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21  SUMMARY:
22  Thetechnique described herein offers a low cost and relatively simple method to simultaneously
23 measure particle kinematics and turbulence in flows with low particle concentrations. The
24 turbulence is measured using particle image velocimetry (PIV), and particle kinematics are
25 calculated from images obtained with a high-speed camera in an overlapping field-of-view.
26
27  ABSTRACT:
28 Numerous problems in scientific and engineering fields involve understanding the kinematics of
29  particles in turbulent flows, such as contaminants, marine micro-organisms, and/or sediments in
30 the ocean, or fluidized bed reactors and combustion processes in engineered systems. In order
31 to study the effect of turbulence on the kinematics of particles in such flows, simultaneous
32 measurements of both the flow and particle kinematics are required. Non-intrusive, optical flow
33  measurement techniques for measuring turbulence, or for tracking particles, exist but measuring
34  bothsimultaneously can be challenging due to interference between the techniques. The method
35 presented herein provides a low cost and relatively simple method to make simultaneous
36 measurements of the flow and particle kinematics. A cross section of the flow is measured using
37 aparticle image velocimetry (PIV) technique, which provides two components of velocity in the
38 measurement plane. This technique utilizes a pulsed-laser for illumination of the seeded flow
39 field that is imaged by a digital camera. The particle kinematics are simultaneously imaged using
40 a light emitting diode (LED) line light that illuminates a planar cross section of the flow that
41  overlaps with the PIV field-of-view (FOV). The line light is of low enough power that it does not
42  affect the PIV measurements, but powerful enough to illuminate the larger particles of interest
43  imaged using the high-speed camera. High-speed images that contain the laser pulses from the
44  PIV technique are easily filtered by examining the summed intensity level of each high-speed
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image. By making the frame rate of the high-speed camera incommensurate with that of the PIV
camera frame rate, the number of contaminated frames in the high-speed time series can be
minimized. The technique is suitable for mean flows that are predominantly two-dimensional,
contain particles that are at least 5 times the mean diameter of the PIV seeding tracers, and are
low in concentration.

INTRODUCTION:

There exist a large number of applications in both scientific and engineering fields that involve
the behavior of particles in turbulent flows, for example, aerosols in the atmosphere,
contaminants and/or sediments in engineered systems, and marine micro-organisms or
sediment in the ocean¥?3. In such applications, it is often of interest to understand how the
particles respond to turbulence, which requires simultaneous measurement of the particle
kinematics and the fluid dynamics.

Existing technologies to measure particle motions, called particle tracking (PT), which tracks
individual particle trajectories, and the statistical technique of particle image velocimetry*> (PIV),
used to measure flow velocities, both incorporate non-intrusive optical techniques. The main
challenge in using these non-intrusive optical techniques to measure both the flow and particle
kinematics simultaneously is the separate illumination required for each imaging technique that
cannot interfere with the other’s measurement accuracy (e.g., the illumination source for
measuring the particle kinematics cannot act as a significant noise source in the fluid velocity
measurement and vice-versa). The image contrast in both sets of images needs to be sufficient
to obtain reliable results. For example, the PT images are converted to black and white images in
order to perform a blob analysis to determine particle positions; thus, insufficient contrast leads
to errors in particle position. Poor contrast in PIV images amounts to a low signal-to-noise ratio
that will cause inaccuracies in estimation of the fluid velocities.

Here, a relatively low cost and simple method to simultaneously measure both particle
kinematics and flow velocities is described. Through use of a high-power monochromatic light
emitting diode (LED) line light, where the line refers to the light aperture, and dual-head high-
intensity laser, both the particles of interest and the flow field are imaged in the same region
simultaneously. The high power of the LED is sufficient for the imaging of the (tracked) particles
by the high-speed camera but does not impact the PIV images because the light intensity
scattered from PIV tracers is too low. When the dual-head high-intensity laser illuminates the
flow field for the PIV images, it occurs over a short time interval and these images are easily
identified and removed from the time series obtained by the high-speed PT camera when they
are registered. PIV laser pulses recorded in the high-speed image (used for particle tracking) time
series can be minimized by not running the two systems at frame acquisition rates that are
commensurate with each other. In more advanced setups, one could externally trigger the PT
and PIV cameras with a delay that would ensure this does not happen. Finally, by careful
consideration of the amount of particles being tracked within the PIV field of view (FOV), any
errors introduced by these tracked particles in the correlation analysis of PIV images are already
taken into account by the overall error estimation, including errors associated with non-uniform
size distribution of PIV tracers within the interrogation window. The vast majority of the PIV
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seeding tracers are following the flow, yielding accurate flow velocity estimates. These
techniques enable the simultaneous direct measurement of both the particle kinematics and flow
field in a two-dimensional plane.

