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Computer-Controlled Multiparameter Flowfield Measurements
Using Planar Laser-Induced Iodine Fluorescence

James M. Donohue* and James C. McDaniel Jr.1

University of Virginia, Charlottesville, Virginia 22903

A measurement technique for the mapping of complex compressible flowfields using planar laser-induced iodine
fluorescence (PLIIF) is presented. Time-averaged values of all relevant flowfield properties are found: pressure,
temperature, velocity, and, for mixing flowfields, injectant mole fraction. Several modifications have been made
to a previous version of the PLIIF technique that allow multiple planes of data, needed for studying highly three-
dimensional flowfields, to be collected and processed in greatly reduced time and with improved measurement
accuracies. The technique is demonstrated with measurements in the flowfield of a Mach 2, rearward-facing
step. Detailed comparisons are made to a computational fluid dynamics simulation of the flowfield. Differences
between measured and simulated temperatures in the step recirculation region decreased from 21 to 4%, compared
with previous broadband planar temperature measurements. Measurement accuracies are strong functions of the
thermodynamic conditions. For the conditions seen in the step flowfield studied, estimated uncertainties range
from 5-8% for temperature, 4-12% for pressure, 10-20 m/s for velocity, and 2-3% for injectant mole fraction. In
regions very close to walls errors may be larger because of scattered laser light. The technique presented represents
a unique tool that allows complex, compressible, three-dimensional flowfields to be mapped out completely and
nonintrusively.

Nomenclature
AI\ = Einstein spontaneous emission coefficient
Bn = Einstein spontaneous absorption coefficient
Cb = broadening cross section
Cj = impact shift constant
Cq = quenching cross section
/i = Boltzmann population fraction of lower level
/ = laser intensity
Nf2 - iodine number density
P = pressure
^ratio = pressure sensitive spectral parameter
Q - collisional quenching rate
T = temperature
Tratio = temperature sensitive spectral parameter
u - velocity component in direction of laser sheet
V = Voigt function (convolution of Gaussian and Lorentzian

functions)
v = frequency of the laser
vo = transition line center frequency
Ai>c = linewidth due to collisional broadening
Ai>o = linewidth due to Doppler broadening
Ai>/ = impact shift
oo = freestream values

I. Introduction

C OMPRESSIBLE flowfields are of central importance to many
modern aerospace applications, ranging from external aero-

dynamics and internal flows in propulsive devices to aeroacous-
tics and gasdynamic lasers. These practical flowfields tend to be
very complex, exhibiting gasdynamic phenomena such as shock-
wave/boundary-layer interactions, boundary-layer transition, flow
separation and reattachment, and nonequilibrium and noncontinuum
effects. Improved understanding of these complex compressible
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flow applications is being achieved through the combined efforts
of modern computational fluid dynamics (CFD) and experimental
techniques.

Laser-spectroscopic techniques are being increasingly utilized
for measurements in compressible flows owing to their nonintru-
sive nature, their ability to measure specific parameters and specific
flow species, and their capability for excellent spatial and temporal
resolution.! Of these techniques, laser-induced fluorescence (LIE) is
particularly attractive because of its relative simplicity, its inherent
spatial resolution, and its strong signal, often permitting extension
to planar imaging with planar laser-induced fluorescence (PLIF).

In nonreacting compressible flows, iodine has been used exten-
sively as a seed fluorescing specie. Laser-induced iodine fluores-
cence (LIIF) techniques rely on seeding of iodine into the flowfield
of interest and probing it with a laser, so that the resulting fluores-
cence can be used to extract information about the flow. Because
molecular seeding is used, flow tracking issues are avoided. Very low
levels of iodine (about 150 ppm) are needed so that thermodynamic
properties of the flowfield air are affected negligibly. The iodine
molecule is a particularly good candidate for LIF measurements
because it has a large absorption cross section, fluoresces strongly
in the visible and has a high vapor pressure, allowing for adequate
seeding into room temperature air. Also, because it is a relatively
heavy molecule, it contains numerous transition lines across a large
range of frequencies, making it accessible to many different types
of lasers. LIIF has evolved from qualitative flow visualization2 to
a technique for quantitative single-point measurement of multiple
parameters,3'4 to a planar (PLIIF) multiple-parameter measurement
technique.5-6 Tunable dye lasers have been used to make point-
wise measurements of pressure, using the fluorescence intensity
due to absorption line center excitation, and temperatures, using a
two-line ratio technique.7'8 To make planar measurements an ar-
gon laser was employed since this laser has adequate power for
accurate planar imaging. Since only one strong iodine absorption
line was accessible with this laser, temperature measurement was
accomplished with broadband excitation of this single line.9 The
broadband argon laser has also been utilized for planar injectant
mole fraction measurement with a ratio of two PLIIF images col-
lected under different seeding conditions.1() For planar pressure mea-
surements, the argon laser was operated narrowband, by using an
intracavity etalon, and manually tuned to measure the absorption
line shape. Pressure is determined from the line broadening and a
spectral model. Velocity is measured using the Doppler shift of the

