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Two-Component Planar Doppler Velocimetry
in High Speed Flows

Pamela S. Clancy* and Mo Samimy"
The Ohio State University, Columbus, Ohio 43210

A planar Doppler velocimetry technique was developed and used to measure two components of instantaneous
velocity in an ideally expanded, Mach 2, freejet. The technique utilizes a molecular filter as a frequency discrimi-
nator and uses two cameras to resolve two components of velocity on a plane that is illuminated by a laser sheet.
Careful formation of the laser sheet, proper calibration of the splitter/recombiner imaging system, and precise
image registration were found to be critical steps in the technique. The velocity measurements obtained with this
technique were compared with reference laser Doppler velocimetry measurements taken in the same flowfield. The
mean velocity results were in very good agreement with the reference measurements, and the turbulence results
captured the correct trend but were higher than the reference results. A detailed error analysis describes the error
sources inherent in the planar Doppler velocimetry technique. For the current two-component planar Doppler
velocimetry system, the estimated uncertainty for the x and y components of velocity were +5 and +3.5% of the jet
centerline velocity, respectively. The errors in the x component of velocity were within the estimated uncertainty.
The errors in the y component of velocity exceeded the estimated uncertainty. Possible causes for this difference

are discussed.

I. Introduction

URRENTLY, there are a number of planar optical velocimetry

techniquesthat are being advanced. One of the more powerful
techniquesis the planar Doppler velocimetry (PDV) technique. The
PDV technique, by incorporating a molecular filter to resolve the
Doppler shift of particles scattering laser light in a flowfield, is ca-
pable of making velocity measurements in a two-dimensional mea-
surement volume. Furthermore, three components of instantaneous
velocity can be resolved when using a high-power, short-duration,
pulsed laser and three Doppler shift measuring systems.

Researchers have been using molecular filters to resolve Doppler
shifted signals in various capacities for a number of years. Different
informationcanbe obtained based on the type of scatteringinvolved.
If the scatteringis classified as Mie or Rayleigh/Mie scattering,only
the Doppler shift can be measured. If the scattering is classified as
Rayleigh scattering, then density, temperature, and pressure infor-
mation, in addition to the Doppler shift, can be measured.

Some of the techniques which use filters include, filtered Ray-
leigh scattering (FRS), which refers to the use of a molecular filter
to remove unwanted background signals in flow visualizations' and
to remove Rayleigh scattering signals to detect much lower inten-
sity Raman scattering signals.2 FRS also refers to the technique of
tuning the laser frequency and then using the deconvolution of the
Rayleigh scattered intensity profile from the filter transmission pro-
file to extract the average flow velocity, temperature, and pressure.?
The molecular filter can also be used with Rayleigh scattering and
an anamorphic optical system to measure instantaneous velocity,
temperature, and pressure*> Furthermore, frequency modulated-
FRS has been investigatedas a possible real-time, in-flight, velocity
sensor.?

Combining Rayleigh/Mie or Mie scatteringwith amolecularfilter
is the basis of PDV.”"!3 A technique very similar to PDV, referred
to as Doppler global velocimetry (DGV), has been developed in
parallel and is used by various researchers.!*" !¢ The bases of PDV
and DGV are fundamentally the same.

The procedure and subtle details of the PDV technique continue
to be refined and explored. Elliott et al.” established a PDV tech-
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nique referring to it as filtered planar velocimetry. The technique
was successfully employed to measure a single velocity compo-
nent in compressible mixing layers. Two cameras were used in
the experiments; one camera to obtain the filtered image and the
second camera to obtain the reference image. Arnette et al.® fur-
thered the PDV technique by establishing a two-component PDV
system. The system was used to measure two components of ve-
locity in supersonic boundary layers. They used three cameras to
obtain two components of velocity. Two cameras were used to ob-
tain the filtered image from two different viewing angles and the
third camera served as the reference camera for both of the filtered
images. Smith et al.!! significantly advanced the procedure of a
one-componentPDV system and measured the flow velocity of per-
fectly expanded and overexpanded supersonic jets. They employed
a splitter/recombiner system such that only one camera was used to
obtain both the filtered and unfiltered images. McKenzie® '* doc-
umented the measurement capabilities of PDV with various light
levels and camera qualities and also investigated the minimum ve-
locity resolution obtainable with a one-component PDV system,
applied to a low-speed flow, using a pulsed laser. He also presented
a detailed description of the error sources associated with camera
related noise and highlighted the benefits of binning the camera pix-
els. Clancy et al.'> advanced the PDV technique by incorporating
the splitterfrecombiner system and a frequency monitoring system,
suggestedby variousresearchers,!"!7 into a two-componentPDV
system. Additional results by Clancy and Samimy"? identified the
need forimproved PDV proceduresto accountforissues concerning
the laser sheet formation, image registration, and proper calibration
of the splitimaging system.

This work highlights the fundamental issues behind the PDV
technique and establishes a set of PDV procedures that results in
accurate velocity measurements. The technique was used to obtain
planar measurements of two componentsof instantaneousvelocities
in a Mach 2, axisymmetric, ideally expanded, freejet. The PDV
measurements are compared with laser Doppler velocimetry (LDV)
measurements. In addition, a detailed discussionof the error sources
involved in the PDV experiments is provided along with an overall
uncertainty estimate.

II. Basics of PDV

PDV is a nonintrusive, optical diagnostic technique used to mea-
sure velocity on a given plane in a flow. It employsa molecular filter
as a frequency discriminator to measure the Doppler shifted fre-
quency of light, from a narrow linewidth laser, scattered by particles
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Fig. 1 Schematic of a two-component PDV system with the coordinate system defined; jet axis is aligned with x axis, the laser is propagating in the

negative y direction, and the DSMSs are in the x-y plane.

in the flowfield. The scatteringis producedas seeded particlesand/or
naturally occurring particles in the flowfield pass through the laser
sheet. The scattered light will be Doppler shifted in frequency from
the laser frequency according to'®

(s —o0)
P

Afa= \4 (1
where o is the unit vector pointing in the propagating direction of
the laser light and s is the unit vector pointing in the direction of
observation. Both vectorso and s are selected by the investigator. V
is the particle velocity to be determined, and A is the wavelength of
the laser light.

