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TWO-DIMENSIONAL IMAGING MEASUREMENTS IN SUPERSONIC FLOWS USING LASER-INDUCED
FLUORESCENCE OF OXYGEN

L M. Cohen, M. P. Lee, P. H. Paul and R. K. Hanson
High Temper ur Gasdynamics Laboratory

Department of Mechanical Engineering
Stanford University

Stanford, CA 94305-3032

ABS An attractive candidate for LIF measurements is
molecular oxygen, due to its natural presence (at high levels) in

Planar laser induced fluorescence of molecular oxygen in many flows of interest. Although oxygen will be consumed
a supersonic jet of heated air is reported. A tunable, narrow- during combustion reactions, and hence its mole fraction may
bandwidth ArF excimer laser was used to excite a rovibronic vary in some flows, it is still more desirable than artificial seed
transition of oxygen in the Schumann-Runge band system at species (e.g., Na, I;, NO) for the reasons mentioned above.
193 rum. A comparison between the predicted pressure and Oxygen has not generally been considered as a fluorescent
temperamre profiles obtained in the underexpanded round jet species until recently due to the lack of ultraviolet (uv) laser
with the fluorescence image data is presentedL sources that could excite the saong molecular transitions of the

Schumann-Runge band system (B3 ' r XX1s). With the

INTRODUCTON availability of broadband ArF excimer lasers operating at 193
rm, oxygen imaging becomes, practical having recently been

Laser diagnostics based on molecular scattering provide demonstrated in a prmixed flame9 and heated air jet. °

the experimentalist with non-invasive techniques for probing Currently, excimer lasers can provide tunable, narrowband
complex, high-speed flowfields with excellent spatial and (AWm = .004 un for ArE) uv radiation over a modest range
temporal resolution. For example, the pulsed lasers used in (1 amn) by injection seeding of a stable excimer oscillator into
many experiments have a pusewidth around 10 nsec so that an unstable resonator amplifier, operation in other wavelength
even in flows of I km/sec, fluid molecules move only 10 regions can be achieved with Raman shifting of the excimer
microns over the pulse duration. With current intmest in output. The use of a narmwband source has the advantage of
supersonic combustion attributable to the "national aerospace providing better overlap with an individual absorption line than
plane"'" there is an immediate need for the development of broadband (Au , .5 rnm) excitation, leading to increased
laser diagnostics suitable for these high speed, high signaL
temperature environments. Of the techniques investigated thus
far, laser-induced fluorescence (LIF) is particularly attractive The availability of narrowband uv laser sources also has
and has been used to measure scalar and vector properties of implications regarding LIF Doppler-shift velocity
non-reacting and reacting flows. Previous work has been measurements. Briefly, if there is a component of the gas
successful in measuring temperature, pressumre, number density velocity in the direction of the exciting radiation, the gas
and velocity in a variety of compressible flowfields. molecules absorb at a frequency that is Doppler-shifted from
Temperature measuremems have been made in supersonic the lase frequency by,
flows below 300K using LIF of NO seeded into a nitrogen u
flow' and iodine seeded into an air flow.4 Velocity and
pressure fields in supersonic nozzle flows have been This shift in frequency changes the absorption coefficient
determined using the Doppler shift of molecular absorption (through the lineshape function), resulting in a proportional
lines for iodine seeded into a nitrogen flow.5 All of these change in fluorescent emission intensity. Thus, for suitably
results, however, have relied on the introduction of a trace narrow laser sources and sufficiently large Doppler shifts, it is
species into the gas flow to facilitate the measurement. In the possible to infer velocity from LIF signals."
case of high speed, high temperature flows there is concern
over whether such tracers accurately follow the flow6 and Prominent absorption bands for room temperature k

whether ure species is chemically stable 'wil dissociate) 7 or oxygen occur in the uv, with continuum absorption occurring
will interfere with the normal reaction chemistry.' below about 175 nm (the vuv) and discrete absorption spectra