1604



DONOHUE AND MCDANIEL 1605

absorption line with either broadband11 or narrowband lasers.12'13

At modest pressures (above about 15 kPa) the collisional impact
shift must be accounted for in a Doppler-shift velocity measure-
ment technique.3'5'14

The motivation for the work reported herein was to streamline
the PLIIF measurement technique so that all flowfield parameters
can be measured on multiple flowfield planes during a single oper-
ation of the wind tunnel. This objective forces the PLIIF technique
to be altered in several ways. First, to avoid having to constantly
reconfigure the laser, all parameters must be obtained with the laser
operated narrowband. This means that the broadband temperature
and mole fraction measurements need to be modified. Second, the
experiment should be fully automated, using a computer to control
the laser scan, position the laser sheet translation system, conduct the
data acquisition, and control the camera imaging. Third, the com-
puter system and data reduction algorithms must be upgraded to
allow for on-line storage of the large image files and faster postpro-
cessing of the data. With these improvements, it should be possible
to obtain a complete flowfield mapping in a single experiment and
have the data reduced the same day, instead of weeks later.

This paper describes the computer-controlled, multiple-para-
meter PLIIF flowfield mapping technique. The procedures used for
extracting flowfield properties from the iodine fluorescence mea-
surements are presented first. The experimental apparatus and sys-
tem automation are discussed next. Finally, the technique is demon-
strated with flowfield measurements obtained in a Mach 2 flow over
a rearward-facing step. Application of the technique to the com-
plete mapping of a more complex three-dimensional flowfield is
presented in a separate paper.15

II. PLIIF Measurement Techniques
A. Iodine Fluorescence Modeling

To extract flowfield measurements from the fluorescence mea-
surements requires an understanding of the iodine fluorescence pro-
cess and how it is affected by the flowfield properties. Figure 1 shows
a small region of the iodine absorption spectrum, at two different
conditions, in the vicinity of the 514.5-nm argon ion laser to illus-
trate its thermodynamic dependence. The most striking difference
between the two spectra shown in Fig. 1 is that the lines have broad-
ened significantly in the higher pressure case because of collisional
effects. Much of the structure of individual lines that was observ-
able at lower pressure is lost due to the overlap of adjacent lines.
Notice that the relative peak heights, which are functions mainly of
temperature, have also changed.

Most of the development of iodine fluorescence modeling has
been reported previously,4-5'16'17 and so only a brief summary of

Argon ion laser
—| | |—line at 514.5 nm

the modeling used here will be given. The narrowband fluorescence
signal Sf can be represented as
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Fig. 1 Modeled iodine absorption spectrum, near the 514.5-nm argon
laser line, at two different thermodynamic conditions: a) T = 300 k, P =
0.1 kPa and b) T = 167 k, P = 33 kPa.

(1)
where C includes fundamental constants and the optical collection
efficiency. The term in square brackets is the ratio of the spontaneous
emission rate to the total decay rate of the excited state (emission
plus collisional quenching) and is known as the Stern- Volmer factor
or fluorescence efficiency (predissociation and stimulated emission
rates are neglected). The term Nh depends on the seeding frac-
tion and the total number density. Because of line broadening, the
absorption spectrum in this dense spectral region is significantly
affected by relatively distant transitions. The model calculates the
total fluorescence signal at each specific frequency by summing the
individual contributions of the various transitions in the vicinity
of the 514.5-nm argon laser line. For the work here, 133 transi-
tions spanning a 200-GHz spectral region were used. The ground
state Boltzmann population fraction f\ depends on the ground state
molecular quantum numbers and the local flowfield temperature.
Bu includes the product of the Frank-Condon factor and the Holn-
London factor, which are both functions of the molecular transition
quantum numbers and are independent of the flowfield conditions.
The transition quantum numbers, line center locations, and Frank-
Condon factors are taken from Refs. 18 and 19. The Voigt function
V describes the absorption line shape and is a function of the differ-
ence between the laser frequency and the impact-shifted transition
line center v — 1>0 — Au/ , the collisional broadening, and the Doppler
broadening.