The technique can be configured to measure one to three compo-
nents of velocity. A schematic of a two-componentsystemis shown
in Fig. 1. The intersectionof the light sheet with the flowfield defines
the measurement volume. If a pulsed laser is used, with the pulse
duration being small in comparison with the time scale of the flow,
then the velocity measurements can be considered instantaneous.
Therefore, when a high-energy pulsed laser is used, PDV can be
used to obtain planar instantaneous velocities.

The power of PDV resides in the use of the molecular filter as
a frequency discriminator to measure the Doppler shift for a pla-
nar interrogation region. Physically, the filter is a sealed glass cell
containing a prescribed amount of molecular or atomic vapor. The
amount and type of vapor used are dependent on the laser wave-
length and the expected Doppler shift range. The partial pressure of
the vapor contained in the cell, the cell length, and the cell tempera-
ture govern the transmission profile of the filter, which is a function
of frequency.

In a PDV experiment, filtered and unfiltered images of the
flowfield are collected with each Doppler shift measuring system
(DSMS) (Fig. 1). The filtered image passes through the filter before
being recorded, and the unfiltered image is directly recorded. The
ratio of each pointin the filtered image with the correspondingpoint
in the unfiltered image is the transmission coefficient. Knowing the
transmission profile of the filter, which is a function of frequency,
and the transmissioncoefficient, obtainedfrom the filtered and unfil-
tered images, the scattered frequency relative to the laser frequency
is determined. This procedureis used to determine the Doppler shift
of each point in the flowfield for each DSMS. Equation (1) is then
used to resolve the instantaneous velocities.

The application of a two-component PDV system is presented,
using refined data collection and processing procedures to measure
the instantaneous velocity in a Mach 2, axisymmetric freejet. In the
process, certain procedural steps were found to be critical in obtain-
ing accurate PDV results. These steps include proper formation of
the laser sheet, accurate calibration procedures, and subpixelimage
registration. Each of these steps will be discussed in detail, and the
two-componentresults will be presented. The PDV velocity results
are compared with LDV measurements of the same flowfield. In
addition, a detailed error analysis is discussed.

III. Experimental Setup and Procedure

Setup

A PDV system was established and used to resolve two compo-
nents of instantaneous velocity in a Mach 2, axisymmetric freejet.
The cross-stream plane measurement volume, the intersection of
the laser sheet with the jet flow, was located 6.3 jet diameters down-
stream of the 1.9-cm-diam jet exit. The x and y components of
velocity (as defined in Fig. 1) were obtained. Two DSMSs were
used to resolve the x and y components of velocity. As shown in
Fig. 1, DSMS, and DSMSg were located in the x-y plane at a
viewing angle of 6 = +24.5 deg and ¢ = —23.5 deg, respectively,
from the jet centerline. For this configuration, with the laser sheet
propagatingin the negative y direction, the Doppler shift equations
for DSMS 4 and DSMS5, respectively, were

AAfy, = Vi cos(@) + V,[1 + sin(0)]
()
AAfay = V. cos(@) + V,[1 + sin(¢)]

The flow was unheated, and the jet was operated in the ideally ex-
pandedregime. The Reynolds number based on the jet exit diameter
was 2.1 x 10°. The laser was an injection seeded Nd: YAG Quanta
Ray laser operatingat a 532-nm wavelength with 510 mJ/pulse. The
laserhad a9-ns pulse duration, 10-Hz repetitionrate, and an approxi-
mate linewidth of 100 MHz. The images were collectedon Princeton
Instruments, Inc., cooled, intensified, 14-bit, charge-coupleddevice
(CCD) cameras. A Tamaron SPF2BB cameralens, with an indicated
fnumber of approximately 6.8, was used with each camera. All im-
ages were collected by operating the camera in a bin by 2 mode.
Because the camera array was 576 x 384 pixels, operating the cam-
era in a bin by 2 mode resulted in images consisting of 288 x 192
superpixels. For simplicity, in the sequel these superpixels are re-
ferred to as pixels. Each pixel in the raw image corresponded to an
object size of 750-um square. The signal level was strong, and the
velocity was calculated for points where the signal to background
noise ratio was better than 10.

The experiments were conducted at the Aeronautical and As-
tronautical Research Laboratory of Ohio State University. Dry and
compressed air was stored in two storage tanks with a total capacity
of 42.5 m* at 17 MPa. The jet stagnation pressure and stagnation
temperaturewere monitored during the experiments. Data collection
commenced when the stagnation temperature had settled. The stag-
nation pressure was maintained within 2% of the desired pressure.

The seed particles consisted of naturally generated ice clusters
and seeded acetone. The ice clusters formed when warm moist am-
bient air mixed with the cold jet flow. Because the ice clusters only
marked regions of the mixing layer, acetone from a pressurizedtank
was seeded into the stagnation chamber to mark the jet core. The
amount of acetone seeding was estimated, by measuring the drop
in acetone level in the seed tank with time, to be approximately
0.4% of the air-flow by weight. The diameter of the ice clusters and
acetone clusters was expected to be on the order of 50 nm. This
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Fig.2 Overlay of transmission profiles for various heights of a laser sheet formed from more than 80% of the centermost portion of the laser beam.

was deduced by Ref. 19 because the scattering of the 532-nm wave-
lengthofa Nd: YAG laserlightfrom such particles fellin betweenthe
Rayleigh and Mie scattering regimes. Furthermore, based on previ-
ously reported results,? these particles were expected to follow the
flow.

