THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE
DEPARTMENT OF MECHANICAL AND NUCLEAR ENGINEERING

PARTICLE SHADOW VELOCIMETRY IN THE
WALL REGION OF A TURBULENT PIPE FLOW
TYLER BRAUN
Spring 2010

A thesis
submitted in partial fulfillment
of the requirements
for a baccalaureate degree
in Mechanical Engineering
with honors in Mechanical Engineering

Reviewed and approved* by the following:
Michael Krane
Research Associate
Thesis Supervisor
Arnold Fontaine
Senior Scientist
Thesis Supervisor
Matthew Mench
Associate Professor of Mechanical Engineering
Honors Adviser
*Signatures are on file in the Schreyer Honors College.

Abstract
Particle Shadow Velocimetry (PSV) is a digital particle image velocimetry (PIV) technique
used to produce vector fields characterizing seeded fluid flows. PSV replaces the laser light
source standard to PIV with a low-power, multicolor LED lamp and has many capabilities not
demonstrated by other flow measurement techniques including a superior dynamic range,
kilohertz sampling rates, and measurement of local accelerations. This thesis uses PSV to
evaluate the flow field at the near wall of a turbulent, fully developed pipe flow in the Applied
Research Laboratory’s boundary layer research facility in an attempt to develop practical
understanding of the PSV system, validate the method through replication of scientifically
accepted flow data, and evaluate the real-world acceleration capabilities of the technique.
Results compared with previous LDV and PIV data indicate that both same-color and cross-color
PSV provide accurate velocity profiles, but the chromatic aberrations that plague cross-color
PSV slightly skew full-field velocity results and prevent acceleration measurements without
further experimentation and processing refinement.
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Chapter I
INTRODUCTION
1.1 Role of the Thesis
Fluid flows are found everywhere, from liquid through household pipe flows to air over
airplane wings. In engineering applications, quantifiable flow data is important. Though
computational fluid dynamics (CFD) can numerically solve and analyze flows, the use of CFD in
complex flows is still limited due to computer resources and modeling accuracy. As a result,
there remains a need for experimental measurements. There are many options for obtaining
velocity measurements, but current fluid acceleration measurement methods are complicated
and costly. Particle shadow velocimetry, by contrast, is a relatively inexpensive solution with
high ease-of-use.
Particle shadow velocimetry is a technique with great potential, but its accuracy and
limitations are largely unknown. Even Innovative Scientific Solutions Incorporated, the system
and software creator, has not fully investigated accuracy and applications of the technique, and
the corresponding software remains in a beta stage.
This thesis will establish the system in a well-tested facility where previous LDV and DPIV
studies provide ample comparison data. It will also attempt to identify and, if possible, resolve
system phenomena in order to fully evaluate all aspects of the technique, the system's
limitations, and its real-world usefulness. The thesis will ultimately seek to gauge the
practicality and effectiveness of particle shadow velocimetry by determining the accuracy of
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velocity measurements and the feasibility of obtaining fluid accelerations through the three
color frame-straddled technique.

1.2

Digital Particle Image Velocimetry
Digital particle image velocimetry (DPIV) is a noninvasive flow visualization and

measurement technique. In this technique, the fluid is seeded with small, reflective, neutrally
buoyant particles (Willert and Gharib 1991). These particles are assumed to follow the flow
dynamics with negligible effects upon the flow.
A typical DPIV system consisting of a laser, CCD camera, sync/chopper, cylindrical lens,
and computer is shown in figure 1, “Diagram of a DPIV System”; here the laser beam is directed
through the cylindrical lens, spreading it into a very thin light sheet that illuminates the seeded
flow (Willert and Gharib 1991). The sync synchronizes the firing of the camera and the laser.

Figure 1: Diagram of DPIV System (Willert and Gharib 1991)
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In DPIV, the laser is not directly aligned with the camera; rather the light source is
directed at an angle to the camera to scatter light off the particles (Goss and Estevadeordal
2005). The camera collects this side-scattered light as bright spots on a dark background.
By means of a double pulse or double exposure, the system records two instantaneous
images at a small time delay. With the former, an autocorrelation be performed; this
processing provides the angle and magnitude of the resulting vectors but cannot determine
direction (Willert and Gharib 1991). With the latter, it becomes possible to perform a more
complete cross-correlation.

Figure 2: Cross Correlation Estimate (c) of Image Pair (a), (b) (Willert and Gharib 1991)
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DPIV processing uses cross-correlation functions rather than single particle tracking to
determine the local displacement vectors. After breaking the field of view into many small,
overlapping subregions known as correlation maps or interrogation windows, the software
generates maps of signal (intensity, in this case) versus x and y and then determines the
“average spatial shift of particles” from the first exposure to the corresponding region in the
second exposure; a depiction of this process is shown in figure 2, “Cross Correlation Estimate (c)
of Image Pair (a), (b)” (Willert and Gharib 1991). This cross-correlation functions by shifting the
map of signal versus x and y by in both directions until it obtains a maximum correlation peak
corresponding to dx and dy values that provide a displacement vector (Willert and Gharib).
Particle shadow velocimetry (PSV), also known as shadow particle image velocimetry, is
another type of digital particle image velocimetry. PSV is a much newer, relatively undeveloped
technique with promising capabilities.

1.3 Particle Shadow Velocimetry
PSV diverges from traditional PIV methods by utilizing direct, in-line volume illumination
to create a light extinction pattern on the recorded image rather than relying on sheet
illumination and scattering principles (Goss and Estevadeordal 2005). The light source is
aligned directly opposite of the camera; in this manner, PSV projects particle shadows onto a
bright background. The images can be inverted to produce negatives that resemble the PIV
results. The technique takes advantage of the higher efficiency of forward scatter imaging to
provide the capability for high frame rate exposures while maintaining a good signal-to-noise
ratio.
4