at longer wavelengths. In this discrete-spectra region each
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vibrational band has strong rotational transitions from odd where C' is a new constant which includes C, the Stern-Volmer
rotational levels, each of which is triplet split, and also weak factor, the laser intensity, and die mole fraction of oxygen
satellite branches. Recent calculations of absorption (taken here to be a constant). In the homogeneously broadened
coefficients and fluorescence over a range of 300-2000K were limit (true when the homogeneous linewidth, dominated by
used to select an appropriate transition for the experiments predissociation, is much greater than the inhomogeneous
reported here. One problem encountered in using 193 am linewidth), the lineshape function for line center excitation
excitation is in trying to avoid significant laser absorption in becomes 3,
the air path between the laser and experimen. To avoid using a g(Ud=c/Q, (3)
purged pathlength, a line was chosen that has negligible
absorption at room temperature but displays strongly where c is a constant. (The effect of non-negligible laser

temperature dependent absorption from 500-1000K. Figure 1 bandwidth can be accounted for within the constant.)

shows the 193 nm oxygen absorption fines at 500K with tis Therefore, Eq. (2) can be written for this special case as,

line indicated. Sr W N(P,T) fb(T). (4a)

The fluorescence signal, S,, assuming linear Since N = P / kT, Eq. (4a) becomes,
(unsaturated) excitation with a narrowband laser is given by, Sf P p(fbr)T)/ Pam , (4b)

Sf = C I of A2 1 /(A21 + Q)] g(u) . (1)
where a is the absorption coefficient per unit pathlength per

Hem C is a conatant determined by molecular parameters and unit pressure (cm' atm'). Although it is clear from Eq. (4) that
the optical arrangement of the experiment, X is the mole removal of the quenching greatly simplifies the pressure and
fraction of oxygen, N is the total molecular number density, fb temperature dependence of the fluorescence signal, the penalty
is the temperature-dependent Boltzmnann fraction of the for this is reduction in the signal, a factor that has partially
absorbing state, Air/(A., + Q) is the ratio of radiative decay to discouraged experimentalists from working with oxygen.
the total decay rate from the upper excited laser level (the
Stern-Volmer factor), and g(u) is the absorption linehape The form of Eq. (4b) suggests that one approach to

function which depends on line broadening parameters and the deterine tmperaur is to select an absorption line that
frequency detuning from line center. The quench rate, Q, for displays a large variation with temperature over the range of

oxygen is often dominated by predisSOciation122 Therefore, thee to be measured. For pressure measurements, the

Stern-Voimer factor is temperature and pressure indepeent converse should be true for the line chosen, that is, the line

over a wide range of conditions, and depends only on the upper should be temperature insensitive. For number density

state vibrational quantum number. Since, for a given upper measurements, a line would be chosen that displays a small

state, Q can be treated as a constant, the fluorescence signal variation in the Boltzmann population fraction with

can be written as, temperature (c.f. Eq. 4a). In order to determine velocity fields,

the Doppler shift of the absorption line could be employed as
in previous experiments with iodine seeded flows.5 Proper

consideration must be given to the increased linewidths of both
the pulsed laser source (relative to past work with cw lasers)

and the absorption transitions.

Alf r-t R In the present experiments, supersonic imaging of
r0 WOW-- oxygen was performed in an underexpanded round jet of

heated air. In this flowfield, pressure and temperature are
changing by factors of up to 2 over millimeter distances. By
illuminating the flow at 900 to the streamwise axis, Doppler
shifts ae minimized and thus the fluorescence signal depended

on temperature and pressure only.

~EXPERIMENTAL PROCEDURE.

- 2. 9 193.2 193.4 193.6 193.8 Experiments were carried out using the heated air issuing
WAVELENGTH tnol

from a Sylvania Model SGH 114683 air torch. The torch

Fig. 1 Oxygen absorption lines at consists of a quartz tube with an internal heating element over

500K. which compressed air is blown. At the end of the tube is a
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nozzle with a 1.65 mm orifice. The voltage across the torch

was cotole in order to regulate the filament temperature
SCHUMANN-RUNGE

and hence the stagnation temperature of the gas in the heater. B 0.- p9X
The pressurized hoc air exitd into room air. The upstreamn-to- 193.055 nm

background pressure ratio exceeded 1.89, thus the flow at the 0.3.

