 us; d) time delay of 62.5 us.

of Kamimoto and Matsui,” who reported a rate that was ~20%
faster for these conditions.

Reflected Shock

Figure 7 shows a single-shot image of a reflected shock
moving from right to left at ~0.66 mm/us in a 0.5% NO/
argon mixture. The equilibrium conditions upstream (left) of
the shock are 1640 K and 0.62 atm, whereas the equilibrium
conditions downstream of the shock are 3450 K and 3 atm.
As in the incident shock case, no significant dissociation of
NO is expected within the imaged region.

Figure 8 shows the measured axial fluorescence profile ob-
tained from the reflected shock image. The data shown were
obtained from the single pixel row highlighted in Fig. 7. The
scatter results primarily from shot noise and indicates that the
signal-to-noise ratio in the image is ~10. The shock front is
located at x = 0. Fluorescence signal is observed both up-

stream and downstream of the reflected shock because both .

regions have significant v’ = 1 populations. The higher flu-
orescence signal downstream of the shock (x. > 0) results both
from a higher number density and from a higher vibrational
temperature in that region. The uniform signal upstream of
the shock (x < 0) indicates that the gas in that region has
fully equilibrated, as expected. In contrast, vibrational relax-
ation is observed downstream of the shock, although equilib-
rium is reached in <10 mm. For the conditions of this reflected
shock, laser attenuation was <10% across the image and in-
troduced no significant dlstortlon into the measured fluores-
cence profile.

Figure 8 also shows the calculated downstream fluorescence
profile for these.conditions, assuming an overall relaxation
rate of ~2.24 x 101 cm¥/mol-s (i.e., a relaxation time of ~4
ps). This rate is also in good agreement with that of Kamimoto
and Matsui,” who reported a rate that was ~20% faster for
these conditions.

The fluorescence profile in Fig. 8 was calculated using Eq.
(2), which only (strictly) applies for x > 0, as discussed earlier.
Note that just downstream of the shock (at x = 0+), prior
to any rotational or vibrational relaxation, the translational
temperature, number density, collisional quenching rates, and

effective saturation intensity increase due to'the shock
compression. Consequently, the fluorescence signal measured
at x = 0* will not, in general, equal the fluorescence signal
prior to the shock compression at x = 0~. Similarly, the
normalized fluorescence signal calculated at x = 0+ using Eq.
(2) will not, in general, equal the normalized fluorescence
signal measured at x = 0~. Because the fluorescence signal
calculated at x = 0* is greater than the fluorescence signal
measured at x = 0~, we can conclude that, for this case, the
shock compression acts to increase the baseline fluorescence
signal for x > 0.

The agreement among all of our measured relaxation rates
and those previously reported is excellent, even though we
made no attempt to remove the trace impurities (e.g., water
vapor, NO,, and N,0) expected in our test gas. Although it
is well known that triatomic impurities can significantly in-
crease the relaxation rate for diatomic molecules, the appar-
ent insensitivity of NO to impurities in our test gas may be
due to the fact that NO relaxes anomolously fast compared
to other diatomic gases. '

Supersonic Flow over a Blunt Body

Figures 9 show a four-image sequence of the development
of high-temperature supersonic flow over a two-dimensional
plate with a flat nose. The flow in these images is moving
from right to left. The images shown were obtained in four
separate experiments in which the time delay prior to trig-
gering the imaging system was increased in each run, to sim-
ulate the temporal evolution of this flow. The shot-to-shot
variations in the flow conditions were <2%. The geometry
as well as the characteristic features!” of this flow in the fully
developed stage are shown schematically in Fig. 10. The test
gas in these images was 5% NO in argon and the incident
shock velocity was.1.04 mm/us. The freestream Mach number
was 1.11 and the equilibrium freestream temperature and
pressure were 1200 K and 0.85 atm, respectively. The images
are shown in a continuous gray scale, with white indicating
the highest signal.

The image in Fig. 9a was acquired only a few microseconds
after the shock impinged on the plate. As a result, the incident
shock is still within the imaged region. A detached bow shock
has already formed and is clearly visible in the image. The
gas downstream of the bow shock shows a higher fluorescence
signal due to its higher number density and vibrational tem-
perature.

In the subsequent images, the incident shock has propa-
gated out of the field of view. As the time sequence pro-

~ gresses, the bow shock gradually moves farther upstream (i.e.,

away) from the stagnation point of the plate. In addition, the
downstream portion of the bow shock propagates laterally
away from the plate. In Fig. 9d, the bow shock has nearly
reached its equilibrium position.

As the gas downstream of the shock flows around the nose
of the plate, the boundary layer separates. A short distance
downstream of the nose, the boundary layer reattaches and
a shock is generated to turn the flow parallel to the plate.
The shock generated at the reattachment point is clearly vis-
ible in Figs. 9b-9d, and the sequence shows that the reat-
tachment point moves downstream as the flow develops. As
before, the signal increases downstream of this shock wave
due to an increase in the vibrational temperature of the gas.
Also, we note that the lower signal in the region surrounding
the recirculation zone (where the boundary layer has sepa-
rated) is most likely due to the expansion of the flow as it
curves around the recirculation zone.

The images presented in Figs. 9 cléarly demonstrate the
potential of PLIF imaging as a diagnostic technique for in-
vestigating complex, high-temperature supersonic flows. In
the flows examined here, the interpretation of the fluores-
cence signal was relatively straightforward because these flows
are well understood. In general, however, the interpretation
of individual images may not be as straightforward because
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Fig. 10 Schematic illustrating the imaging geometry and the char-
acteristic features of supersonic flow over a two-dimensional plate with
a flat nose.

the fluorescence signal changes with. variations in number
density, rotational and vibrational temperatures, species con-
centration, laser intensity, and various collisional quenching
rates. :

In more complex flows, multiple-wavelength excitation/de-
tection techniques can be employed to isolate the particular
flowfield property of interest.!? For example, the vibrational
temperature can be obtained by exciting transitions from two
different ground state vibrational levels to the same upper
electronic state vibrational level. By dividing the resultant
fluorescence images, the dependence on all parameters other
than the vibrational temperature is removed in the processed
image. Similar schemes can be devised to isolate other flow-
field properties of interest.

Conclusions

Single-laser-shot PLIF images of NO in shock-heated flows
with vibrational nonequilibrium have been presented, and the
importance of spatial resolution for properly imaging the flu-
orescence signal near shock waves has been discussed in de-
tail. The variation in fluorescence signal in the images pre-
sented reflects the evolving population of the v' =1 vibrational
level in the ground electronic state; as a result, the signal can
be readily used to investigate vibrational nonequilibrium in
the ground electronic state. The vibrational relaxation of NO
diluted in argon was examined in images of both planar in-
cident and reflected shocks, and the agreement with previ-
ously reported relaxation rates was excellent.

A four-image sequence illustrating the temporal evolution
of high-temperature supersonic flow over a two-dimensional
blunt body was also presented. The images clearly reveal the
shock-wave structure through the combined variation of num-
ber density and vibrational temperature in the flowfield. The
demonstration of single-shot PLIF imaging of NO in transient
supersonic flows with vibrational nonequilibrium is of con-
siderable importance because NO is a species present in many
important aerodynamic applications. These results confirm
that single-shot PLIF imaging is a promising diagnostic tech-
nique for transient flow facilities because it provides species-

specific and quantum-state-specific measurements throughout
the flowfield with excellent spatial and temporal resolution.
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