As a consequence of the technique’s methods, it is possible to use low power illumination
sources in place of the laser and also to obtain experimental results with much higher contrast
Goss and Estevadeordal 2005). Light emitting diodes (LEDs) have become the primary lowpower light source, and the PSV system used in these experiments substitutes a red-green-blue
(RGB) LED lamp for the laser. The low cost, fast response time, and high repetition rates of
LEDs all make them attractive alternatives to the laser (Crafton, Goss, and Estevadeordal 2007).
In other respects, the systems are very similar. A DPIV system provides the necessary
equipment for a PSV setup with the addition of a diffusing lens. While the addition of color
adds additional processing steps, DPIV software can perform the necessary correlation
routines.
Most commercial lasers are relatively slow, fixed rate models under 100 hertz; high
repetition rate lasers used in PIV and capable of kilohertz firing rates are very costly and suffer
from relatively low energy output per pulse. The LED lamps used in PSV, on the other hand, are
capable of frequencies in the kilohertz range at a reasonable cost (Crafton, Goss, and
Estevadeordal 2007). The models used in this research could be pulsed on the submicrosecond level. Thus PSV is a promising technique for high speed flow measurement
applications.
Because PSV can use RGB light sources to timestamp exposures with color, the technique
is not plagued by the directional ambiguity of DPIV autocorrelations: PSV cross-correlations
provide the magnitude, angle, and polarity of the velocity vector. PSV’s ability to combine short
time delay, multicolor intraframe cross-crorrelation processing with long time delay, single and
multicolor interframe cross-correlation processing extends the dynamic range of velocity
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measurements versus more conventional DPIV. The possible color combinations allow
generation of multiple velocity vector fields for a given frame set and introduce the novel
capability of determining acceleration vector fields for a flow. In standard DPIV, a thin light
sheet defines the location of the measurement or object plane whereas high magnification
imaging is used in PSV to define the measurement plane.
PSV systems are much cheaper than their DPIV counterparts, as lasers remain “the most
expensive component in PIV systems” (Goss and Estevadeordal 2005). Additionally, the low
power requirements and simplicity of LED light sources introduce the potential for field testing
with PSV.
A more exhaustive explanation of this specific system, associated software, and the
details of image acquisition and processing will be covered in Chapter II.
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Chapter II
EXPERIMENTAL SETUP AND DESIGN
2.1 Particle Shadow Velocimetry System
The components for the particle shadow velocimetry system are typical of the standard
configuration and were selected with compatibility with Innovative Scientific Solutions
Incorporated (ISSI) software in mind.
The 14-bit color CCD camera is a PCO.1600 manufactured by the Cooke Corporation. It is
powered by an external PCO power supply. The camera is connected to the computer for data
acquisition purposes by a FireWire cable. The PCO.1600 is a standard 30 Hz model, thus
limiting the system to 30 frames per second. Its double exposure and low light sensitivity make
it an ideal choice for low speed PSV. It offers a 1600 x 1200 pixel resolution and exposure times
down to 5 microseconds ("Sensitive Cameras PCO.1600").
The lens system used on the CCD camera consists of three components. The primary
lens is an autofocus AF Nikon Micro-Nikkor 105mm f/2.8D. This lens is attached to a Nikon M2
extension ring providing an additional spacing of 27.5 millimeters. The final component is a
Nikon to C-mount adapter that allows PCO body compatibility with the proprietary Nikon
mount. The 105 Micro-Nikkor lens is set to its maximum aperture of f/2.8 and then focused to
the calibration target (and the process was repeated for each new placement of the target).
In a secondary setup, an AF Nikon Micro-Nikkor 60mm f/2.8D was also used. The results
section will specify which lens was used for a given data set, as this choice affects calibration,
depth of field, and the size of the field of view.
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The light source employed in these experiments is a LM4 model manufactured by ISSI.
This RGB LED lamp consists of 21 individual LEDs (7 each of red, green, and blue). Each color
can be pulsed separately at its own frequency by an external trigger.
The diffuser used in combination with the light source is a standard gel type light
diffusing homogenizer plate used in optical applications. The diffuser consists simply of a piece
of frosted glass set between two pieces of cardboard with circles removed from the center of
each. It serves to soften or diffuse the focused light of the LEDs in order to evenly illuminate
the flow volume.
The pulse generator is an instrumental piece of equipment in terms of experiment
control. The specific model used in this research is the BNC Model 555 Pulse/Delay Generator.
It has up to 8 channels that can be used for triggering the CCD camera or RGB channels on the
LED lamp. This pulse generator serves as a sync between the camera and light source. It
controls pulse width and delay for each channel and total frequency (rate of repetition) for all
controlled pulses.
The PSV system computer is used for image acquisition, data storage, and image
processing purposes. As mentioned, the CCD camera is connected to the computer by FireWire
cable.
The LED lamp was mounted on a tripod behind the tunnel and visually aligned with the
CCD camera through the diffuser. Care was taken to ensure that both the camera and LED lamp
were laterally as perpendicular to the test section as possible. Both components were further
adjusted through the use of an electronic level.
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The camera was mounted on a vertical traverse to allow precision adjustment of the
region of interest recorded by the camera. This traverse was attached to scaffolding suspended
from the tunnel. The scaffolding served to hold the camera at the desired height and an ideal
distance from the tunnel so as not to disrupt the focus or region of interest. By attaching the
scaffolding to the tunnel, it was assumed any small vibrations present in the tunnel structure
would affect both components equally; since the camera would move synchronously with the
test section there would be minimal image blur.

Figure 3: Diagram of PSV System

The PSV system components were distributed around the glycerin tunnel’s acrylic test
section as indicated in the bird's eye view diagram of figure 3, “Diagram of a PSV System”. A
dark sheet covered the acrylic test section, light source, and CCD camera in an attempt to block
as much ambient light as possible.
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2.2 Boundary Layer Research Facility
All thesis experiments were performed in the Boundary Layer Research Facility, more
commonly referred to as the glycerin tunnel. This facility is contained within the Garfield
Thomas Water Tunnel building of the Applied Research Laboratory at Penn State. The glycerin
tunnel is designed for investigation into the viscous sublayer (Fontaine 1993). Researchers have
previously applied laser Doppler velocimetry (LDV), digital particle image velocimetry (DPIV),
and hot film anemometry (HFA) techniques but never particle shadow velocimetry (Fontaine).