Molecular Filter

A molecular filter was used to measure the Doppler shifted fre-
quency of the scattered light. The filter had a transmission profile
that was a function of frequency. The profile was governed by the
dimensions of the filter and the thermodynamic properties of the va-
por containedin the filter. Each filter was 10 cm in length and 10 cm
in diameter. Details of how to prepare a filter can be found in Ref. 7.
The filter transmission profile was determined experimentally. The
amount of iodine and nitrogen contained in the filter was deter-
mined by trial and error until the desired transmission profile was
obtained for the expected flow Doppler shifts. Each filter contained
4.28 torr of I, and 41 torr of N,. Each filter was wrapped in two
strips of Omega Omegalux heat tape and insulation. For both filters,
the filter temperature, controlled by an Ohmite variable transformer,
was held at approximately 174°C. The absorption line of iodine at
18,788.4cm™! was used in these experiments.

A frequencydoubled,injectionseeded, 10-Hz, Nd: YAG laser was
used. The frequency was changed by changing the seeder frequency
control voltage. The filter transmission profile was determined by
incrementing the seeder frequency control voltage and obtaining
filtered and unfiltered images of scattering from a stationary source.
Thus for each frequency, the filter transmission was determined.
The conversionfactor from seeder frequency control voltage to laser
frequencywas obtainedby comparingan experimentallydetermined
transmission profile with a theoretical transmission profile.”:'3:17

In the PDV experiment, the filter transmission profile was exper-
imentally determined at the beginning and end of the experiment.
In addition, the frequency of the laser was monitored as it was in-
cremented to the desired frequency for the velocity measurements.

Laser Sheet

The velocity measurements were made in a plane defined by
the intersection of the laser sheet and the jet flow. The laser sheet
was formed by directing the beam through two cylindrical lenses, a
spherical lens and a plano-convex lens. The collimated laser sheet
thickness was determined, by taking a burn pattern, to be less than
400 pum. The orientation of the laser sheet was specified with re-
spect to the coordinate system defined in Fig. 1. A major concern
in setting up the laser sheet was the consistency of the frequency
across the laser sheet. References 3 and 17 noted a variation of

frequency within their laser beam of about 100 MHz. A varia-
tion of the frequency content across the current laser sheet was
also noticed. However, with careful arrangement, as will be dis-
cussed, the laser sheet was formed such that the laser frequency con-
tent was consistent throughout the measurement volume. The filter
transmission profile was based on the scattering from a stationary
source. The laser sheet passing through a glass container filled with
water and trace amounts of powdered milk provided the stationary
scattering. Using this configuration, the filter transmission profile
was calculated for various heights across the laser sheet. The re-
sulting transmission profiles for various heights were compared
for different laser sheet setups. Figure 2 shows the calculated fil-
ter transmission profiles for various vertical positions for a laser
sheet formed from more than 80% of the centermost portion of
the laser beam. As can be seen in Fig. 2, there was a distinct
variation in the filter transmission profile across the laser sheet.
The variations were believed to be due to variations in frequency
content of the laser beam. However, Fig. 3, obtained with a laser
sheet formed from less than 60% of the centermost part of the laser
beam, shows negligible variation of the filter transmission profile.
The variation of the filter transmission profile across the laser sheet
for the velocity data herein was less than 4 MHz. In general,
forming the laser sheet from the centermost portion of the laser
beam produced a laser sheet having a more consistent frequency
content.

Splitter/Recombiner System

As was discussedearlier,a set of images, consistingof filtered and
unfiltered images, was required for each viewing direction. Previ-
ousinvestigatorsused separatecameras for the filtered and unfiltered
images.”-8 The PDV setup herein used a splitterfecombiner imag-
ing system.”” '3 In this system, the filtered and unfiltered images
were collected side-by-side on one camera. In this configuration,
one camera was required for each component of velocity. The re-
quirement of three cameras to measure three components of velocity
was a significantreductionfrom the six cameras previouslyrequired.
Figure 4 is a schematic of a splitter/recombiner system. The beam
splitter split the scattered image. The unfiltered image was directed
by mirrors and was collected by one part of the camera. The fil-
tered image was directed such that the light passed through the filter
before being collected by a different part of the same camera. In
setting up the splitter/recombiner imaging system, it was important
to visually check that both images were in focus and did not overlap.

Accurately registering the filtered and unfiltered images was the
most important step in the PDV procedure. As will be subsequently
demonstrated, subpixel accuracy in the alignment was required. To
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Fig.3 Overlay of transmission profiles for various heights of a laser sheet formed from less than 60% of the centermost portion of the laser beam.

Scaftering from

parlicles
FAirror
Fark 2 leam Splitter
Fark I
Filses
MErrag

T "

LT

L-Emera

Fig. 4 Schematic of a split imaging system (splitter/recombiner) sys-
tem; path 1 is directly focused onto the camera, and path 2 passes
through the filter before being focused onto the camera.

obtain subpixel accuracy, a grid consisting of white dots on a black
background was taken in normal room light and was used as a ref-
erence image. The centroid of each point was determined for the
filtered and unfiltered regions. The corresponding vertical and hori-
zontal shifts needed to align the filtered and unfiltered regions were
calculated for the grid points. The shifts for all nongrid points were
calculated by using a two-dimensional linear interpolationscheme.
First, the filtered and unfilteredimages were aligned and the Doppler
shifts foreach DSMS were determined. Then, to resolve the velocity
components, the same basic process was used to align the velocity
images from DSMS, with DSMSg. Although this process resulted
in accurate velocity measurements, the technique can be further
improved.