nozzle exit was underexpmnded resulting in a series of

rarefaction and shock waves. The flow conditions for the - 0.-
experiments are summarized in Table 1. LU

z
W 0.1

The experimental arrangement used here was similar to 0W 1

that used in previous fluorescence experiments. A Lambda- 0.CPhysik Model W6IT MSC excimer laser operating with A&F ,00 0 sco loco

and tuned to the oxygen absorption transition at 193.055 n 1PAPRATURE w

[(7,1)P191 was used as the excitation source. As shown in Fig. 2 Line-center absorption

Figure 2, this transition has negligible room temperature coefficient.

absorption (I/l/Ie in 5.9 m of room air) but displays an order

of magnitude increase in absorption between 300 and 1000K.
A I rn air-gap etalon (A s.=5 cm') with a finesse of 7.3 In order to maximize fluorescence light collection, it is

was used to monitor the bandwidth of the injection-seeded desirable to mount the imaging lenses as close to the

excimer. While operating as a narrowband laser, the output experiment as possible, thus increasing the collection solid

energy was nominally 100 ml in a 13 sec pulse. For the angle. Hence, two uv 105 mm focal length Nikkor lenses

experiments reported here, the laser repetition rat was I I Hz. (f/4.5), mounted back-to-back and focused at infinity, were

Pulse-to-pulse energy fluctuations were measured to be within used to perform 1:1 imaging. The lenses were mounted to an

± 6 %. A 38 cm focal length cylindrical lens and 100 cm adapter ring holding an ITT Model 4144 dual-plate image

spherical lens, both made of uv-grade fused silica, were used to intensifier with an S-20 photocathode. The image intensifier is

create a sheet of light in a horizontal plane approximately 100 used to obtain shot-noise limited operation at the low light

;Lm thick. The sheet was steered to just touch the exit plane of levels typical of oxygen fluorescence experiments. The

the glass nozzle at the midplane of the flow. A graphite block intensifier was mounted to a Reticon Model MC520 100x100

was used as the beam stop. The fluorescence was imaged at element array camera using fiberoptic bundle coupling. The

900 to the laser sheet. A 3 mm thick piece of KBr was used as a 1:1 imaging resulted in fluorescence from a 6mm square region

long-pass filter to block elastically swattered light from entering of the flowfield being imaged onto the array.

the collection optics. The Reticon camera data was acquired using a Microtex

7402 camera/computer interface hosted in an LSI- 11
Table I Summa y of flow conditions laboratory computer. Display of the camera output was via a

_ Lexidata color graphics monitor. Data manipulation including

S, I background subtraction, frame and/or pixel averaging, and

rescaling was performed in software.

po(yI (W' (b RESULTS AND DISCUSSION

For each experimental condition given in Table 1, 24
2 Ina 1004 76 0 frames of data were acquired at I I Hz using an intensifier gate

3 2135 128 i s? width of 2 psec. From the 24 images, a sequence of 8 was

chosen as best representing the flow. Twenty-four backgroundI 1" 9 171 1 821

Thowm-m frames were also acquired; these frames arm ised to account for
2 1066 97s on 743 integrated dark current, odd/even row imbalances in the array,

( 3 060 ITS 702 and background scattered light. The average of these
background frames was subtracted from each of the eight flow

Mas I a 1 1.11 1.13 frames and then these background-corrected frames were

2 2 1.22 1.37 averaged. A 3x3 pixel spatial average was then performed to
4improve image quality. The resulting images, displayed in 5

_______,___ ____ ,grey levels, are shown in Figure 3.
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The flowfield of an underexpanded round jet is well
understood.14 For upstream-to-background pressure ratios

exceeding about 1.9, a supersonic regime with a periodic

diamond pattern of shock waves and expansion fans is

encountered (Figure 4). Above a pressure ratio of about 5, a
strong normal shock ('Mach disk') appears and the jet behavior

becomes strongly non-isentropic. At the highest pressure ratio
used here, 2.8, the flow was still nearly isentropic with no

Mach disk appearing. The method of characteristics can be
used to determine the expected temperature and pressure

values in the first few regions of the two-dimensional diamond

pattern. In the simplest analysis, the expansion fans are

approximated as a single Mach wave and isentropic flow
calculations are used to establish the peak conditions in each
"cell". Beyond the jet near-field (i.e., the first few shock cells),

(a) the inviscid calculations are no longer accurate and turbulent

mixing with the surrounding fluid must be accounted for.'5

The images of oxygen fluorescence in a supersonic flow

are related to the change in pressure and temperature as the
underexpanded jet accommodates to its surroundings.