Figure 4: Glycerin Tunnel Diagram (Fontaine 1993)

The tunnel is a constant power, constant diameter, closed-loop system driven by a 100 hp
Westinghouse electric motor powering a Gould centrifugal pump; hence flow velocity, Reynolds
number, and tunnel pressures (among a number of other parameters) are determined solely by
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the working fluid temperature. The glycerin is raised from room to desired temperature by the
pump work and subsequently stabilized through use of the tunnel’s heat exchanger. A
representation of the pump loop is shown in figure 4, “Glycerin Tunnel Diagram”.
The tunnel’s design permits a maximum velocity of 10 meters per second and a maximum
absolute pressure of 101.4 kilopascals (14.2 pounds per square inch) through the acrylic test
section. A specially designed trip ring is used to transition the internal pipe flow to a fully
developed, turbulent pipe flow. Fully developed turbulent pipe flow is achieved approximately
6 pipe diameters upstream of the test section. Fontaine 1993 provides a detailed description of
the facility. Reynolds numbers range from 2,000 to 15,000 depending on temperature. The
facility has an allowable temperature range of 21 to 65 degrees Celsius (70 to 150 degrees
Fahrenheit) (Fontaine and Rohm 2008), controlled by an external heat exchanger that can
maintain a steady temperature to within ± 0.1 degrees Celsius. In the interest of remaining
consistent with previous experiments for data comparison purposes, all experiments were
performed at a temperature of roughly 37.8 degrees Celsius (100 degrees Fahrenheit).
The test section is constructed from clear acrylic and used for observing the seeded flow.
It is preceded by 3 steel sections which, with the viewing section, constitute the 4 piece, 7.6
meter upper length of the tunnel (Fontaine 1995). This test section has a circular inner
diameter of 285 millimeters (11.22 inches) and its internal surface have been polished to a 0.41
RMS micrometer finish (Fontaine and Rohm 2008). Its outside is square in cross section in
order to present a flat, perpendicular face to the CCD camera. Both the square cross section
and close matching of the acrylic and glycerin indexes of refraction, 1.49 and 1.47 respectively,
ensure minimal image distortion through the curvature of the tunnel wall (Fontaine 1993).
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Glycerin, the working fluid in this facility, is a clear, colorless, highly viscous liquid. The
Boundary Layer Research Facility uses glycerin as its working fluid for a number of reasons.
High viscosity and strong temperature dependence provide large turbulent flow scales and a
good control of flow rate. The working fluid in the tunnel is nearly pure glycerin – between 99
and 100 percent. Because of its high viscosity, it will readily and stably trap air bubbles that
serve as seed particles. The turbulence will break up and maintain bubble size in the range of
50 microns (Fontaine 1993). Its index of refraction also matches closely to the acrylic material
in the viewing section – a serious concern given the considerable curvature of the tunnel
approaching the wall region.
As previously mentioned, the glycerin’s fluid properties are strongly temperaturedependent. Dr. Fontaine determined regressions for both viscosity and density as a function of
temperature for his own work in the tunnel: corresponding equations are listed in Appendix B,
Glycerin Properties. The former provides viscosity in centistokes as a function of temperature
in degrees Fahrenheit while the latter provides density in grams per cubic centimeter as a
function of temperature in degrees Fahrenheit. These predicted values were checked against
Dow Chemical’s published values for consistency (“Glycerine Physical Properties”).
The flow in the boundary layer research facility is a low Reynolds number, fully
developed, turbulent pipe flow (Fontaine 1993). The tunnel profile has been well-mapped and
confirmed by a number of different flow measurement methods. Figure 5 shows a plot of U
(axial velocity) vs. Y (distance from the wall region) that displays the expected fully developed,
turbulent flow profile. For a glycerin temperature of 100 degrees Fahrenheit, uτ (wall shear
velocity) is measured at approximately 0.42 meters per second in the test section and each y+
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(viscous wall unit) corresponds to approximately 0.5 millimeters; the tunnel exhibits a viscous
frequency of 820 hertz (Fontaine 1993).
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Figure 5: Glycerin Tunnel Velocity Profile from Previous Flow Measurement Techniques

The tunnel's fluid parameters are continuously monitored during operation by a
conditions recording station. This consists of an Agilent 34970A Data Acquisition/Switch Unit
feeding data into a computer. Through use of the tunnel's pressure sensors and electronic
thermometer, the station reports properties including pressure at each sensor location as well
as temperature, density, and viscosity of the glycerin. Pressure is measured along the test pipe
from the entrance to the test section at about 1 foot increments. These axial pressure
measurements provide pressure drop vs. axis distance to determine the location of fully
developed flow and the wall shear estimate in the test section. When so selected, the station
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records these parameters at 10 regularly spaced intervals to later reference for a given test.
Knowledge of the tunnel pressures and the spacing of the sensors allows for determination of
the pressure gradient, wall shear stress, and subsequent calculation of wall shear velocity and
the size of a wall unit via the following formulas.

τw = (D / 4) * (ΔP / L)
uτ = sqrt(τw / ρ)
y+ = y * uτ / ν
ū+ = ū / uτ

2.3 Data Acquisition
Two different targets were used for calibration purposes. Tests at the tunnel centerline
were calibrated using a plug with an attached target. This target consisted of white 1mm
discrete dots on a rectangular block at a spacing of 2.5 millimeters. A second target was
fabricated for calibration at the tunnel wall by printing dots on a Mylar sheet which was
attached to an acrylic backing with spray adhesive. These dots were 1 millimeter in size, spaced
at 5 millimeter intervals.
The image acquisition and recording program is, like the PCO camera, distributed by the
Cooke Corporation. The company writes the following about Camware: “It includes an image
recorder, b/w and color display… hot pixel correction, direct-record-to-file, image browser,
histogram, preview, and many other helpful image acquire features” (Camware, PCO Inc.).
Camware allows control over image acquisition and a variety of PCO camera parameters.