Flatfield Images

Another key step in the PDV procedure was the proper calibra-
tion of the splitterfecombiner system. Because of the nature of the
split imaging system, calibration was required to account for opti-
cal variations across each image and for the polarizationdependent
quality of the beam splitters. A flatfield image was required to nor-
malize the images used in experimentally calibrating the filter, i.e.,
the filter transmission images, and for the images used to calculate
the velocity, i.e., the velocity images. Because the filter is an op-
tical component of the splitter/recombiner system, it was in place
when the calibration images that constituted the flatfield images
were taken. For example, the velocity flatfield image was the aver-
age of a 100 velocity calibration images. The velocity calibration
images were taken under the same conditions as the velocity im-
ages except the laser frequency was set to full filter transmission
of the filter. The laser frequency was set to full filter transmission
since the filter was in place in the splitter/recombiner system when
the calibration images were obtained and the calibration images
should not be sensitive to flow velocity. An analogous procedure
was performed to calculate the filter transmission flatfield image.
The flatfield images were used to normalize the filter transmission
and velocity images for optical distortions, for variations in the im-
ages due to the polarization-depencent characteristic of the beam
splitters, and for variations of camera gain.

Laser Frequency Variations with Time

Finally, the laser frequency fluctuates and drifts. The pulse-to-
pulse variations in the laser frequency are random fluctuations in
time about a mean and that mean may slowly drift in time. Be-
cause the measured Doppler shift is relative to the laser frequency,
any variation of laser frequency correspondsto an error in the deter-
mined Doppler shift and resulting velocity calculations. A system to
monitor the laser frequency has been developedand implemented.'?
However, preliminary data indicated the need for improved PDV
procedures.? Because the goal of the present experiments was to
establisha set of refined PDV procedures, the frequency monitoring
system was not used. The laser frequency fluctuations may cause
errors in the instantaneous velocity and the turbulence intensity.
However, because the fluctuations vary about a mean, the fluctu-
ations are, for the most part, averaged out of the mean velocity
calculations. Thus, the mean velocity measurements are minimally
affected by the frequency fluctuations. The slower drift of the laser
frequency,if present, affects the magnitude of the velocity measure-
ments. Because the mean velocity results in the presentexperiments
were quite accurate, as will be presented and discussed next, the drift
of the laser for this data set was assumed to have been negligible.
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IV. Experimental Results

A setof 200 velocity images was obtained at the desired laser fre-
quency, and a set of 200 velocity calibrationimages was obtained at
a laser frequency corresponding to full transmission of the molec-
ular filters. Figure 5 displays an instantaneous velocity image set
for DSMS, and DSMS5. Only images that had a minimal number
of saturated pixels were used in the velocity and flatfield calcula-
tions. Unfortunately, this dropped the velocity image set from 200
to 71. A very important point is that the average velocity, at any
given point, was calculated by taking the average of the instanta-
neous velocitiesover these 71 images. For the magnitude and range
of the Doppler shifts realized in supersonic flows the optically thick
filters utilized here are pressure broadened. As a result, the filter
transmission profile is not linear over the entire range used, and
averaging the images and then calculating the velocity will result
in erroneous velocity measurements.!! Thus, for supersonic flows,
Nd:YAG lasers are ideal in that they can provide enough energy for
instantaneous planar velocity measurements.

Figure 6 displays the velocity maps for the resolved x and y com-
ponents of velocity. The first column is the x componentof velocity
and the second column is the y component of velocity. The top row
shows the average velocities,and the second and third rows show the
instantaneous velocities for two random instants in time. For each
map, the brightness is directly proportionalto velocity and is scaled
suchthatblack correspondsto the slowest velocitiesand white corre-
sponds to the fastest velocities. The size of each image corresponds
to 23 mm in height and 36 mm in width. Figure 6 displays the in-
stantaneous and planar capabilities of PDV. The coarse nature of
the instantaneous velocity maps was due to image noise possibly
caused by speckle. References 10 and 11 reported the occurrence of
speckle in their PDV images. Speckle is produced when coherent
light is scattered by a medium that introduces random optical path
variations comparable to the optical wavelength 2! The noise to sig-
nal ratio in the present PDV images was less than 0.15. The image
noisedid nothave a noticeableeffect on the mean velocitiesbut was

DSMS4

DSMSg

Fig. 5 Example of an instantaneous image set consisting of a velocity
image from each DSM.

Average

Case 1

Case 2

Fig. 6 Average and instantaneous two-component PDV results; for
each image, the brightness is directly proportional to velocity and is
scaled such that black corresponds to slower velocities and white corre-
sponds to faster velocities.

found to have a significant effect on the turbulence intensities. This
image noise is discussed further in the error analysis section.

Two postprocessing steps were used to reduce the effect of the
noiseon the turbulenceintensities. The first stepinvolvedpassing the
raw images through a low-pass filter. The low-pass filtered intensity
forthei, j pixel (LPI, ;) was computed using the following equation
with I denoting the original intensity:

LPL ; =0.0625 x I, _, ;_, +0.125 x I,_, ;
+0.0625 X Iy ;41 +0.125x I ; _, +0.25 x I
+0.125x I ;41 +0.0625 X [, 1,

+0.125 X Iy 1 ; +0.0625 X I 1 ;41 3)

Reference22 discussesin detail methods, such as low-pass filtering,
usedtoreduceimagenoise. Referencel1 alsousedlow-passfiltering
to decrease the effect of speckle in PDV images. The drawback of
passing the images through a low-pass filter was the reduction in
the spatial resolution. The second step used in an attempt to reduce
the effect of the image noise is discussed later in relation to the
turbulence intensities.