Several of the terms in Eq. (1) are replaced with empirically de-
rived functions of the thermodynamic conditions. The quenching
rate Q scales with collisional frequency, so that the fluorescence
efficiency can be rewritten as16

r A21 i _ r———— — I —— i
(2)

where Cq/A2i = 2.1 K°-5/kPa. The collisional line width has been
empirically determined to scale as3

Auc = C/,(P/r°'7) (3)

where Ch = 4.2 GHz K°-7/kPa. The hyperfine width of the transition
(measured to be 0.8 GHz) contributes to the line shape at low pres-
sures and is added to the Doppler line width. As well as generating
line broadening, molecular collisions also produce a frequency shift
of the absorption lines. This collisional impact shift was found to
empirically scale with pressure and temperature as3

Au; = -C/(P/r°-7) (4)

where C/ = 0.39 GHz K°-7/kPa. Note that the assumption is made
that <2, C/;, and C/ are constant for all transitions.

The result of the modeling is that the narrowband fluorescence
signal Sf can be represented as a complicated function of the pres-
sure, temperature, velocity component in the beam direction u, and
laser frequency v and is proportional to the laser intensity and to the
number density of iodine present in the flow:

Sf = CINl2f(P,T,utv) (5)

Terms such as C, /, and /V/2 appearing in Eq. (1) vary with spatial
position and are difficult to correct for in data reduction procedures.
This leads to systematic errors if absolute intensities are used to
make measurements, as was done in previous LIIF techniques. In
the present technique only ratios of signal levels, taken at the same
spatial location but at different laser frequencies, are used to avoid
these kinds of error.

B. Pressure and Temperature Measurement Technique
The new Spectra-Physics 2080 argon laser used for the work

reported herein utilizes a strong magnetic field that causes Zeeman
splitting of the 514.5 line, resulting in a gain profile wider than that
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Fig. 2 Iodine transitions within the gain profiles of two argon lasers.
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Fig. 3 Example measured fluorescence spectrum indicating curvefits
through the left peak, valley, right peak, and static cell spectrum.

of argon lasers used previously. As shown in Fig. 2, a second strong
iodine transition line falls within the gain profile of the new 2080
laser so that the more accurate two-line ratio temperature technique
can now be used. Previous work with the Spectra-Physics 171 laser
did not have access to this second line. The strong peak on the right
is due to the blended PI 3, R15 rotational transitions from the 43-0
vibrational band. The peak on the left is due to a blending of the
P48(44-0) transition with the P103(49-0) transition. Figure 3 shows
a typical measured spectrum taken from a flowfield and a reference
spectrum, taken simultaneously, in a low-pressure static cell. The
peak and valley heights and the centerline locations are found by
passing curves through the data in the local region of the peak or
valley. For the peak locations a function consisting of a Gaussian plus
a constant is used; for the valley, a second-order polynomial is used.
The two ratio parameters, used to characterize the spectral shape,
are defined in the figure. The left-to-right peak height ratio, or rratio,
is sensitive to temperature because the different transitions have
different ground state Boltzmann population fraction temperature
dependencies. As the absorption lines broaden into each other with
increased pressure, the relative height of the valley between the two
peaks increases. The ratio of the valley height to the right peak
height, or Pralio, is chosen to be the pressure-sensitive parameter.

The shape of the fluorescence spectrum is a strongly coupled
function of both thermodynamic variables. Because of this, the ra-
tio parameters cannot, in general, be used to make accurate mea-
surements individually. The coupled dependence can be accounted
for with the use of correction factors, but this leads to complicated
data reduction schemes. The coupled dependence was accounted
for more directly in the previous planar pressure technique5 by us-
ing the fully modeled fluorescence spectrum to generate a two pa-
rameter polynomial calibration function, but the data reduction was
again complicated and required an iterative procedure. In the present

technique the coupled thermodynamic dependence is accounted for
in both the pressure and temperature measurements simultaneously.
This is accomplished with a more straightforward graphical proce-
dure described next.