14

The channel assignments on the pulse generator were as follows for all experiments,
except where later indicated otherwise: channel A, PCO power supply; channel B, blue LEDs;
channel C, red LEDs, channel D, green LEDs. The repetition rate varied with both Camware and
pulse generator settings, but since only average statistical quantities were significant, the
repetition rate for a given frame set was irrelevant.
While channel A pulse width could be used to set exposure, it was instead controlled
through Camware camera control settings; thus the pulse generator functioned simply as an
external trigger for image acquisition. An exposure time of 70 to 100 microseconds was
standard for the experiments.
Pulse width for the RGB channels functioned as a control for color intensity. These were
selected by viewing each color image individually with an eye for even lighting (i.e. no
vignetting in the corners). Next all colors were viewed simultaneously to ensure overall color
balance and minimize instances of overexposure. ISSI recommends pulse widths of 5
microseconds or less, though pulse lengths of as little as 1 microsecond are sufficient for many
cases.
RGB channel delays were selected for displacements, measured in pixels, of individual
particles between subsequent color flashes with a goal of roughly 10 pixels at the high velocity
and 3 pixels near the low velocity near the wall. After observing the flow values, delays were
chosen toward this goal; standard delays were approximately 20 microseconds between colors
with the 105mm lens and 40 microseconds between colors with the 60mm lens. For reasons
outlined elsewhere, each test was also repeated with a delay of 0 microseconds on each
channel: with these settings all flashes occurred at the same time.
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Once all settings were confirmed on the pulse generator, the image acquisition could
begin. After indicating in Camware that recording should start, frames began to populate the
image set. During the acquisition process, the tunnel conditions acquisition system was also
directed to record tunnel and fluid parameters. The sequences were halted at 200 frames for
testing purposes or 500 for final data analysis purposes. These numbers were deemed to be
statistically significant for mean flow values, as they should account for variation in the
turbulent flow and reduce correlating on large air bubbles or on noise in any individual frames.
These sequences were then saved as TIFF files.

2.4 Data Processing
PSV software is still largely beta software designed by Innovative Scientific Solutions
Incorporated. It would be possible to perform these functions with MATLAB routines with the
PIV C-code and TIFF file headers, but those actions were beyond the scope of this thesis.
ImageConvert software performs separation of the Bayer color map information into
color planes corresponding solely to RGB color channels (ImageConvert). This step splits each
complete RGB image in such a way that the 500 original images produce 500 images each of
red, green, and blue for later use, as shown in figure 6a. While the DPIVB program can
immediately process these image files, the intermediate images have not been inverted or
background subtracted; processing these files to resemble traditional PIV images will reduce
the impact of background noise and increase correlation accuracy (as the software correlates
on brightness peaks rather than troughs). A comparison is shown in figure 6, “Example Image
(a) Before and (b) After Inversion and Background Subtraction.”
16

Figure 6: Example Image (a) Before and (b) After Inversion and Background Subtraction

Through the use of the PSV (Average Back) function in ImageConvert, the three color
planes are inverted for each frame. The inversion effectively takes the reciprocal of the image,
transforming the low intensity particle shadows to high intensity particle images and the high
intensity background to a low intensity background, as shown in figure 6b. The program
calculates the rolling average of the background for each block of 50 frames and then
“subtracts each image [in that block] from the averaged background” (ImageConvert). Thereby
this step produces 500 inverted, background subtracted images for each of the interpolated
red, green, and blue color planes.
DPIVB is another ISSI program in beta testing. Though originally designed for digital
particle image velocimetry (PIV) or stereo PIV, it applies also to shadow particle velocimetry.
DPIVB supports several PIV image source types but was used only for two frame, single color
images here. With this setting, each two color cross-correlation must be performed
individually.
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After selecting two of the inverted, background-subtracted color plane image files,
DPIVB recreates a composite image of the two color planes in a single frame. User-selected
correlation parameters, iteration information, and post-process filters determine the methods
the software employs to process the cross-correlation data and filter noise. The appearance of
the vector field can vary significantly depending on the selected settings.

Figure 7: DPIVB Correlation Parameters Window

These user-selectable settings are shown in figure 7, “DPIVB Correlation Parameters
Window” (dPIV Stereo). “Correlation Order” specifies the LED color order in which DPIVB will
correlate, and corresponds to the timing of the LED pulses. The correlation order affects the
sign convention of the processed data. “Correlation Engine” chooses the FFT routine and peak
locator method used in the correlation analysis. DPIVB uses the area centroid technique in
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determining the sub-pixel displacement position of the correlation peak. “Correlation Multiply”
allows the user to select which (if any) bordering correlation maps should be used to amplify
the correlation for the current region; this technique improves the signal-to-noise ratio (dPIV
Stereo). “Peak Threshold” selects the cutoff ratio (in terms of the level of background noise)
that DPIVB applies to the signals before attempting to find the maximum correlation peak. This
parameter controls the effective size of the area used to compute the correlation peak centroid
and affects the accuracy of the sub-pixel peak determination; this has particular importance to
reducing the level of peak-locking.
“Correlation Size” determines the size in pixels of the correlation map interrogation
spot, while “Region“ specifies the search region as a fraction of the correlation interrogation
spot DPIVB should expect to find the correlation peak. “Overlap” instructs the program to shift
the correlation map by a given percentage of the interrogation region to account for alias in the
FFT analysis. All this information can be specified again for smaller correlation maps in
successive iterations. Finally, DPIVB boasts a number of post-process filters to statistically filter
rogue vectors based upon neighbor and average vector lengths and magnitudes, etc.
After selecting the desired correlation parameters, the user can load and sort multiple
image pairs into a queue for batch processing, provided all pairs can be processed using the
same correlation order. The program automatically saves results in ISSI’s proprietary PIV file
format, with additional options to save DAT and CSV versions of the file; these additional
formats simplify importing the vector fields into Tecplot and MATLAB or Excel, respectively. For
quick evaluation of data, DPIVB’s Average/RMS function can be used to compile the statistics of
the velocity fields for import into Tecplot. Statistics include mean, RMS, skewness, vorticity,
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and dissipation. Tecplot’s graphic user interface makes it near-trivial to view the vector field,
extract velocity gradients, and plot contour maps. MATLAB scripts have also been written to
perform post-processing tasks such as vector field averaging, image calibrations (including
nonlinear calibrations), statistical vector filtering, estimation of turbulence quantities,
examination of individual frames, extraction of velocity gradients, production of contour maps,
and much more.