To check the accuracy of the PDV velocity results, a set of
LDV velocity measurements was obtained. Because LDV is a well-
established velocimetry technique, the LDV data were used as a
referencefor the PDV data. The data were obtained with a TSI, two-
component, fiber-optic-based system consisting of a Colorburst, a
fiber-optic probe, receiving optics, and an IFA-750 burst correla-
tor. The green and blue beams, from a Spectra Physics 2020 argon
ion laser, were shifted by 40 MHz to measure negative velocities
and reduce fringe bias.!> Because LDV is a pointwise measurement
technique, average and rms measurements of the x and z component
of velocity were only made along the vertical centerline of the jet,
at a location of 6 jet diameters downstream of the jet exit. Because
the jet is axisymmetric, the LDV data are treated as the x and y
component of velocity along the horizontal centerline of the jet for
comparing the LDV results with the PDV results.
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Figure 7 compares the average PDV data with the average LDV
data. All of the velocity measurements have been normalized by the
jetcenterlinevelocity V.. Figure 7a displaysthe x and y components
of velocityalongthe verticalcenterline. The y componentof velocity
for the vertical centerline should be approximately zero. The PDV
data agree extremely well with the LDV data for the x component
of velocity, and the y component of velocity is approximately zero.
Figure 7b displays the x and y components of velocity along the
horizontal centerline of the jet. Again, the x component of the PDV
velocity data agrees well with the LDV data. However, there is a
difference between the PDV and LDV y component of velocity.
There are three possible explanations for this discrepancy. First, the
PDV and LDV velocityresults were notobtained at exactly the same
downstream location. Preliminary three-componentPDV results in
the same jet flowfield indicate a weak shock structure in the jet,
which might influence the y componentof velocity>* Second, it was
assumed that the LDV z-component velocity profile would be the
same as the PDV y-component velocity profile, however, the jet is
not perfectly axisymmetric. Third, systematic errors involved in the
image registration process may also contribute to the discrepancies.
The error bars around the x component of velocity is discussed in
the error analysis section of the text.

The data shown in Fig. 7 were achieved with subpixel registra-
tion accuracy. To demonstrate the significance of image registration
accuracy, the data were also processed with the image registration
accuracy limited to pixel accuracy and is shown in Fig. 8. As can
be seen from Fig. 8, significant errors appear in the x and y com-
ponents of velocity. The most noticeable errors are seen in the y
component of velocity along the horizontal centerline. In compar-
ing Figs. 7 and 8, the errors in the y component of velocity are seen
to be significantly reduced using subpixel accuracy, yet the errors
are still present. Thus, the remaining errors in the PDV data may
stem, at least partially, from systematic errors associated with errors
in the pixel registration.

Figure 9 comparesthe PDV and LDV turbulenceintensitiesalong
the horizontal centerline. As discussed earlier, image noise, possi-
bly due to speckle, was observed in the raw instantaneousimages.
The noise did not appear to affect the mean measurements but did
affect the turbulenceintensities. Some of the effect of the noise was
reduced by passing the raw images through a low-pass filter [see
Eq. (3)]. The second step to reduce the effect of the noise was to
rejectpoints based on a threshold value. The threshold value was set
by examining the histogram of the x and y components of velocity
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Fig.9 Comparison of PDV and LDV turbulence intensities along the
horizontal centerline; PDV turbulence based on a limited sample size.

for different points in the jet. For the data herein, points where the
x component of velocity was greater than 700 m/s or the absolute
value of the y component of velocity exceeded 200 m/s were noise
dominated and, thus, rejected from the statistical calculations. Note
that these are very conservative thresholds because the probability
of a velocity falling beyond several standard deviations from the
mean in turbulent flow is very small. The shape of the PDV turbu-
lence profile was comparable with the LDV profile. However, the
PDV turbulenceintensities was notably higher than the LDV values.
It was suspected that the small PDV sample size, only 71 images,
was a primary factor for the higher turbulence intensities. Prelimi-
nary three-componentPDV results, with a much larger sample size,
indicate turbulence levels of similar magnitude to the LDV data.??
Residual errors due to the image noise may be another reason for
the turbulence intensity discrepancies.

The comparison between the average LDV and PDV results was
quite good. The discrepancies between the LDV and PDV y com-
ponent of velocity may be due to factors concerning the physical
characteristics of the flow, as just discussed, and residual regis-
tration errors. Furthermore, the turbulence intensities appeared to
be converging toward the LDV turbulence intensities. Laser fre-
quency fluctuations and residual image noise might also affect the
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turbulencelevels. However, because the laser frequency fluctuations
are random abouta mean, the fluctuations would be primarily aver-
aged out of the mean calculations. Furthermore, because laser drift
would shift the profiles in Fig. 7 vertically and because the x com-
ponent of velocity agrees with the LDV results, laser drift did not
seem to be a problem.

V. Uncertainty Analysis

In this section, error sources associated with the PDV technique
are discussed and the uncertainty for the present PDV velocity mea-
surements is estimated. Although the sources of error for any PDV
experiment will be fundamentally the same, the accuracy of each
PDV system will vary because the accuracyis dependenton the de-
tails of the PDV system. Furthermore, the sensitivity and accuracy
of the PDV experiments are highly dependenton the scalar Doppler
equations for the specific PDV system, such as those in Eq. (2),
the characteristics of the laser, the details of the filter transmission
profile of the filter(s) used, and the dynamic range of the cameras.

Principal sourcesof error arise from 1) laser frequency variations;
2) image registration: a) Doppler shift calculation and b) velocity
component determination; 3) seeder frequency control voltage to
laser frequency conversion factor;4) camera-associateddark charge
andreadoutnoise;5) cameraassociatedphotonstatisticalnoise, shot
noise, or camera nonlinearity; 6) characterizing the filter transmis-
sion profile; 7) filtered and unfiltered image variations: a) camera
gain variations,b) splitimage optical variations,and c) polarization-
dependent quality of the beam splitter; 8) angle measurements used
in Eq. (2); and 9) image/speckle noise.

The error analysis will proceed in stages. First the error in de-
termining the Doppler shift will be estimated. Then the velocity
uncertainty, based on the effect of Doppler shift uncertainty, angle
measurement uncertainty, and the registration uncertainty, will be
estimated.