The spectral parameters, Pralio and 7;atio, are functions of both
pressure and temperature; however, for each (Prati0, Trdtio) pair there
corresponds a unique (P, T) pair. The fluorescence model is used to
calculate Pratio and rratio for a matrix of pressures and temperatures.
The results are shown as the grid at the top of Fig. 4. The grid can
be thought of as a mapping definition to change from the (P, T)
coordinate system to the (Pratio, rratio) system. The mapping defini-
tion is then inverted so that P and T can be found from measured
values of Pratio and rratio. This mapping approach can be used for
any set of parameters chosen, as long as the mapping definition is
unique. If the mapping grid used is fine enough, linear interpola-
tion can be used to quickly and accurately determine the pressure
and temperature from the two measured parameters. The mapping
plane also clearly illustrates variations in the sensitivity of the tech-
nique at different conditions by the changing density of grid lines
in the inverted grid. Where grid lines are packed closely together,
relatively small errors in the measured parameters lead to relatively
large errors in the measured pressure or temperature. It is clear that
the best measurement accuracy is to be expected at low pressures.
Also it is apparent that at high temperatures and low pressure, where
the grid lines move parallel to the rratio, Pratio axes, the measurement
parameters are more decoupled. Notice that at high pressure and
low temperature the grid mapping plane contains no points. This is
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because in this region the spectrum has broadened so much that it
no longer has a double peak shape and the measurement procedure
breaks down. In the tests presented, however, this region is located
below the isentropic line defined by the inlet air stagnation condi-
tions, and so it is unlikely that conditions in this region will ever be
encountered in the flowfield.

C. Velocity and Injectant Mole Fraction Measurement Techniques
The techniques for measuring velocity3'5'14 and injectant mole

fraction10 have been well documented previously, and so only a
brief description will be given. The velocity is determined by mea-
suring the frequency shift of the measured spectrum in the flowfield
relative to an unshifted spectrum measured in a low-pressure static
cell. The measurement is indicated in Fig. 3 as Av. The shift is
due to the Doppler effect, because flowfield molecules have a ve-
locity component in the direction of the laser sheet, and due to
collisional effects, known as the impact shift. The impact shift can
be accounted for using a counterpropagating beams approach20'21 or
calculated from the previously determined pressure and temperature
measurement.3-5 The Doppler shift gives the velocity component in
the direction of the laser sheet. Two directions are needed two de-
termine the two velocity components in the plane.

For the measurement of injectant mole fraction, an image is taken
with iodine seeded only in the injector. The iodine is used to tag the
injectant air. To account for the thermodynamic dependence of the
signal levels, this image is divided by a second image where the tun-
nel is run with iodine seeded everywhere in the flowfield.1() Equation
(1) can be used to show that the signal ratio gives the ratio of number
densities in the two seeding conditions, which is proportional to the
injectant mole fraction. The ratio is not equal to the injectant mole
fraction because the seeding level for the each seeding condition
may be different. The proportionality constant can be determined
by using the measured value in the injector core, where the injectant
mole fraction is unity. The measurement can be made with the laser
operated broadband, as was done previously, or with the narrowband
laser. A slight increase in measurement uncertainty is expected since
less power is available in narrowband mode.

III. Experimental Apparatus and Procedures
A. Experimental Setup

Experiments are carried out in a continuous-flow Mach 2 wind-
tunnel facility specifically designed for iodine compatibility. A two-
dimensional Laval nozzle exits into a test section configured with
a rearward-facing step geometry. The test section has a 21.3-mm
height, a 30.5-mm width, and a 3.18-mm step height. The pressur-
ized supply air is filtered and dried before it enters the wind tunnel.
The stagnation pressure and temperature are monitored throughout
the testing period by the computer data acquisition system. The fa-
cility is equipped to seed iodine into the freestream air, into the
injector air (if mixing studies are to be performed), or into both si-
multaneously. To allow optical access to the flowfield, three of the
test section walls are made of fused silica.