2.5 Illumination Schemes
In a two color, single-frame cross-correlation scheme, flashing two different color LEDs,
such as blue and red, at a given time delay (delta-T) onto a sufficiently long camera exposure
creates a single frame containing both color shadows. The pixel displacement of these shadows
corresponds to a physical displacement across the time delta-T. Processing this image set with
the aforementioned software routines results in a blue-red cross correlation and allows
generation of a time-resolved, two dimensional velocity field over the camera's field of view. In
this study, image magnification was selected to produce calibrated image resolutions of about
15 and 38 micrometers per pixel
Continuation of this idea to its next logical progression results in the three color singleframe cross-correlation, where the addition of a green LED pulse onto the single camera
exposure thereby adds a green shadow to the blue and red shadows. With a different bluegreen delta-T, it becomes possible to perform three color cross-correlations (blue-red, redgreen, and blue-green), providing three particle displacement estimates at different delta-Ts
from the same particle image field.
20

Colored illumination conveys remarkable advantages to the PSV technique but also
introduces additional phenomena. Chromatic aberrations occur because “the index of
refraction of [a material] varies with the wavelength of light, i.e., [the material] bends different
colors by different amounts” (“Chromatic Aberration”). The effect is similar to the one
observed in a dispersion prism. This effect will occur at “lens” surfaces where incoming light
rays are incident on the “lens” surface at angles greater than zero degrees, such as the camera
lens and at the glycerin/tunnel wall interface, due to a slight mismatch between the glycerin
and acrylic indices of refraction. With an infinitely distant light source, all rays would be directly
parallel to the camera-light source axis (incidence angles of zero degrees) and chromatic
aberration would not be an issue. Because the light source is placed at a finite distance and the
light rays propagate outward in a cone defined by the light source optics, the transmitted rays
necessarily form an angle with this axis; since the magnitude of the effect is a function of this
angle, the effects of chromatic aberration are greatest on either side of the field of view and
near zero at the center.
For zero time delay, this effect produces an apparent displacement of the particle
shadow from one color relative to the corresponding particle shadow in a color of different
wavelength. In an RGB system, chromatic aberration causes wavelength shifts in the order of
blue to green to red. Thus there is a larger displacement for zero time delay from blue to red
than from blue to green or green to red. This color-induced displacement produces a velocity
field bias which must be corrected. Appendix A, Processing Steps, has figures depicting zero
time delay displacement and the resulting vector field.
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Theoretically, a sufficient correction for a two color cross-correlation can be obtained
through subtracting the zero time delay vector field from the time delayed vector field. This
chromatic calibration should account for the refraction of both colors at every point where a
particle casts a shadow. Unfortunately, some small level of error may persist if the time delay is
so long that the effect of refraction differs from the initial to final particle positions.
In the BG-RG with autocorrelation method, green light is pulsed at the same instant and
pulse width as the blue and then repulsed at the same instant and pulse width as the red.
Separating each frame into RGB color planes yields blue and red plane images with a single
shadow corresponding to each particle; it also produces a green plane image with two shadows
corresponding to each particle at a pixel displacement that's a function of the delta-T. This
method could produce two vector fields through a standard blue-red cross-correlation and a
green auto-correlation. Unfortunately, the beta version of the DPIVB software was not
equipped to process autocorrelations.
The three color single-frame technique can be extended to the traditional two frame,
frame-straddled PIV technique. In the multicolor frame-straddled technique, the two or three
color LEDs are pulsed in a defined delay sequence each frame with a second delay sequence
applied between frames. The double exposure option on the CCD camera allows acquisition of
two consecutive frames at sub-microsecond interframe delay. The method requires delaying
the first multicolor flash series to the end of the first frame and delaying the next multicolor
flash series at a longer delta-T to temporally shift its firing to the beginning of the second frame.
For three colors, this gathers two triple-exposed color images for each frame which can
subsequently be interpolated into six blue, red, and green color images – three frame A images
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and 3 frame B images – all spaced at relatively desirable time delays due to the tiny gap
between frames. The six images create opportunity for a large number of cross-correlations,
but more interestingly, they provide the ability to cross-correlate between two images in the
same color plane (i.e. blue-blue); this eliminates the need for a chromatic correction, as a blueblue zero time delay exposure would provide no correction. The three color cross-correlation
and frame-straddled techniques provide the redundant vector fields that can be used in
statistical analyses. Furthermore, these methods theoretically make it possible to obtain the
fluid/particle acceleration fields in the observed region.
The two color technique uses the blue and red particle position fields to find a blue-red
particle displacement field; division by the appropriate delta-T value provides a blue-red
velocity field. Likewise, the basic three color technique can use blue-red and red-green
displacement fields to find the temporal shift in the two different color pair displacements,
(blue-red)-(red-green), over a known time shift. Division by appropriate delta-T provides
temporal gradient of the displacement field which can be related to the particle acceleration
field.

2.6 Sources of Error
In these experiments, there were sources of error due to the tunnel, PSV system, and
data processing. It was sought to treat address each individually in order to obtain data at an
engineering-acceptable level of confidence. This section will explain these sources as well as
methods of accounting for them in an attempt to minimize compounding of errors. Not all
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sources of error were initially known, however, and the results section will point out where any
unaccounted errors might be applicable.
Alignment of system components was an initial concern that continued to plague the
research. The camera and light source must be aligned with each other across the same axis.
Moreover, both components must also be perpendicular with their respective flat outer wall of
the tunnel and fixed in two degrees of freedom: camera roll is not a concern, but pitch and yaw
are both critical. Misalignment of either component would mean that the particles were no
longer casting a full light-extinction pattern and would begin to introduce side-scattered light.
The components were aligned both visually and from the Camware live preview, but they were
continually rechecked to ensure alignment.
For all the time dedicated to component alignment, the diffuser’s effect was initially
underestimated. Strings attached to the tunnel frame suspended the diffuser approximately
two inches from the tunnels outer surface. When it was realized that the diffuser could affect
the incidence of light rays onto the image frame, the diffuser was instead taped to the tunnel
wall, thus ensuring parallelism.
The pulse generator settings (i.e. pulse width and delay for each color channel) are also
vitally important to both image quality and experimental error. Since numerical data is
obtained by processing images, final data quality is limited by the quality of the images. Pulse
widths should be chosen with an eye for even lighting throughout the frame; obvious
overexposure and exaggerated lighting gradients such as vignetting are a clear indication that
some or all of the RGB pulse widths need to be lowered. Channel delay or DT values can be
determined through examination of shadow spacing in individual frames; ideal displacement