This technique is demonstrated by applying it to determine particle settling characteristics in a
turbulent flow, similar to that used in studies by Yang and Shy® and Jacobs et al.’. Particle settling
is the final stage in sediment transport, which generally consists of sediment suspension,
transport, and settling. In most prior studies that have addressed particle settling in turbulent
flows, either particle trajectories or turbulent velocities are not directly measured but inferred
theoretically or modeled®®0. Details on the interactions between particles and turbulence have
most often been investigated using theoretical and numerical models due to the experimental
limitations in measuring both simultaneously®!!. We present a particle-turbulence interaction
case study in an oscillating grid facility, where we study the settling velocity of particles and their
coupling with turbulence. For clarity, hereafter we will refer to the particles under investigation
as “particles” and the seeding particles used for the PIV technique as “tracers”; additionally, we
will refer to the camera used for the high-speed imaging of the particle trajectories as the
“particle tracking”, “PT”, or “high-speed” camera, which measures “high-speed images” and the
camera used for the PIV method the “PIV camera”, which measures “images”. The method
described herein enables the simultaneous measurement of particles kinematics and fluid
dynamics over a pre-defined field of interest within the facility. The obtained data provides a
two-dimensional description of the particle-turbulence interaction.

PROTOCOL:

Note: All personnel should be trained in the safe use and operation of Class IV lasers as well as in
the safe use and operation of hand and power tools.

1. Experimental Set-up

1.1. PIV setup

1.1.1. Set up the dual-head laser and optics.

1.1.1.1. Place the laser on an optical plate. Level the laser with respect to the bottom of the
facility (or with respect to the ground if it is desired to have vertical velocities aligned with
gravitational acceleration) and vertically align the laser beam with the center of the 2D plane to
be imaged.

1.1.1.2. Place the cylindrical lens in the path of the laser beam by securing it to the optical plate.
The lens will form the beam into a 2D plane. The size of the 2D plane imaged will depend on the
focal length of the lens and distance from the region to be investigated. Adjust the lens and

distance until the region illuminated is sufficiently large for the specific application.

1.1.1.3. Place a spherical lens on the optical plate between the cylindrical lens and the 2D image
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plane. The distance between the spherical and cylindrical lenses and the focal length of the
spherical lens will determine the thickness of the 2D plane illuminated (light sheet). Adjust this
distance and the focal length of the lens until the light sheet is approximately 0.5-1 mm thick.

1.1.2. Position and perform preliminary calibration of the PIV camera.

1.1.2.1. Attach a lens to the PIV camera, turn-on the PIV camera in free/continuous mode, and
coarsely focus the PIV camera. Adjust the f-stop of the PIV camera to allow sufficient light to be
received by the imaging sensor; this f-stop setting may differ when using the room’s white light
versus the laser-based illumination.

1.1.2.1.1. Adjust the lens and distance until the size of the image is sufficient to observe the
region of interest. Selection of the lens and the distance between the PIV camera and the light
sheet determines the physical size of the PIV camera’s image. Ideally, the size of the image should
be smaller than (or similar to) the size of the light sheet setup in 1.1.1.

1.1.2.2. Ensure the PIV camera is perpendicular to the light sheet and coarsely adjust the height
such that the region of interest (defined by the light sheet boundaries — see step 1.1.1) is within
the PIV camera’s field-of-view (FOV).

1.1.2.3. Level the PIV camera with respect to the bottom of the flow facility (or with respect to
the ground if it is desired to have vertical velocities aligned with gravitational acceleration). It is
of utmost importance that the PIV camera be precisely perpendicular to the light sheet, so this
should be checked thoroughly.

1.1.2.4. Turn off the PIV camera and turn on the laser. Place a calibration target and align it with
the center of the light sheet, then turn off the laser.

Note: The calibration target is a two-dimensional plate (commonly made of metal for rigidity
purposes), containing multiple markers (e.g., points or crosses) aligned in a regularly spaced grid
formation. The plate is usually painted black with white markers. The known distance between
the markers enables estimation of a conversion factor between physical units and pixels.

1.1.2.5. Turn the PIV camera back on and refine the focus of the PIV camera on the calibration
target. The pixel resolution of the PIV camera will determine how well the region can be resolved
in space; thus, it should be considered (see steps 2.1.1 and 2.1.4 for details on these
considerations).

1.1.2.6. Capture one image. Confirm the PIV camera is level by ensuring that the height across a
row of the calibration target is consistent as well as that the horizontal position along a column
of the calibration target is consistent. Check the size of calibration markers in each corner of the
image (in pixels) in order to evaluate the amount of image distortion, which should be minimized.
The difference in size of calibration markers at each of the four corners should ideally be zero;
but should not differ by more than 1 pixel.
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1.1.3. Add PIV tracers to the flow.