Figure 5 illustrates the optical arrangement for the PLIIF imaging.
A 200-/z-thick laser sheet is created from the Spectra-Physics 2080
argon ion laser beam using a cylindrical lens to spread the beam
and a spherical lens to collimate the beam and focus it at the center
of the wind-tunnel test section. A liquid-nitrogen-cooled charge-
coupled device (CCD) camera is used to image the resulting iodine
fluorescence. The Photometries CH210 camera used was chosen

because of its high degree of linearity, its low dark current noise
levels, and the high resolution it provides (516 x 516 pixels with 14-
bit intensity levels). To position the laser sheet at the desired location,
the optics are mounted on a computer-controlled translation stage.
All lenses and mirrors and the camera are mounted on the same
translation stage so that the alignment of the camera and the laser
sheet is maintained as the sheet is scanned throughout the flowfield.

The laser is operated in narrowband mode by using an intracavity
etalon to choose the frequency given by a single axial mode of the
laser cavity. By increasing the optical thickness of the etalon, suc-
cessive axial modes can be chosen and the laser can be tuned across
the gain profile. A portion of the laser beam is split off and used to
monitor the laser's power and frequency. The fluorescence from a
low-pressure iodine static cell is monitored with a photomultiplier
tube and used as an absolute frequency reference. The beam of a
second argon ion laser, operated at constant power and in broadband
mode, is directed inside the flowfield and to the edge of the cam-
era's field of view. The fluorescence from this laser beam is used to
monitor variations in the iodine seeding level during an experiment.

B. Data Acquisition and System Automation
Because the quantity of data collected is very large and the post-

processing required is extensive for these types of planar measure-
ments, sufficient computational facilities and a reasonable level of
system automation are required. For 20 spatial flowfield locations
and 2 velocity components in each plane, approximately 2400 im-
ages must be acquired if 60 discrete laser frequencies are used to
generate the spectra. This corresponds to about one gigabyte of raw
data to be stored and processed. To handle this large amount of
data, the computer system had to be upgraded and now consists of
three computers: a 486-based PC used for the main data acquisition
and control, a 386-based PC used to control the camera operation,
and an IBM RS6000 workstation attached using a fast data transfer
ethernet connection to store and process the data.

Figure 6 shows a schematic of the data acquisition and control
setup. The 486 personal computer acquires stagnation conditions,
static cell fluorescence levels, and laser power meter readings using
a data acquisition board with A/D inputs. Communication to the
translation stage positioning system and to the CCD camera con-
troller system is done over a General Purpose Interface Bus (GPIB).
An analog output from the 486 PC is sent to the camera controller
to trigger an exposure. The 386 PC controls transfer of data from
the camera and sends the image data directly to the workstation
by defining a directory location on the workstation as a virtual disk.
Data reduction is performed on the workstation and decreases image

Fig. 5 Optical setup for planar flowfield imaging.
Fig. 6 Diagram of data acquisition and control system for automating
the PLIIF measurements.
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processing time by a factor of about 50 compared with the process-
ing time required previously on the 386 personal computer.

Except for the laser tuning, data acquisition and control is accom-
plished through standard procedures as described earlier; however,
no easily automated system was available for monitoring and con-
trol of the laser frequency. The laser frequency was monitored, when
manual tuning was performed, by looking for laser mode hops on
an oscilloscope trace of the scanning interferometer. By counting
mode hops as the etalon is tilted, and using the known axial mode
spacing for the laser cavity, a reliable frequency reading could be
made. To automate this process an electronic counter is used to mea-
sure the time interval between the beginning of the interferometer
trace and the spike at the laser frequency location. By calibrating
the time scale into frequency units, the integral number of mode
hops that occur during the scanning of the laser can be determined.
Several types of remotely controlled etalons were investigated. A
temperature-tuned etalon was found to respond too slowly because
of its thermal inertia. A piezo-electrically tuned etalon system pro-
duced poor laser power levels, was difficult to align, and exhibited
thermal drift. A tilting solid glass etalon, with a temperature stabi-
lization oven, gave the best power and stability characteristics and
was used for the final test setup. Tuning was accomplished by turn-
ing the etalon's tilting adjustment screw with a remotely controlled
stepper motor. A constant output power level of 1.5 W was possible
over the entire tuning range.