24

between corresponding particle shadows should be no larger than one-quarter of the
interrogation spot size and must be appropriately selected to minimize out-of-plane loss due to
three dimensional flow or turbulence. In this study, the intraframe displacements ranged from
3 to about 10 pixels, while the interframe displacements were at least two times greater.
Beyond the absolute width and delay values, the pulse width-to-delay ratio is also
important. Each particle casts shadows through its light extinction pattern for the duration of
the pulse width. Thus lengthy LED pulses can cause particle streaking and introduce error in
determining sub-pixel displacement, depending on the uncalibrated flow speed in
pixels/second and the size of the particle shadow in pixels. ISSI recommends a pulse width-todelay ratio of 1:10 and uses pulse widths under 5 microseconds when possible.
Miscellaneous determinants of image quality include other factors affecting the signal-tonoise ratio. A primary control of signal-to-noise ratio is the seeding density of the flow,
adjusted by introducing air through a valve; the flow turbulence breaks these large air pockets
into progressively smaller bubbles until they stabilize at a standard particle size, about 50
micrometers, dependent upon the tunnel pressure, surface tension, and local turbulence.
Seeding density and correlation map size (yet to be discussed) both determine the number of
shadows per correlation region. Processing requires a sufficiently high number per region so
that DPIVB does not cross-correlate on background noise. Likewise the background subtraction
function in ImageConvert improves the signal-to-noise ratio by removing out-of-plane shadows
and background noise.
As mentioned previously, DPIVB correlation parameters can significantly influence the
data and appearance of the resulting vector fields. Generic settings will not work universally for
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all experiments; rather, these settings should be tailored to the conditions surrounding an
individual frame set including image quality, seeding density, and three dimensional flow
effects. The chosen parameters will depend upon the size and location of the field of view, the
seeding density, the magnitude and angle of color shadow displacements, image quality, and
three dimensional flow effects. Thus, peak threshold and correlation map size, region, and
overlap values (as well as the correlation multiply function) must be applied carefully after
viewing vector field results.
Peak-locking, or pixel-locking, is a phenomenon that can appear during the vector
processing steps; it is a bias error associated with sub-pixel displacement estimate and is
influenced by the image size of the particles, the algorithm used to estimate sub-pixel
displacement of the correlation peak, and the processing settings used in the peak-finding
algorithm. Percentage error due to peak-locking can be large in very small pixel displacements.
In peak-locking, the correlation map peak tends toward discrete integer pixel values rather than
sub-pixel resolution (Raffel, Willert, Wereley, & Kompenhans 2007). Trial and error changes to
the correlation multiply cross and peak threshold values with examination of the vector data
can be used to combat peak-locking. The proper regions of the correlation multiply cross
(upper, lower, left, right) depend largely on the primary direction of displacement. The peak
threshold must be sufficiently high to exceed the level of background noise but sufficiently low
to preserve a large enough x-y peak area to provide accurate correlation peak centroid
estimates used in the peak-finding algorithm.
The method of spatial calibration can also introduce a small amount of image distortion
and thus another source of error. A calibration target holds a regular grid of a known spacing
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interval, but when viewing captured images that have been transmitted through the glycerin,
pipe curvature, and lens system, the grid may appear slightly distorted. A linear calibration as
calculated between two points on the extreme edges of the target may suffice for rough pixelto-millimeter conversions, but a higher order spatial calibration will more completely account
for sources of error. The pixel locations of each point on the grid can be used to generate a
regression that will deconvolute the image and map i and j components to the true x and y
components. In this experiment, two different targets provided calibrations for both the wall
region and the pipe centerline. MATLAB routines have been designed to produce a two
dimensional, third order polynomial calibration based on the target images. Evaluation of the
polynomial coefficients indicate that a bi-linear calibration is sufficient for most of the field of
view.
As evidenced by the preceding paragraphs, elimination or minimization of error is a
complex and interrelated task. While this may not be a comprehensive list, it lists major
sources of error that have been accepted and observed.
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Chapter III
RESULTS AND DISCUSSION
3.1 Two Color Cross-Correlation Testing
The red-blue two color cross-correlation is representative of all the testing done to the
point of the frame-straddled experiments. Since red and blue are furthest apart on the color
spectrum, the red-blue cross-correlation should display the most color aberration. Thus it
should also prove most problematic from a system calibration perspective. Because DPIVB was
incapable of performing the green-green autocorrelation, no new information was obtained
from the BG-RG tests. Due to time constraints the acceleration potential of the three color
technique was not explored, effectively reducing the results to three velocity cross-correlations.

Figure 8: Two Color Blue-Red U Velocity Contour Maps for (a) 0 and (b) 25 µs Delay

Figure 8 shows U velocity contour maps for 0 and 25 µs delay from the two color bluered cross-correlations. The zero delay map in figure 8a illustrates the effect of chromatic
aberration on the measured blue-red cross-correlation. It displays the characteristic
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displacement pattern that would be expected for a chromatic aberration, with maximum shifts
on the edges of the image with a change in sign from one side to the other. Ideally this
displacement pattern should be symmetric about the image center; the measured asymmetry
suggests optical misalignment between LED lamp and camera. Figure 8b shows the
displacement contours observed in a fully developed pipe flow contaminated by the aberration
bias. The broad expanse of green in the center of the zero delay contour map signifies a small
change in horizontal displacement across a large portion of the field of view, which may
indicate the presence of peak-locking in the processing steps.
Figure 9 shows the U velocity contour map with chromatic correction. Tecplot was used
to subtract the zero delay vectors from the nonzero vectors and generate the plot. The sudden
contour shift near the center of the field is out of place in this time-averaged, fully developed
flow; the expected contour map should exhibit near zero gradients in the X direction with a
smooth decrease in U velocity from a maximum value at the top of the field of view to near
zero at the wall. This error was most likely due to a combination of lack of familiarity with
DPIVB’s correlation parameters and an incomplete assessment of sources of error in the
experimental setup. An ImageConvert bug still prevented use of the background subtract and
inversion functions at this point, meaning that DPIVB was performing cross-correlations on the
shadows rather than the intensity peaks as typical for PIV processing. After reevaluating the
system and making all corrections deemed necessary, testing continued with the BG-RG and
three color cross-correlation testing.
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Figure 9: Corrected U Velocity Contour Map for Two Color Blue-Red Tests

3.2 Continued Three Color Cross-Correlation Testing
Many experiments followed in an attempt to correct the irregularities seen in the original
two-color contour maps. The system components were realigned and releveled in an attempt
to reduce chromatic aberration, increase aberration symmetry, and ensure full light-extinction
behavior of the particles. The diffuser was placed directly against the tunnel wall in order to
ensure perpendicularity of light rays with the tunnel’s outer wall. Increased particle seeding
density reduced the probability of correlating on background noise, and a revised version of
ImageConvert allowed correct use of the background subtract and inversion functions; both of
these changes significantly increased the signal-to-noise ratio. Use of the newly fabricated
target enabled calculation of a nonlinear calibration function close to the wall of the tunnel test
section.
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The system’s 105mm lens and expansion ring were removed and replaced with a single
60mm lens in order to expand the field of view. Increasing the field of view effectively
increased seeding particle density and reduced particle size relative to displacement. The
enlarged field of view forced an increase of the delta-Ts to maintain total displacement
magnitude; this reduced the pixel effects of chromatic aberration with respect to displacement
due to movement.
The continued use of the vector processing software also informed the research as to the
importance of selecting proper correlation parameters. Results were analyzed more carefully
with an eye for peak locking in vector rows. The importance of DPIVB’s correlation multiply and
peak threshold functions became more apparent.