Uncertainty in the Doppler Shift Frequency

To minimize systematic errors in the PDV experiment, the proce-
dures and setup used to obtain the filter transmission profile images
and the velocity images were virtually identical. The same Doppler
shift measuring system and the same laser sheet setup were used
when collecting the transmission profile images and the velocity
images. In addition, the same normalization procedures, including
obtaining and using the flatfield image, and registration procedures
were used for both the transmission profiles and velocity measure-
ments.

Errors Associated with Changes in Laser Frequency

In general, the laser frequency and power fluctuate from pulse to
pulse and the laser frequency drifts over a long period of time. The
rms frequency fluctuation, for the laser used, was measured to be
about =21 MHz about the mean. This value was used in the uncer-
tainty estimates to be presented. However, it was later found that
with optimum seeder alignment the frequency fluctuation could be
reducedto £10 MHz (Ref. 23). A laser frequency drift is also possi-
ble, which is a slow change in frequency over time, that might vary
fromlaser to laser and with room temperature. The frequency fluctu-
ations may affect the turbulence intensities but should be primarily
averagedout of the mean velocity calculations. Drift, if present, may
affect both. A frequency monitoring system can be used to provide
an instantaneous measure of the laser frequency.'? The laser pulse-
to-pulse power fluctuations are normalized out by taking the ratio
of the filtered and unfiltered images and was not considered in the
error analysis.

Errors Associated with the Molecular Filter

The molecular filter has a filter transmission profile 7', which is
a function of frequency f. The exact functionalrelation between T
and f is governedby the filter characteristicsand may or may notbe
linear. For example, the work herein used a third-order polynomial
to model the filter transmissionprofile for the instantaneousvelocity
calculations. However, over smaller frequency ranges, the relation-
ship can be accurately modeled as a linear relationship. To simplify
the error analysis, a linear relationship was assumed. The transmis-

sion profile was found experimentally by incrementing the seeder
frequency control voltage, which increments the laser frequency.
A conversion factor from seeder frequency control voltage to laser
frequency was required, as discussed earlier. The uncertainty in the
determining the frequency of the scattered laser light as a result of
the uncertainty in the seeder frequency control voltage to laser fre-
quency conversion factor was estimated to be less than £0.5 MHz
and was neglected from the overall uncertainty estimates.

To investigate the effect of the error sources on the determina-
tion of the Doppler shifted frequency, the filter transmission profile
relation can be rewritten as

Je=(T./mc) — (b./m) “

where m, and b, are the slope and intercept factors characterizing
the filter, f, is the frequency being sought, and 7, is the ratio of the
filtered and unfiltered images. The factors b, and m, are taken to
be steady since the filter temperature remains constant during the
entire experiment to within +1°C and the filter profiles taken at the
beginning and at the end of the experiment for each filter are the
same. Errors associated with the filter slope m. are assumed to be
negligible. Thus, with regards to using a molecular filter, the errors
stem from uncertainties in the transmission coefficient 7, and the
uncertainty in quantifying the filter intercept b,..

Errors Associated with the Splitter/Recombiner System

The optics of the splitter/recombiner system influence the un-
certainty in the transmission coefficient. When using the split-
ter/recombiner system in conjunction with the filter, the flow image
is split, using a beam splitter. One image passes through the filter
before being focused on the camera, and the other image is directly
focused by the camera. Each image will experience a loss associ-
ated with encountering the various optical components in its path.
Althougha dielectric 50/50 beam splitteris used, the splitting of the
light is not exactly 50/50 and is dependent on the polarization of
the light. The velocity flatfield image and the transmission profile
flatfield image are used to normalize the velocity and transmission
profile images, respectively. The flatfield images are taken at the
same conditions as the respective data images, except the laser fre-
quency is set to a point corresponding to full filter transmission.
This normalization removes polarization and optical variations as-
sociated with the splitter/recombinersystem. Thus, errors associated
with sources 7b and 7c are neglected.

In using the splitterfrecombiner system, the accuracy of register-
ing the filtered and unfiltered images is critical in two stages of the
PDV data reduction process, in determining the Doppler shift, and
in resolving the velocity components. When aligning the filtered
and unfiltered images, if the variation in the local signal intensity,
dI/dx, can be approximated, then the pixel intensity error w; due
to misalignment can be estimated by

dr7

a),zAxxd—x )

where Ax is the amount of pixel misalignment.!®

Errors Associated with the Camera

Using the splitter/recombiner system to determine the transmis-
sion coefficient, each camera detects a set consisting of a filtered
and an unfiltered image. The camera pixel array detects an intensity
I = m¢ + b, where b is the intensity due to dark charge and readout
noise, m is the linearity of the detector and includes the photon sta-
tistical noise of the camera, and ¢ is the number of photonsincident
on the camera. The slope and intercept values may vary from pixel
to pixel due to slight array nonuniformities and slightly varying
gain values. Errors arise if the slope and intercept values vary with
incoming intensity. The variation of the slope is described by the
linearity of the camera and is specified as being within £1% by the
camera manufacturer over the range of intensities and gain settings
used in the current setup. This nonlinearity includes the inherent
shot noise, photon statistical noise, associated with the camera. The
nonlinearity of the camera could affect the velocity results and will
be included in the analysis. The dark charge and read-outnoise por-
tion of the intercept value, however, is reasonably accounted for
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by measuring the intensity detected by the camera when the lens
cap is in place and by subtracting this value from all of the data
and calibration images. Thus, potential residual errors associated
with dark charge and readout noise, estimated to be less than £0.5
MHz, will be neglected. Furthermore, the flatfield images take into
account the variation of gain per camera pixel. Thus, the residual
errors associated with items 4 and 7a may also be neglected.

