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Laser-Induced Iodine Fluorescence Technique for Quantitative
Measurement in a Nonreacting Supersonic Combustor

D. G. Fletcher* and J. C. McDanielf
University of Virginia, Charlottesville, Virginia

A nonintrusive optical technique, laser-induced iodine fluorescence (LIIF), is demonstrated in the quantitative
study of the compressible flowfield in a steady, nonreacting supersonic combustor. Measurements of density,
temperature, and velocity were made with the calibrated technique for two combustor operating conditions.
Measurements were first conducted in the supersonic flow over a rearward-facing step for comparison with cal-
culated pressure profiles. The second operating condition was staged, transverse injection behind a rearward-
facing step at an injection dynamic pressure ratio of 1.20. These experimental results demonstrate the capability
of the technique for making accurate, spatially resolved measurements of gasdynamic variables in the complex
supersonic flowfield. Complete data sets to be generated with this technique will be used to validate computa-
tional fluid dynamic (CFD) codes for supersonic combustor flowfields, prior to the inclusion of chemical reac-
tion.

Introduction

PROPOSED supersonic combustor configurations en-
gender complex, compressible flowfields that present a

considerable computational challenge, even without
chemical reaction. The mixing of high-speed, compressible gas
streams injected transversely into a supersonic freestream be-
hind a rearward-facing step is highly three-dimensional and
dominated by shock waves and shock-wave/boundary-layer
interactions. However, in order to design air breathing propul-
sion systems for hypersonic flight, computational fluid dy-
namic (CFD) codes must be developed to model these
flowfields. The codes will extend combustor studies beyond
the capability of ground-test facilities1 and ultimately provide
insight into the fundamental processes governing ignition and
flameholding.

Confidence in these CFD codes must be developed before
their application, necessitating the parallel experimental inves-
tigation of supersonic combustion flowfields, first without
chemical reaction. The large property gradients in these super-
sonic flowfields require the use of a nonintrusive, optical
measurement technique with excellent spatial resolution. Uni-
fied optical techniques are preferable for compressible
flowfield diagnosis because they provide the measurement of
more than one gasdynamic variable simultaneously.2'3 Laser-
induced iodine fluorescence (LIIF) has been demonstrated as a
qualitative tool for flow visualization4'5 and is herein demon-
strated as a quantitative, unified optical technique for
spatially-resolved measurements. Both qualitative and quanti-
tative LIIF techniques use iodine as a tracer molecule, seeded
into air. Molecular iodine has a dense visible absorption spec-
trum and fluoresces strongly in the visible for convenient sig-
nal collection. In addition, iodine molecules are not subject to
macroscopic particle lag in regions of large velocity gradients
encountered in supersonic flowfields.

Simultaneous LIIF measurements of density, temperature,
and velocity in a steady, nonreacting supersonic-combustor
flowfield are presented in this paper. Visualization studies pre-
viously conducted in the flowfield using LIIF6-7 were used to
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select the measurement locations and provide a coarse check
on the results. These measurements establish the capability of
the unified LIIF technique for quantitative measurement of
gasdynamic variables with sufficient spatial resolution to fully
characterize the flowfield. Complete data sets will be obtained
with this technique for detailed, pointwise validation of the
three-dimensional CFD solution for the flowfield.7'8