Figure 10: Three Color Blue-Red U Velocity Contour Maps for (a) 0 and (b) 40 µs Delay

Figure 10 shows the improved blue-red U velocity contour maps for both 0 and 40 µs
delays obtained in the three color testing. The zero delay contour map clearly exhibits vertical
gradients as expected, indicating that color aberration is solely a factor of horizontal distance
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from the perpendicular ray. The decreased width of the green contours at the center of the
field of view demonstrates that the new DPIVB correlation parameters have reduced, if not
eliminated, the effects of peak locking. The nonzero delay contour map is nearly a smooth
curve.
The chromatically corrected contour map shown in figure 11 demonstrates a marked
improvement from the original red-blue results obtained in the two color cross-correlation
testing. The contours are still not completely horizontal as expected, however, as the plot still
exhibits a U velocity decrease (especially across the top of the field of view) that is
disproportionate for the 60 millimeter wide viewing area. Barrel distortion of the Nikon lens,
peak locking, and correlation window vignetting are all likely culprits for the remaining error.

Figure 11: Corrected U-Velocity Contour Map for Three Color Blue-Red Tests
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3.3 Three Color Frame-Straddled Testing
Since the green-green autocorrelations could not be processed with current versions of
the DPIVB software, the research proceeded by establishing the frame-straddled capabilities of
the PSV system in order to utilize the same-color cross correlations. The 60mm Nikon lens
remained in place of the 105mm lens, providing the larger field of view and associated benefits.
In double exposure mode, Camware still controls exposure on the first frame (frame A), but
there is no exposure control for the second frame (frame B) and the shutter remains open until
the start of the next frame pair. The 40 MHz pixelclock and 2 A/D converters settings allow the
system to utilize its maximum 30 Hz repetition rate – with these settings, though, the camera is
prone to significant temperature-sensitive noise near the warm tunnel. Increasing the frame
rate decreases total frame length, accordingly shortening the exposure of the second frame;
with software parameters limiting frame A to an exposure of 200 microseconds, frame B’s
exposure was approximately 67 milliseconds.
After thoroughly rewrapping the tunnel in a dark sheet and covering the camera lens,
the tunnel darkened sufficiently that 1 microsecond pulses were adequate for all colors on both
frames, though the second frame was still more exposed than the first. The following delays (in
microseconds) were set to trigger off the cameras exposure signal: 150 and 250 for blue, 170
and 270 for red, and 190 and 290 for green. This frame-straddled setup is pictured in figure 12,
“Time Depiction of Three Color Frame-Straddled Testing”.
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Figure 12: Time Depiction of Three Color Frame-Straddled Testing

With these settings it is possible to obtain five consecutive cross-color cross-correlations
(20 µs blue-red, 20 µs red-green, 50 µs green-blue, 20 µs blue-red, and 20 µs red-green) and
three overlapping same-color cross-correlations (100 µs blue-blue, 100 µs red-red, and 100 µs
green-green).
Figure 13 shows a contour map of the velocity field for an averaged blue-blue
interframe cross-correlation 200 frame set. This contour map demonstrates the flat, fully
developed flow field expected for this facility and shows a significant improvement over
previous attempts with the other illumination attempts; the sudden gradient in the leading
edge accounts for only 200 pixels of the 1600 pixel window width. This phenomenon could
have arisen from barrel distortion in the camera lens system, or vignetting from the diffuser.
Results are valid elsewhere in the contour map, however – an area large enough to crop and
disregard results at the edges.
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Figure 13: Blue-Blue Cross-Correlation U-X-Y Contour Map

There are many factors that affect the quality and correctness of the contour map.
There have been conscious improvements in data processing and component alignment
(including the diffuser), as well as ambient light reduction. Use of the 60mm lens has again
increased the field of view, effectively increasing the seeding density and allowing longer deltaT values: 100 microseconds in this case. The importance of the ability to perform a same-color
cross-correlation cannot be overstated; this illumination scheme removes chromatic
aberration, eliminating the need for the zero time delay field with its sensitivity to peak locking.
Figure 14 shows average same-color U vs. Y velocity profiles at the center of the field of
view for a small frame set. The three same-color cross-correlations are represented by dots of
their corresponding colors. The results from all three correlations should be identical, given
that similar vector processing was applied to identical original images; figure 14 indicates that
there may still be a bias with chromatic aberration. The profiles match very closely at higher y35

values and begin to deviate as the flow approaches the wall. Chromatic aberration will shift
one color in space relative to another. This shift could cause a wall-normal shift in the image
plane, thus providing a shift in Y in figure 14. The greater curvature near the wall likely explains
this trend, though the discrepancy between the profiles may be an artifact of the interpolation
scheme ImageConvert uses to separate the color planes. The close agreement of the red-red
and green-green profiles with the blue-blue indicates that all three same-color crosscorrelations would closely match Dr. Fontaine’s thesis data, however.