Errors Associated with Image Noise

Speckle was the mostlikely cause of the noise in the instantaneous
images. Images obtained from the scatteringof coherentlightby par-
ticles or a surface may be affected by speckle. Speckle is produced
when light with sufficienttemporal and spatialcoherenceis scattered
by a medium or surface that introduces random optical path fluctu-
ations comparable to the optical wavelength?!' Other investigators
have reported the occurrence of speckle in PDV images.'*:!! The
speckle noise to signal ratio was less than 0.15 in the present PDV
images. Reference 11 reported a speckle noise to signal ratio range
0f 0.25-0.30 and Ref. 10 reported ranges of noise to signal level for
differentconfigurations starting from 0.40. If the optical path length
variationis larger than the wavelength of the light, then the speckle
noise to signal ratio is primarily a function of the optics.2* For this
case, the speckle noise to signal ratio can be estimated by knowing
the f-number, focal length, and range of the optical system, along
with the wavelength of the light and the pixel size.!®* Using this
approximation, a low estimate of the speckle noise to signal ratio
was calculated to be 0.20. This estimate was higher than the noise
observed in the current PDV images. Therefore, the speckle in this
work was believed to be caused by variations in path length on the
order of, if not smaller than the wavelength of the light. The noise
did not affect the mean velocity results but did have an impact on
the turbulence intensity. The errors associated with the image noise
were not modeled in this analysis. However, the two postprocessing
steps discussed were used to reduce the effect of the noise.

Resultant Doppler Shift Measurement Error

The method highlighted by Kline and McClintock?® was used
to combine the uncertainty of the remaining sources of error. The
combined uncertainty in the frequency was written as

2 2
afe afe
+ <8b(‘ X a)b(> + (81 X a),) ©)

Here w; denotes the uncertainty in variable /. The first term, A,
represent the uncertainties in the measured frequency f, due to the
1% nonlinearity of the camera reading. This was taken to arise from
the uncertainty in the filtered and unfiltered slopes associated with
the camera, m ; and m,. This includes the photon statistical noise,
shot noise, inherent in the detection device. Term A was modeled
based on the values that were typical of the data set. For example,
the maximum unfiltered signal was approximately 10,000 counts,
the filtered image signal ranged from 1400-6000, and the slope
of the filter profile was approximated as 0.91 AT/GHz. Based on
these values, the uncertainty associated with term A was calculated
to be =10 MHz.

Term B represents the uncertainty in the determination of the
intercept for the filter transmission profile due to the variation of
frequency content of the laser sheet. By properly setting up the laser
sheet, as was discussed earlier, most of the variation across the laser
sheet can be removed. The laser sheet in the presented system had a
4-MHz variation in frequency. This would imply that the calibrated
filter transmission profile intercept value is accurateto =2 MHz and
is effectively term B.

Finally, term C represents the errors in obtaining the transmis-
sion coefficient due to errors in image registration. The uncertainty
analysis, using Eq. (5), was performed for two regions of the jet,

Table1 Uncertainty in Doppler shift frequency

Jet core, Shear layer,
Error source +MHz +MHz
Laser frequency fluctuations 21 21
(no frequency monitoring)
Laser frequency fluctuations 5 5
(with potential frequency
monitoring)
Registration of filtered and 3 14
unfiltered images, Ax = 0.3
Registration of filtered and 1 5
unfiltered images, Ax = 0.1
Characterization of 2 2
transmission profile slope
Camera nonlinearity including 10 10
photon statistical noise
Doppler shift error 24 27
(no frequency monitoring and
Ax =0.3)
Doppler shift error 11 12
(with potential frequency
monitoring and Ax = 0.1)
Table2 Uncertainty in velocity
Jet core, Shear layer,

Error source m/s, Vx(Vy) m/s, Vx(Vy)

Angle measurements 7(6) 7(6)

Propagation of Doppler shift 24 (16) 28 (18)
error (no frequency monitoring
and Ax = 0.3)

Propagation of Doppler shift 12 (8) 13(8)
error (with potential frequency
monitoring and Ax = 0.1)

Pixel misalignment 3(3) 113D
(Ax =0.3)

Pixel misalignment 1(1) 4(4)
(Ax =0.1)

Velocity uncertainty 25(17) 31(22)
(no frequency monitoring and
Ax =0.3)

Velocity uncertainty 13 (10) 15(11)

(with potential frequency
monitoring and Ax = 0.1)

the jet core and the shear layer regions. In the jet core, the intensity
was approximately constant; however, due to instantaneous varia-
tions, the approximate value of d/ /dx =200 counts/pixel was used.
For the shear layer region, which had a much steeper gradient, the
approximate value of d/ /dx = 1200 counts was used. For both the
shearlayerand the jet coreregion, the effect of misalignmentsrang-
ing from 0.1 to 0.5 pixel was investigated by estimating the error
on the signal intensity, using Eq. (5), and then, in a manner similar
to that of term A, modeling how this affects the Doppler shifted
frequency. Although the calculations were preformed for both the
jetcore and shear layer regions, which are presentedin Tables 1 and
2, for clarity most of the discussions will be based on the higher
uncertainty associated with the shear layer. The higher uncertainty
estimate was =5 MHz for a 0.1-pixel misalignment and £22 MHz
for a 0.5-pixel misalignment. The accuracy of the pixel registration
was expectedto be better than 0.5 but not as good as 0.1 pixel. Thus,
for the remaining calculations the errors associated with Ax of 0.3
pixel were used.

Summary

Table 1 summarizesthe uncertaintyin the calculated Doppler shift
when using the molecularfilter as a frequency discriminator. As was
mentioned earlier, the laser frequency fluctuates. The resultant un-
certainty in the laser frequency was £21 MHz, and the combined
Doppler shift uncertainty, for the higher uncertainty shear layer re-
gion, was £27 MHz.

This analysis is specifically for the two-component PDV system
described earlier. The resultant effect of camera nonlinearity on
the velocity results is strongly dependent on the characteristics of
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the filter used and the dynamic range of the camera. In addition, the
characterizationof the transmissionprofile is dependenton the laser
sheetsetup. In the precedinganalysis, the valuesrepresentthe typical
values seen when using the two-component PDV experiment with
relatively strongsignallevels of the scattering, 1000-12,000intensi-
fied counts, and with cooled, 14-bit, intensified CCD cameras. Ref-
erences9 and 10 presenta detailed discussionof a more generalized
error analysis, designing optimum filters, and the PDV capabilities
with various levels of light scattering and camera qualities.