1.1.3.1. Select suitable tracers that are neutrally buoyant (similar density as the fluid), chemically
inert, appropriate size and shape (spherical and small enough to follow the flow) and have a high
index of refraction relative to the fluid!?13,

Note: In the presented case study where the fluid is water, we have used hollow glass spheres
with a mean diameter of 10 um and density of 1.1 g/cc.

1.1.3.2. Introduce the PIV tracers into the flow and run the facility (oscillate the grid) until they
are well mixed. Incrementally introduce the tracers and evaluate the image quality and level of
tracers’ density within it.

Note: A large separation between tracer gray level intensity and the background intensity is
optimal.

11.3.2.1. Evaluate by turning on the laser and collecting images in free/continuous mode. The
tracers’ concentration in the image should be dense but not speckled***. Consider the size of the
desired correlation window in selecting concentration level, as it is suggested to have around 8-
10 clear particle pairs in the PIV image pairs for the cross-correlation analysis* (see step 2.1.1).

1.1.4. Set up the PIV parameters. The PIV parameters consist of the PIV camera frame rate (which
is the same as the laser dual-pulse repetition rate), the timing between image pairs (i.e., timing
between consecutive (dual) laser pulses), and the number of image pairs to collect. Refinement
of these settings may be needed after review of the results from step 1.1.5.

1.1.4.1. Set the timings of the PIV camera and laser (frame rate). These determine the time
resolution of the sampled velocity vector maps and should be as high as possible (limitation of
PIV camera, laser, or hard-disk space) up to twice the smallest time scale of the flow.

1.1.4.2. Set the timing between consecutive PIV images (i.e., a PIV image pair).

1.1.4.2.1. Set the timing between consecutive PIV images based on the average flow speed in the
facility and the size of the interrogation windows (see 2.1.1). Have the tracers displace
approximately 1/4-1/2 of the interrogation window size in the time elapsed between consecutive
images. The time between consecutive images also sets the timing between the two laser pulses.

1.1.4.2.2. Pre-define the first pulse to fire a short time after the PIV cameras’ shutter has opened.
If using a cross-correlation PIV camera, the PIV camera stores the image in its buffer memory and
re-opens the shutter again.

1.1.4.2.3. Fire the second laser pulse based on the time setup herein. Once the second pulse fires,
the camera’s shutter will close again, sending both images to the frame grabber (or on-board PIV
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camera memory).

1.1.4.2.4. Determine the time between the first pulse that triggers the acquisition of the first
image of the image pair and the first pulse that triggers the acquisition of the first image of the
subsequent image pair by the PIV camera frame rate (see 1.1.4.1).

1.1.4.3. Set the number of image pairs to collect. The number of image pairs to collect should be
selected to ensure convergence of statistical flow properties, which depends on the experimental
setup but is typically in the range of hundreds to thousands of image pairs.

1.1.5. Test the PIV setup.

1.1.5.1. Set the laser to external trigger mode for both laser heads and increase the laser power.
Completely darken the room.

1.1.5.2. Initiate data collection in free mode for a couple seconds.
1.1.5.3. Stop data collection.
1.1.5.4. Cross correlate image pairs collected (see 2.1.1).

1.1.5.4.1. If the percentage of good vectors passing the signal-to-noise ratio (ratio of the highest
cross correlation peak to the second highest cross correlation peak —see 2.1.1) is not in the upper
90% range or average tracer displacements within interrogation windows are not approximately
0.25-0.5 of the interrogation window size, repeat and verify correct implementation of steps in
section 1.1 until it is achieved. Once these values are achieved, stop the facility (stop grid
oscillation).

1.2. Setup 2D high-speed particle tracking
1.2.1. Position the monochromatic LED line light.

1.2.1.1. Choose the LED line light such that it illuminates the particle under investigation (e.g.,
sediment particles) with large backscattered intensity (large difference in index of refraction of
the particle with respect to the fluid). It should also be able to illuminate continuously or at a rate
that can be synchronized with the PT camera.

1.2.1.2. Minimize the thickness of the line light to ideally match the PIV light sheet thickness, but
not to be more than 10 times thicker than the PIV light sheet thickness in order to reduce any
ambiguity due to out-of-plane particle motion.

1.2.1.3. Size the width of the LED line light to match or encompass the PIV FOV. Mount the LED
perpendicular to the light sheet generated by the laser so that there are no issues of light
blockage (e.g., PIV light sheet from the side and the LED from the bottom). See Figure 1.
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1.2.1.4. Align the LED line light such that the PIV light sheet thickness is centered within the LED
line light thickness. Only adjust the positioning of the LED light to achieve this alignment.
Movement of the PIV light sheet will require repeating steps in section 1.1.