Figure 14: Comparison of B-B, R-R, and G-G Velocity Profiles

Nondimensionalization of distances and velocities provided more appropriate comparisons
because conditions varied both between individual tests and Dr. Fontaine’s LDV data. Using the
equations enumerated in section 2.2 and the glycerin temperature and tunnel pressure
distribution information from the conditions recorder, the measured results were
nondimensionalized to U+ and y+ data. U velocities were transformed to dimensionless U+
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velocities for the entire flow field by dividing the U component of the average velocity vector at
each point by Uτ, the wall shear or friction velocity. The Y scales were resolved into
dimensionless viscous wall units, y+, with the wall shear velocity and calculated glycerin
viscosity. Figure 15 shows nondimensionalized velocity profiles for two PSV illumination
schemes as well as Dr. Fontaine’s LDV experiments.
Figure 15 shows the accuracy of the PSV technique. The blue-red 25 µs profile from the
two color tests and blue-red 40 µs profile from the three color tests represent cross-color
capabilities; the blue-blue 100 µs profile from the frame-straddled tests represents same-color
capabilities. While the PSV profiles exhibit some variance at lower y+ values, reflecting noise
and chromatic aberration through the tunnel curvature, all data sets exhibit smooth curves that
closely match the velocity profiles of both each other and Dr. Fontaine’s LDV tests.

Figure 15: U+ vs. y+ Velocity Profiles for PSV vs. LDV
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Chapter IV
CONCLUSIONS
4.1 Summary
Color aberration in multicolor particle shadow velocimetry is much more pervasive and
influential than originally expected. Because of this effect, the system is very sensitive to
component alignment and diffuser orientation. Figure 11 indicates that the chromatic
calibration was never perfected for the cross-color testing, though the same-color testing
(which exhibited no color aberration) confirmed that particle shadow velocimetry can obtain
accurate results.
These color aberrations introduce the need for a chromatic calibration through
subtraction of the zero delay vector field. Because of the small displacements of the color
shadows at zero time delay, the cross-correlations are subject to peak locking that can skew the
corrected vector field. Peak locking may be more likely on the 60mm camera lens than the
105mm lens because the larger field of view reduces the size of the particle image known to
contribute to peak locking. Proper selection of correlation parameters and careful examination
of the processed vectors is necessary to minimize peak locking. Peak locking in the zero delay
correlation maps can affect the accuracy of the zero delay aberration correction on the nonzero
delay images.
This research has also highlighted the importance of chosen pulse widths, delta-T values,
and the pulse-width-to-delay ratio. The pulse widths should be small and pulse-width-to delay
ratio should be sufficiently high to avoid streaking and any associated error: this generally
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corresponds to pulse widths under 5 µs and ratios of 10 or higher. Delta-T values were initially
chosen for a displacement of approximately 10 pixels near the top of the field of view. In
actuality, increasing the delta-T decreases the relative effect of any errors in the zero time delay
vector field. Optimal displacements should be significantly higher than 10 pixels but must
remain under one-third the width of the chosen correlation map size.
The research has reinforced particle shadow velocimetry velocity capabilities, as same-color
cross-correlations produce accurate velocity profiles and acceptable contour maps. A full
evaluation of its multicolor potential (including acceleration measurements) will require further
work. The blue-red cross-correlation results appear encouraging; gradients at the center agree
with previous LDV data, but the contour maps still exhibit less than desirable consistency since
gradients vary slightly by X location in the field of view. These results could likely be improved
through additional investigation of peak locking and its dependency on correlation parameters.
Overall particle shadow velocimetry remains a promising flow measurement technique. It
has matched the capabilities of competing methods and currently demonstrates qualitative, if
not quantitative, results for the entire field of view. Its low power requirements simplify the
system components and increase ease of use, and it boasts the potential for high speed
kilohertz frame rates with proper camera selection. There is still strong potential for processing
acceleration measurements using particle shadow velocimetry.

4.2 Recommendations for Further Work
The current state of the research leaves the need for additional experimentation. Any
further experiments with the 60mm lens and larger field of view will require a larger diffuser in
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order to eliminate the current window vignetting. Suggestions regarding recommended
research follow.
The latest blue-red cross-correlations exhibit a significant reduction in error across the
field of view, but color aberration correction still requires additional investigation in order to
eliminate or quantify the effects of this phenomenon. Special attention should be paid to
processing of the zero time delay images in order to eliminate peak locking. Replacing the
60mm camera lens with the original 105mm lens might decrease peak locking, as this might
increase the effects of color aberration relative to the size of the field of view. Upon
elimination of color aberration, the blue-red, red-green, and blue-green contours should all
agree and exhibit flat, even gradients.
A colored calibration target might be used to fully quantify color aberration. Similar to
the one fabricated during testing, this target would consist of small, closely spaced red, green,
and blue colored dots printed on a mylar sheet. Image processing on this grid might allow
researchers to determine whether to attribute the current effects to lens refraction, the
method of interpolating the color planes in splitting the RGB image into its corresponding red,
green, and blue images to generate an appropriate and adequate calibration.
The ability to perform same-color auto-correlations would provide the ability to generate
multiple intraframe velocity measurements unaffected by chromatic aberration, providing
another method of obtaining acceleration data. DPIVB is not currently capable of performing
these auto-correlations, but ISSI might be able to assist with software updates or processing of
image sets.
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The use of overlapping interframe same-color cross-correlations presents another
opportunity for investigating the acceleration potential of the particle shadow velocimetry
technique without the use of cross-color image pairs. Using the frame-straddled setup with
identical delay times between each same-color pair would provide three same-color crosscorrelations within each double exposure. These measurements would still allow
determination of change in the velocity vectors; the time intervals between interframe colors
would serve as delta-T values for purposes of determining the acceleration fields.
After any of the previous has been accomplished, testing for accelerations can begin.
Multiple intraframe and interframe velocity fields in the frame-straddled technique provide the
potential for a number of acceleration fields in quick succession; in a three color framestraddled setup, it is possible to obtain five acceleration fields in a matter of a few hundred
microseconds. The implications of this potential are enormous, as particle shadow velocimetry
could then observe flow dynamics such as turbulent burst structures in real time.
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Appendix A: Processing Steps
The following images visually demonstrate the sequential image processing steps from the
original TIFF frame to velocity field.

Figure 16: Original TIFF Image Captured by Camware

Figure 17: DPIVB Composite Image Generated from Blue and Red Color Planes
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Figure 18: DPIVB Composite Image Generated fom Background-Subtracted Color Planes

Figure 19: DPIVB Vectors Fields for Zero and Nonzero Delta-Ts
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Figure 20: Tecplot Vector Subtraction to Obtain Chromatic Calibration
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Appendix B: Glycerin Properties
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Figure 21: Glycerin Viscosity vs. Temperature
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Figure 22: Glycerin Density vs. Temperature
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