Experiment
LIIF

Quantitative measurements using LIIF have been reported
for density,9 velocity,10'12 pressure,13'15 and temperature16 in
compressible flowfields. A narrow-bandwidth, tunable dye
laser, or an argon laser with an intracavity etalon, is used to
selectively excite iodine transitions. The resulting broadband
fluorescence signal is collected using phase-sensitive detection.
In contrast with qualitative LIIF experiments, the laser beam
is focused very tightly and, using small-aperture collection op-
tics, a probe volume on the order of 0.001 mm3 is obtained.
Such high spatial resolution is absolutely necessary for point-
wise measurements in large-gradient, supersonic flowfields.
By scanning a dye laser across specially selected iodine absorp-
tion lines, measurements of density, temperature, and velocity
in a steady flowfield are combined into a single (unified)
nonintrusive technique. Figure 1 demonstrates briefly how the
technique is applied. The broader spectrum (dotted line) in
this figure is fluorescence collected from a point in the com-
bustor test section. The more narrow spectrum (dashed line) is
fluorescence collected from a low-pressure iodine static cell.
The dye laser scans a 30-GHz region of the iodine absorption
spectrum containing two adjacent transitions chosen to give
maximum sensitivity to the flowfield properties of interest.
Line-center signal variation resulting from narrow-bandwidth
excitation of the stronger transition is inversely proportional
to collisional quenching and broadening. For a uniformly
seeded flowfield, this reduces to an inverse dependence on
total number density. Density profiles are normalized to a
value at a known reference point in the flowfield to produce
absolute density measurements. The ratio of the line-center
signal magnitude of the weaker transition to the stronger tran-
sition yields the ratio of Boltzmann population fractions of
the two iodine transitions, from which the absolute tempera-
ture is obtained. This temperature measurement technique has
been calibrated in the known flowfield of a Laval nozzle,16

with an uncertainty of ±2%. Once the density and tempera-
ture are measured, the local static pressure is calculated from
the ideal-gas equation of state. Simultaneous excitation of
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Fig. 1 Summary of the spectral line-center relationships to
gasdynamic variables for the calibrated LHF optical technique.
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Fig. 2 Staged, transverse injection behind rearward-facing step in
nonreacting supersonic combustor.
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Fig. 3 Experimental configuration of the LIIF optical technique
(M= mirror, Z, = lens, BS=beamsplitter).

iodine in the static cell provides a reference fluorescence signal
for determining velocity from the frequency shift between the
absorption peaks. In Fig. 1, the shift is to lower frequency, in-
dicating a velocity component direction opposing laser beam
propagation. The transitions are also frequency-shifted due to
collisions, a phenomenon termed the impact shift.17 The ther-
modynamic dependence of the impact shift of iodine in air was
determined in a calibration experiment. With this dependence
known, measured density is used to calculate the impact shift
contribution at each location. This impact shift is subtracted
from the measured total frequency shift, and the remaining
Doppler shift yields the velocity component in the laser beam
direction. Uncertainty in velocity measurement is due to inac-
curacy in determining line-center locations and uncertainty in
the calculated impact shift. At present, this velocity uncer-
tainty is estimated to be less than ±5% over the range of velo-
cities reported in this paper. Also shown in Fig. 1 is the com-
puted fluorescence spectrum (solid line) calculated using the
measured thermodynamic properties in order to provide a
consistency check on the results deduced from measured line-
center values alone.
Flowfield

The combustor test section was configured with staged,
transverse injectors located behind a rearward-facing step. A
sketch of the flowfield is presented in Fig. 2. A two-
dimensional Laval nozzle provides a shock-free Mach 2.07 test
section inlet freestream with /? = 31.4 kPa and T= 161 K at
nominal stagnation conditions of 274 kPa and 299 K. As
shown in Fig. 2, the flowfield accelerates and turns past the
step through a centered Prandtl-Meyer expansion fan. The
rear ward-facing step of 3.18-mm height His 15% of the total
combustor duct height and promotes gaseous injectant pene-
tration and recirculation. The injectors have a diameter D of
1.98 mm, or Q.624H and are located at 3H and 1H down-
stream of the step. (Visualization studies of a similar configu-
ration with the first injector located 4H behind the step did not
detect a significant amount of injectant in the recirculation re-
gion behind the step.6 Moving the injectors \H upstream
allows the injected gas to reach this zone, as verified by recent
visualization studies.7) The under expanded jet injectors ex-
hibit barrel shocks and Mach disks that are deflected down-
stream by the supersonic crossflow. Also indicated in Fig. 2
are the injectant penetration boundary and injector bow shock
locations determined from LIIF visualization photographs.7