C. Image Collection and Data Reduction Procedures
The data collection process consists of nested loops over laser fre-

quency and sheet location. The frequency loop is chosen as the inner
loop to avoid errors associated with laser frequency drift over long
periods, since acquisition times for multiple measurement planes
can be several hours. For the duration of the image exposure, tunnel
stagnation pressure, and temperature, laser powers and static cell flu-
orescence readings are collected. The 386 personal computer sends
the image collected to the workstation over the ethernet line and then
arms the camera for a new exposure. Simultaneously the 486 per-
sonal computer moves the laser to a new frequency location while
monitoring the counter for mode hops. A new exposure is then trig-
gered by the 486 and the process repeated across a range of about
10 GHz and 60 images. When the frequency scan is completed, the
two additional images needed for the injectant mole fraction mea-
surement and a background measurement are acquired. The sheet is
repositioned after measurements at each location are finished until
the desired spatial mapping is completed.

The image intensities are corrected for image-to-image laser
power variations. A background image, also corrected for laser
power variations, is then subtracted. To allow for seeding fraction
variations, the signal is then divided by a corrected fluorescence
intensity at the location of the seeding fraction beam. A measured
iodine absorption spectrum is constructed at each individual pixel
location, and curvefits are passed through the data points so that
experimental values of the rratio and Pralio and Au can be found (see
Fig. 3). The mapping method previously discussed can now be used
to find the pressure and temperature, and the velocity found after
correction for the impact shift. A measurement in the same plane
but with a different sheet direction is used to determine the two
components of velocity in the measurement plane.

D. Uncertainty Analysis
The uncertainty in the measurements are primarily caused by two

sources of random error, inaccuracies in the fluorescence measure-
ments and unsteadiness of the inlet stagnation conditions, and one
source of systematic error, inaccuracies in the fluorescence mod-
eling. Because the fluorescence signal levels and the sensitivity in
the transformation from (7;alio, Pralio) to (P, T) vary strongly with
the thermodynamic conditions, the measurement uncertainties also
depend strongly on the thermodynamic conditions. In this section,
estimates of this dependence are made for the pressure, temperature,
and velocity measurements. The uncertainty in the injectant mole
fraction measurements have been estimated to be about 2-3%.6

The uncertainty in the individual data points that make up the
measurement of the fluorescence spectrum (see Fig. 3) is about 3%

and is caused by photon shot noise and inaccuracy in the laser power
measurement. By using the least-square curvefitting procedure de-
scribed, the uncertainty in the measured 7rati0 and Pratj0 parameters
is about 1%. The fluorescence model is estimated to have a worst
case uncertainty of 0.02 for rratio and 0.015 for Pratio. The two effects
can be combined to give the uncertainty in the ratio parameters:

APratio = 7(0-01 Pratio)2

Arratio = 7(0.01 rratio)2 +(0.02)2

(6)

(7)

The overall uncertainty in P and T can now be found by combin-
ing the effects of uncertainty in the ratio parameters and a 0.5%
uncertainty due to variations in the stagnation conditions:

AP = + (0.005P)2 (8)

APratio +
IT' -Arratio +(o.ar

" 'ratio

The partial derivatives in the preceding expressions represent the
sensitivities in the (rratj0, Pratj0) to (P, T) transformation and are
given by the gradients in the mapping plane in Fig. 4. The upper
two plots in Fig. 7 show the resulting uncertainties in P and T. For
conditions typical of the step flowfield presented in the next sec-
tion, uncertainties range from about 4-12% for pressure and 5-8%
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Fig. 7 Calculated experimental uncertainties as a function of pres-
sure and temperature (velocity values are nondimensionalized with the
freestream of the rearward-facing step flowfield, MOO = 520 m/s).
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for temperature. The uncertainty in the fluorescence modeling con-
tributes about twice as much to the overall uncertainty in P and T
when compared with the contribution from the fluorescence mea-
surement inaccuracies. The contribution from stagnation condition
variations is considerably smaller. This indicates that better calibra-
tion of the model could significantly improve accuracies.