Uncertainty in the Velocity

Errors associated with viewing angle measurements, Doppler
shift calculations, and the registration of the images from differ-
ent DSMSs will propagate into the final velocity calculations.

With regard to the angle measurements, the laser sheet was as-
sumed to be perfectly collimated, based on the negligible change
in width with distance of the laser sheet, and the divergence of the
collection cone was neglected, due to the large {-number lens used.
The error in measuring the viewing direction from the center of the
image to the center of the jet core was estimated to be measured
within 1 deg. The error in velocity, presented in Table 2, was cal-
culated for the x and y components of velocity, for both the jet core
and shear layer region. For clarity, however, the text will primar-
ily discuss the larger uncertainty associated with the x-component
shear layer region. The error in velocity for V, due to the angle
measurement error was estimated to be &7 m/s. This estimation
was obtained by determining the difference between the velocities
calculated based on the correct angles and the velocities calculated
based on angles that were systematically modified by =1 deg from
the correct angles.

In a similar manner, the effect of the Doppler shift error was
determined, for the highest uncertainty case, corresponding to the
x-component shear layer region, to be £28 m/s.

Accurateregistration of the images is extremely important as can
be seen from Figs. 7 and 8. The uncertainty in the velocity due to
registrationerrors wg associated with aligningimages from different
DSMSs can be approximated by

dv
wp = AAX X — (@)
dx
where V is the Doppler shift Af; seen in Eq. (2). The resulting
velocity errors are 4 m/s for a 0.1-pixelmisalignment,£11 m/s for
a0.3-pixelmisalignment,and =17 m/s fora 0.5-pixel misalignment.
Image registrationaccuracy was assumed to be better then 0.3 pixel
for the present configuration.

Table 2 summarizes the uncertainty in the velocity measurements
associated with each error source. The overall uncertainty in the x
componentof velocity measurementwas £25 m/s for the jet core re-
gion and £31 m/s for the shear layer region. The overall uncertainty
for the y componentof velocity measurementwas =17 and 22 m/s
for the jet core and shear layer regions, respectively. With improved
image registration accuracy and utilizing a frequency monitoring
system accurate to within £5 MHz, the estimated velocity uncer-
tainty can be potentially cut in half.

Although the error analysis was performed for an instantaneous
velocity measurement, the PDV and the LDV measurements were
not taken simultaneously. As a result, the average PDV velocity
profile was compared with the average LDV velocity profile. Fur-
thermore, because the discrepancies between the PDV and LDV
measured y component of velocity were partially due to consider-
ations not included in the error analysis, such as the asymmetry of
the jet and differencesin location of the measurement volume, only
the x component of velocity, with the estimated error band, was
compared with the LDV measurements. Figure 7 displays the error
bar associated with the x component of velocity for the vertical and
horizontal centerline. As can be seen, the LDV velocity is within
the error band surrounding the PDV velocity.

VI. Concluding Remarks
The PDV techniquehas been substantiallyimproved. Critical pro-
cedural steps were documented and a two-component PDV system
was used to make instantaneous measurements of the x and y com-
ponentsof velocityin a two-dimensional plane intersectingthe flow-

field of a Mach 2, ideally expanded freejet. The PDV velocity mea-
surements compared very well with reference LDV measurements.
The error sourcesinherentin a PDV system were discussedin detail,
and an error analysis was performed for the two-component PDV
system used herein.

Important procedural steps that were highlighted involved the
proper calibration of the splitter/recombiner system, accurate im-
age registration, and careful formation of the laser sheet. The
splitterfrecombiner system greatly reduces the cost of a PDV setup
but must be properly used if accurate velocity measurements are
to be obtained. An important step involved with using a split-
ter/recombiner system was the proper calibration of the system,
which should be performed with the filter in place and the laser
frequency set to full filter transmission, to obtain flatfield images.
Accuratelyregisteringthe filtered and unfiltered images was another
important step in the PDV procedures. Performing the image reg-
istration by obtaining a reference image of a grid of white dots on
a black background enabled subpixel image registration accuracy.
The propagationof errors due to pixelregistrationerrors was demon-
strated. Another important step in setting up a PDV experiment was
the proper formation of the laser sheet. In general, forming a laser
sheet from the centermostportion of the laser beam produceda laser
sheet that had a uniform frequency content. The effect of variations
in frequency content of the laser beam was demonstrated for two
different laser sheet setups.

The results from the two-componentPDV system were presented.
The planar, instantaneous capabilities of PDV were displayed. The
average PDV results were compared with reference LDV results.
The x component of velocity compared very well with the LDV
data. Discrepancies between the PDV and LDV y-component ve-
locities were discussed and attributed to possible residual image
registration errors and physical differences in the PDV and LDV
setups. The PDV and LDV turbulence intensities were compared.
Although not enough samples were obtained to make a definitive
comparison between the PDV and LDV turbulence intensities, it
appeared that the PDV turbulenceintensities were convergingto the
LDV turbulence intensities.

A detailed uncertainty analysis was presented, and the overall un-
certainty was estimated for the two-componentPDV systemused in
the currentresearch. The overall uncertainty in the x and y compo-
nents of jet core velocity was estimated to be 25 and +=17 m/s, re-
spectively. The differencesbetween the PDV and LDV reference ve-
locity measurementsfor the x componentof velocity were within the
estimated error band. The x componentof velocity was within +5%
of the jet centerline velocity. The accuracy of this two-component
PDV system was better than or comparable to the accuracy reported
by previousinvestigatorsusing PDV systems in low and high speed
flows.
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