Optical Configuration
The optical setup for the quantitative LIIF study is shown in

Fig. 3. An 18-W argon laser, tuned to the 488-nm line, pumps
a Spectra-Physics model 380A ring dye laser. Coumarin 540
dye is used in the ring laser because of its high gain at the
iodine transition wavelength (543 nm) and its relative stability.
Dye laser output power is monitored by a photodetector lo-
cated within the ring cavity. A portion of the dye laser beam is
sent to a spectrometer for coarse laser frequency determina-
tion and to a scanning interferometer for monitoring the laser
mode during the 30-GHz scan. The beam is then chopped, and
8% is sent to an iodine static cell for precise frequency deter-
mination and reference in the velocity measurement. A
micrometer-driven translation system (not shown in Fig. 3) is
located beneath the tunnel and carries a lens and mirror to
focus and redirect the beam vertically into the tunnel. A
collection lens and photomultiplier tube, also mounted on the
translation stage, translates with the laser beam and collects
fluorescence emitted normal to the laser beam. Two filters (a
multilayer reflective and a long-pass absorbing) at the front of
the tube provide discrimination against the elastic scattering at
the laser wavelength while transmitting the red-shifted fluores-
cence. Coated, optical-grade fused silica windows allow the
laser beam to enter and leave the combustor test section with
minimal reflection. The intersection of the 80-/>tm-diam laser
beam and 200-^m-diam collection aperture, with unit magnifi-
cation imaging, produces a measurement volume of 0.001
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Fig. 4 Two-dimensional, method-of-characteristics solution for flow
over the rearward-facing step (no injection).

P(kPa)
p(kg/m)3

T(K)

V(m/s)

Meas.
31.6
.679
162

-26.3

Calc.
31.4
.679
161

0
—— Static Cell
-••••Test Section

0 10 20 30
Frequency ( G H z )

Fig. 5 Test section and static cell fluorescence spectra measured in
the freestream (region 1) at the reference point (Z/D = 8.5).
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Fig. 6 Test section and static cell fluorescence spectra measured in
the expansion fan (region 2) at Z/D = 4.0.
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Fig. 7 Test section and static cell fluorescence spectra measured after
the oblique shock (region 3) at Z/Z) = 1.5.

mm3. This high spatial resolution provides more than 10 dis-
crete measurement locations across the 1.98-mm-diam injector
orifice. Data acquisition is microcomputer-controlled and is
synchronized with the computer-initiated dye laser scan once
the translation stage is in position. A stationary reference pho-
tomultiplier tube, located upstream of the combustor, moni-
tors the signal from an iodine transition excited by the broad-
band 5l4.5-nm output of a 2-W argon laser in order to provide
a record of iodine seeding-fraction variation during the experi-
ments. (Iodine is seeded into the flowfield in a room-
temperature stagnation chamber that does not reach thermo-
dynamic equilibrium during the experiment because of
coupled heat- and mass-transfer effects.15) Spectra consisting
of 600 points are acquired at each measurement location, are
three-point averaged, and are then fit by quadratic
polynomials to locate transition line centers. Once the line
centers are located, density and temperature are determined
from line-center magnitudes and velocity from the line-center
frequency shift, as described previously.

Results and Discussion
Flowfield without Injection

The first experiment was conducted in the test section
without transverse injection. A schematic representation of
this flowfield is presented in Fig. 4. The 15.5-deg flow-turning
angle through the expansion fan and the oblique shock loca-
tion were obtained from a planar fluorescence photograph.7
The flow property variation in the expansion fan (region 2 in
Fig. 4) and the interaction of the expansion fan and the
oblique shock were calculated using the two-dimensional
method of characteristics. Measurements were made across
the test section along the center line of the second injector.
Representative fluorescence spectra at the three measurement
locations shown by the dots in Fig. 4 are presented in Figs.
5-7. Flow properties obtained from the fluorescence spectra
are tabulated on each figure and compared with the method-
of-characteristics solution.