The uncertainty in the velocity measurement is caused by un-
certainty in measuring the line center location and uncertainty in
the impact shift correction. Uncertainty in measuring the relative
line center locations, Auc/, is about 0.007 GHz but varies consider-
ably with signal levels. The uncertainty in the impact shift relation
[Eq. (4)], is caused by uncertainty in the impact shift constant and
uncertainty in the pressure and temperature values just determined.
The overall uncertainty in the impact shift relation is found by taking
partial derivatives with respect to each term in Eq. (4) and combining
the errors:

p /T()1 &Cr}2 + fC/ / r ( ) 7 AP) 2 + (CfP/TL1AT}2
I ' J \ ' I / \ ' l )

(10)
Uncertainty in the impact shift constant is taken to be 0.02
GHz/K° 7/kPa. The total uncertainty in velocity, caused by the
Doppler shift of the spectrum in the direction of the laser beam,
is then found by combining the uncertainty in the measured shift
with the uncertainty in the impact shift and multiplying by the wave-
length of the laser (X = 514.5 nm):

Avelocity = + (Av/)2 (11)

The resulting uncertainty estimate for velocity measurement in the
direction of the laser sheet as a function of the pressure and temper-
ature is shown in the bottom plot in Fig. 7. The velocity uncertainty
is nondimensionalized with the freestream velocity of the rearward-
facing step flowfield, which is about 520 m/s. The values range from
about 2-4% or 10-20 m/s for the conditions seen in the flowfield.
The contribution to the overall velocity uncertainty from the un-
certainty in the impact shift dominates the contribution from the
measurement of the line center location.

There are several advantages, with regard to uncertainty, in this
revised version of the PLIIF technique over the previous version: 1)
use of only ratio parameters eliminates several sources of systematic
error present in the previous version where absolute intensities were
used; 2) pressure and temperature can now be determined directly,
whereas in the previous PLIIF technique a point in the flowfield
with known conditions was required; and 3) in the previous PLIIF

technique, pressures were measured most accurately at low pressure
but temperatures could only be measured accurately at pressures
above 20 kPa. In the present technique, pressure and temperature
measurements are most accurate at the same range of pressure; 4)
improved accuracy in the pressure and temperature measurement
leads to a more accurate impact shift calculation and, therefore, a
more accurate velocity measurement.

IV. Measurements in a Rearward-Facing
Step Flowfield

The PLIIF techniques were applied to a Mach 2 rearward-facing
step flowfield to demonstrate the experimental technique in a flow-
field that is reasonably well understood.22 The supersonic flow be-
hind a rearward-facing step is an excellent test case because it is two
dimensional yet contains many of the complexities of compressible
flowfields of interest. Important flow features, such as expansion
fans, shock waves, and a separated recirculation region, are present.
A comparison of pressure and temperature distributions predicted
by a SPARK CFD code simulation23 and the experimental PLIIF
results are shown in Figs. 8 and 9. The inflow has a Mach num-
ber of 2.0 with stagnation conditions of 300 K and 260 kPa. The
coordinates are nondimensionalized by the step height, and the val-
ues of temperature and pressure are nondimensionalized using the
freestream conditions, 167 K and 33.3 kPa.

The expansion fan is seen most clearly in the pressure plots, where
pressure decreases to about 0.45 in the experiments and to 0.35 in
the calculations. This 22% difference appears to be caused by a
different amount of flow turning in the experiment and simulation.
As seen in the temperature distributions, there is a difference in
the angle of the recirculation shear layer in the numerical and ex-
perimental results. A thicker shear layer will tend to turn the main
flow less, which appears to be occurring in the experiments relative
to the calculation. Since the thickness of the incoming boundary
layers are in good agreement, the discrepancy in the shear layer
thickness is most likely caused by turbulence modeling inaccura-
cies. Precise numerical prediction of separation zones are generally
difficult because of their turbulent, unsteady nature. The measured
nondimensional temperature of 1.7 in the recirculation region is in
good agreement with the calculated value. Previous pointwise LIIF
temperature measurements indicated a value of 1.6 in this region;
however, wall measurements using a thermographic phosphor tech-
nique indicated a value of 1.71.22 The location of the reattachment
shock, which is captured accurately in the experimental images, is
only slightly further downstream in the calculation. Close to walls,

Z/H

Z/H

Fig. 8 Pressure distribution in the rearward-facing step flowfield (nondimensionalized by the freestream static pressure).
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Z/H
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Fig. 9 Temperature distribution in the rearward-facing step flowfield (nondimensionalized by the freestream static temperature).
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Fig. 10 Pressure and temperature results from the present PLIIF tech-
nique, the previous pointwise LIIF technique, the previous PLIIF tech-
nique and the SPARK calculation taken along a line of constant X/H in
the rearward-facing step flowfield: P/P^ at X/H - 1.75 and T/T^ at
X/H = 1.75.

because of high levels of scattered light, measurements errors are
high. In particular, just behind the step, the camera has a direct view
of the laser sheet striking the wall causing the unreasonable contour
levels seen in the temperature results in Fig. 9.