Qualitatively, the images in Figure 3 show the repetitive

diamond pattern expected for this flowfield. As the pressure

ratio is increased, the spacing between the cells also increased,

consistent with theory. The pattern of alternating high-to-low

pressure and temperature (low-to-high velocity) would repeat

exactly except for mixing with the surrounding gas which

serves to decrease the amplitude of the fluctuations. However,

for the first few cells, it is reasonable to assume that the

changes in pressure, temperature, and velocity are smallti and
that the calculated values for these variables correspond to the

peak measured values in the experiments.
(b)

Figure 5 shows a cut along the flow axis for each of the

experiments and the variation in fluorescence amplitude along

that cut. The peaks and valleys correspond to regions of the

flow where pressure and temperature alternate between high

, and low values in the nozzle exit (*) and maximum mach

number (in) regions, respectively. The ratios of the maximum

I \, ' \ . \ . - .. ..
b ..

rn

(C)1

.,'/ b ,h /\

(c) I:

Fig. 3 Fluorescence images for P0 /Pb

(a) 2.2, (b) 2.5, and (c) 2.8. The
grey scale (arbitrary units) is Fig. 4 Geometry of an underexpanded,
shown in (a). supersonic jet.
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to minimum ffuorescence signals at each test condition in
Figure 5 compare favorably with theoretical predictions of

fluorescence ratios for the known pressure and temperature in

each cell. For the three flow conditions tested, these ratios were

measured as 1.5, 2.0, and 2.5. Using the calculated

temperatures from Table I to determine the absorption

coefficient (cm-1 atm*' ) from Figure 2, and then multiplying by
the pressures (also from Table 1), the corresonding

fluorescence ratios were calculated as 1.4, 2. 1, and 3.0.

CONCLUSIONS

Oxygen fluorescence images have been acquired in

supersonic flows, demonstrating temperature and pressure
sensitivity. The technique can be modified to enable imaging a

(a) single flowfield property. For example, to measure pressure
fields, an absorption line that is insensitive to temperature can

be used. In isentropic flows (flows with weak shocks), the
temperature and pressure are related through isentropic

relationships so that after imaging the pressure field, the

temperature field can be calculated. All of the above applies to

non-reacting flows where the mole fraction of oxygen is
constant. If this is not true, as in reacting flows, the
measurement can be used to determine oxygen number density.

Multiple measurements (e.g. with two excitation wavelengths
and broadband collection, or a single excitation wavelength
with two detection channels) can also be used to allow

(b) combined measurements of multiple parameters in reacting
(b) flows.

Additional facilities are being considered for future

experiments, such as a supersonic shear layer and a hypersonic

shock tunnel. For velocity imaging in oxygen using Doppler-

shifted absorption, there are a number of additional
considerations. At 193 nm there is a Doppler shift of 5 GHz per
I kin/sec of velocity, or a shift of .0006 nm from the excitation
wavelength. At 1000K, for example, the triplets in each of the

193 nm absorption lines are partially overlapping, resulting in
an observed feature linewidth of A-u 2!.005 nm. The change in

absorption, due to the above calculated Doppler shift, would be

(c) difficult to observe at these conditions. Absorption lines at 179
- nm (corresponding to one anti-stokes Raman shift of ArF in

hydrogen), however, are narrower and more spectrally

separated so that the Doppler shift could be determined from

the change in absorption (fluorescence) on a single line of the
triplet. In addition, absorption coefficients for these lines are

10 or more times higher than at 193 nm. Although the laser

Fig. 5 Fluorescence variation along the energy will be reduced in the stimulated Raman process. the
flow axis for the three test fluorescence signal should still be enhanced due to the stronger
conditions, absorption coefficient.
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