The spectrum in Fig. 5 corresponds to the Mach 2.07 free-
stream conditions of 31.4 kPa and 161 K computed from the
isentropic relations and the stagnation conditions given in Fig.
4. Density measurements for the entire data set were normal-
ized to this freestream reference point. The measured free-
stream temperature agrees very well with the computed value,
as does the pressure value derived from the ideal-gas equation
of state. However, a small vertical velocity component was
measured, in contrast to the assumption of uniform horizontal
velocity in region 1 of Fig. 4 used to initiate the method-of-
characteristics solution.

In Fig. 6, the density inside the expansion fan (region 2 of
Fig. 4) is decreased from the freestream value, as indicated by
the increased line-center signal of the stronger transition. A
decrease in the frequency shift between the static cell and test
section, compared to that of Fig. 5, is due to the reduced den-
sity, since the impact shift is large compared to the Doppler
shift in these two figures. The smoothness of the scan and the
sharply peaked line-center values serve to illustrate the high
signal-to-noise ratio available from the measured flowfield
fluorescence. The measured density is 3% higher than the
value calculated by the method-of-characteristics solution,
and the measured temperature is 3% higher than the calcu-
lated value. The static pressure derived from the ideal-gas
equation of state is, therefore, 6% higher than the calculated
value. The strong negative vertical velocity component
measured at this location is due to the turning of the flow by
the expansion fan.

The fluorescence spectrum obtained at the data point lo-
cated behind the oblique shock (region 3 of Fig. 4) is shown in
Fig. 7. The increases in temperature and density from the con-
ditions of Fig. 6 are due to the oblique shock compression. At
this location, the density measured is lower than the value
from the method-of-characteristics solution by 1%. The
measured temperature is 2% higher than that predicted by the
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Fig. 11 Test section and static cell fluorescence spectra measured
after the second injector bow shock (region 2) at Z/D = 4.0 for staged
injection with 0 = 1.20.

Fig. 8 Comparison of measured and calculated pressure distribu-
tions for flow over the rearward-facing step (no injection).
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Fig. 9 Flowfield features and measurement locations for staged,
transverse injection behind a rearward-facing step at 0 = 1.20.
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Fig. 10 Test section and static cell fluorescence spectra measured in
the isentropic core of the underexpanded-jet injector (region 4) at
Z/D = 1.5 for staged injection with q = 1.20.

calculation. This results in a pressure value derived from the
ideal-gas equation of state, which agrees to within 1% of the
calculated value. The measured vertical velocity component is
essentially zero, as expected in order for the flow to leave the
oblique shock nearly parallel to the bottom wall.

A pressure profile, calculated from the measured density
and temperature at each data-point location, is shown in Fig.
8. The method-of-characteristics solution for pressure (dashed
line) and values of pressure from the computational solution
of the full three-dimensional Navier-Stokes equations for the
flowfield18 are also presented in Fig. 8. The decrease in
pressure from the freestream value through the expansion fan
is shown, as well as the recompression across the oblique

shock. The agreement between the full solution, the method-
of-characteristics solution, and the measured values is seen to
be quite good.

Flowfield with Injection
A schematic of the flowfield with staged injection at an

injector-to-freestream dynamic pressure ratio q of 1.20 is
shown in Fig. 9. Shock locations at the measurement profile
along the second jet center line were obtained from the
visualization studies7 and serve to delineate four distinct re-
gions within the flowfield. Because of larger gradients in the
isentropic jet core of region 4, a finer experimental grid was
employed in this region.