Results along a profile at X/H — 1.75 are extracted from the
PLIIF and SPARK calculation results and presented in Fig. 10. Also
included are the measurements made with the pointwise LIIF and the
previous PLIIF techniques presented in Ref. 22. The present PLIIF
temperature measurements show considerably closer agreement to
the LIIF measurements and the calculation in the warm region near
the wall than the previous PLIIF technique. The difference in the
amount of flow turning, as discussed earlier, contributes to differ-

z/H

X/H

600

500

400

CO 300

^ 200

100

0

-100

isentropic freestream
velocity-518 m/s

3 Z/H 4

Fig. 11 Velocity measurements in the rearward-facing step flowfield:
u and \v profiles at X/H = 1.25.

ences in the minimum pressure seen in the calculated and measured
results.

To demonstrate the velocity technique, Fig. 11 shows planar ve-
locity measurements in the rearward-facing step flowfield. The ve-
locity technique is essentially the same as was used previously, ex-
cept that the impact shift constant used here24 is about 25% higher
than that in Ref. 6. Results along a profile taken through the pla-
nar data at X/H = 1.25 are also shown. The velocity field looks
as expected, with vectors parallel to the walls at the inlet and after
the reattachment shock. The horizontal component of velocity in
the freestream agrees with the isentropic Mach 2 value. The zero
freestream vertical component is also as expected.

The agreement shown here between results using the present
PLIIF technique and results from previous iodine fluorescence
measurements and a flowfield calculation give confidence that the
PLIIF technique can be applied to more complex compressible
flowfields with a reasonable level of accuracy. The technique has
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been applied recently to a complete flowfield mapping experiment
on a model combustor with an unswept ramp fuel injector.15 The au-
tomated and improved technique reported herein was used to collect
35 planes of data in this complex three-dimensional flowfield.

V. Conclusions
The new Spectra-Physics 2080 laser used in this work has a wider

gain profile than previous argon lasers, allowing access to additional
iodine transitions at 514.5 nm. This permits a narrowband two-line
planar temperature measurement technique to be used with the high-
power argon laser and allows all flowfield parameters to be measured
during a single tunnel run.

Use of the two-line planar temperature measurement technique
has some important advantages relative to the broadband planar
technique used previously. It removes systematic errors, such as
local variations in the iodine seeding fraction. It is not restricted to
pressures above 20 kPa, as required by the high-pressure limit in
the broadband temperature method. Also, it does not require a point
of known temperature for calibration purposes since it measures
temperature absolutely.

Planar temperature and pressure measurements in the Mach 2
flow over a rearward-facing step are compared with a CFD calcula-
tion of the flowfield and to previous LIIF measurements. Deviation
of near-wall temperature measurements from the calculation has
decreased from about 21% with the previous planar method to less
then 4% with the present technique. The improved measurement
of temperature improves the accuracy of the pressure measurement
because of the coupling of these thermodynamic variables. The ve-
locity measurement accuracy also improved because the collisional
impact shift is more accurately calculated with more accurate pres-
sure and temperature measurements. Accuracies, for the range of
conditions seen in the step flowfield studied, are estimated to be
5-8% for temperature, 4-12% for pressure, 10-20 m/s for velocity,
and 2-3% for injectant mole fraction.

All aspects of data collection and control of the experiment are
automated. The need to automate the measurement technique fully is
apparent when the number of images files required for full flowfield
mapping is considered. Difficulties in storing the large amounts of
image data acquired and inconveniences from the long data reduc-
tion times have been alleviated by integrating a high-performance
workstation into the experiment and by modifying the data reduc-
tion procedures. Data reduction times have been reduced by a factor
of more than 50 compared with the previous technique.
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