Fluorescence spectra measured at the locations of the two
dots in regions 4 and 2 of Fig. 9 are shown in Figs. 10 and 11,
respectively. The fluorescence spectrum in Fig. 10 is very
sharp due to the low density and temperature in the
underexpanded-jet core and is strongly shifted to lower fre-
quency because of the large vertical velocity component op-
posing the laser beam direction. By forming the ratio of the
measured density to the injector stagnation density, a Mach
number of 2.66 is obtained from the isentropic relations.
Comparing this value with a Mach number of 2.71 obtained in
a similar fashion using the measured temperature shows that,
for the isentropic conditions in the jet core, the measured den-
sity and temperature at this location are consistent. A Mach
number of 2.47, obtained from the measured temperature and
vertical velocity component, is less than the aforementioned
values, indicating a significant horizontal velocity component
at this point.

Figure 11 shows the spectrum at the second location, in re-
gion 2. The measured velocity component in the laser beam di-
rection is nearly zero, and the density, temperature, and
pressure are close to the freestream conditions after expansion
and then recompression by the first bow shock.

Distributions of pressure, temperature, and velocity compo-
nent along this vertical profile are presented in Figs. 12-14.
Discontinuities in the plotted data on each figure correlate well
with the shock locations measured from the fluorescence pho-
tograph, with pressure and temperature increasing in the flow
direction across each shock wave. The experimental uncer-
tainty of the thermodynamic variables along this profile is less
than ±5%. Although the jet was initially assumed to be sonic,
a comparison of the measured pressure and temperature at the
jet exit with the stagnation conditions indicates an exit Mach
number of about 1.4. Using this measured Mach number and
static pressure, a value of the injector-to-freestream dynamic
pressure ratio q of 1.20 is obtained. However, measurements
at the jet exit plane were subject to a much higher background
level, due to wall scattering, than data points in the flowfield.
Consequently, the measured pressure and temperature and
deduced Mach number at the jet exit are subject to greater un-
certainty. A velocity measurement at the jet exit point could
not be made in this experiment due to this wall scattering.

Future experiments will employ a different signal collection
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geometry to minimize the background signal level near the
wall. These experiments will complete the characterization of
the flowfield at more than 500 measurement locations with
both staged and single injection at different injection dynamic
pressure ratios. A computer-controlled, three-axis, motorized
translation system, which will improve the spatial positioning
accuracy and ensure repeatability, will be integrated into the
experiment. The complete experimental data set will serve as a

benchmark for validation of CFD models of a supersonic
combustor under nonreacting conditions. This work also pro-
vides a foundation for conducting studies of a reacting,
hydrogen-fueled, supersonic combustor using laser-induced
fluorescence of radical species in the next phase of this
research program.

Summary
The spatial resolution and measurement accuracy of a uni-

fied, nonintrusive optical technique, LIIF, has been demon-
strated in the compressible flowfield of a nonreacting super-
sonic combustor. The combustor was operated with and
without staged, transverse injection behind a rear ward-facing
step. A measured pressure profile obtained with the calibrated
optical technique in the absence of transverse injection agrees
very well with both a two-dimensional, method-of-character-
istics calculation and a full three-dimensional, Navier-Stokes
calculation. Measurements with transverse injection show
flow-property discontinuity locations that are in close agree-
ment with shock locations obtained from fluorescence
visualization photographs. The sensitivity of the technique to
flow property variation and the quantitative nature of the
results obtainable from the LIIF technique are evidenced by
both experiments.
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effects of turbulence and diagnostic techniques used to study combustion
phenomena.

Dynamics of Explosions
1986 664 pp. illus., Hardback
ISBN 0-930403-15-0
AIAA Members $49.95
Nonmembers $84.95
Order Number V-106

Dynamics of Reactive Systems I and II
1986 900 pp. (2 vols.), illus. Hardback

ISBN 0-930403-14-2
AIAA Members $79.95
Nonmembers $125.00
Order Number V-105

TO ORDER: Write AIAA Order Department, 370 L'Enfant Promenade, S.W., Washington, DC 20024. Please include postage and
handling fee of $4.50 with all orders. California and D.C. residents must add 6% sales tax. All orders under $50.00 must be
prepaid. All foreign orders must be prepaid. Please allow 4-6 weeks for delivery. Prices are subject to change without notice.