1.2.2. Position and perform preliminary calibration of the high-speed PT camera.

1.2.2.1. Attach a lens to the PT camera, turn on the PT camera in free/continuous/Live mode,
and coarsely focus the PT camera. If needed, adjust the PT camera f-stop to allow sufficient light
to be received by the imaging sensor of the PT camera; this f-stop setting may differ when using
the room’s white light versus the LED-based illumination. Selection of the lens and the distance
between the camera and the LED line light determines the physical size of the PT camera’s image.
Ideally, the PT camera FOV will be smaller than (or similar to) the size of the area illuminated by
the LED.

1.2.2.2. Ensure the high-speed camera is perpendicular to the line light and coarsely adjust the
height so that the region of interest is within the PT camera’s FOV and inclusive of the PIV FOV.

1.2.2.3. Level the PT camera with respect to the bottom of the flow facility (or with respect to
the ground if it is desired to have vertical velocities aligned with gravitational acceleration). It is
of upmost importance that the PT camera be precisely perpendicular to the plane illuminated by
the line light, so this should be checked thoroughly.

1.2.2.4. Turn off the PT camera, turn on the line light, and place a calibration target aligned with
the center of the line light, then turn off the line light.

1.2.2.5. Turn the PT camera back on and refine its focus on the calibration target. Further refine
the lens and distance until the size of the image is sufficient to observe the region of interest and
be inclusive of the PIV FOV.

1.2.2.6. Choose lens and distance such that the high-speed PT camera FOV is larger than the PIV
FOV. This arrangement is necessary in order to ensure that the PIV camera and the high-speed
PT camera do not physically block each other.

1.2.2.7. Arrange the PT and PIV cameras vertically (stacked) or offset to the side of each other. It
can be convenient to align one corner of the high-speed PT FOV and PIV FOV. The pixel resolution
of the PT camera will determine how well the region can be resolved in space; thus, it should be
considered. The conversion factor between physical units and pixels determines the physical
distance covered by one pixel. The particles should displace approximately 3-10 pixels between
consecutive images, and if this displacement is too large (or small) because the FOV is too small
(or too large) or the number of pixels is too large (or too small) then particles may not displace
an ideal number of pixels between images (also see 1.2.3.2).

1.2.2.8. Select particles for investigation.
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1.2.2.8.1. Use particles of interest much larger than the PIV seeding tracers in order to sufficiently
distinguish between the investigated particles and the PIV tracers. We have been successful with
particles approximately 5 times larger than the PIV tracers and consider this the lower limit but
the limit can depend on the particle refractive indices and light sources. The investigated particle
should encompass around 4-5 pixels in area in the high-speed camera image. Therefore, the size
of the investigated particles can allow for less pixel resolution for the high-speed image than the
PIV images.

1.2.2.8.2. Repeat steps 1.2.2.1-1.2.2.5 as needed to achieve this step.

1.2.2.9. Acquire one image of the calibration target. Confirm the PT camera is level by ensuring
that the height across a row of the calibration target is consistent and that the horizontal position
along a column of the calibration target is consistent. Also check the size of calibration markers
in each corner of the image in order to evaluate the amount of image distortion, which should
be minimized (not differ by more than 1 pixel).

1.2.3. Set the high-speed camera parameters. The high-speed camera parameters consist of the
frame rate of the PT camera (in this case also setting the exposure time), the PT camera resolution
(full frame or binning the pixels to increase the frame rate or extend the acquisition time), and
the number of images collected.

1.2.3.1. Set the number of images to be collected (i.e., length of acquisition time). The number
of images collected influences the number of particle trajectories measured—the longer the
acquisition time, the more trajectories that can be measured.

1.2.3.2. Set the frame rate (and exposure time) and resolution of the high-speed PT camera.

1.2.3.2.1. Avoid setting the high-speed image acquisition rate to the same or multiple of the PIV
frame rate. Set the frame rate based on the estimated speed of the particles in the flow. The
particles should displace more than 1 or 2 pixels in order to avoid instances of overlapping
particle positions in two consecutive images; however, a large gap (>10 pixels) will result in less
confidence in identifying the same particle in consecutive images, yielding loss of particle
trajectory (see 2.2.4). Adjust the PT camera resolution and frame rate to achieve particle
displacements in this range (3-10 pixels).

1.2.4. Test the high-speed camera setup.
1.2.4.1. Turn-on the LED line light and otherwise darken the room.
1.2.4.2. Run the facility (start oscillating the grid).

1.2.4.3. Introduce the particles into the flow and capture a few frames after the particles appear
in the high-speed camera’s FOV. Overlay consecutive frames and evaluate whether particles in
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consecutive frames can be distinguished.

1.2.4.3.1. Check that the introduction of particles to the high-speed camera’s FOV occurs
sufficiently far from the FOV that entrance effects are negligible, that the density of particles is
sparse enough that there are not frequent instances of overlap of particles within the high-speed
image FOV, and that particle motion is primarily in the plane imaged so that the particles are
traceable by eye in the camera FOV/PT camera image history.

1.2.4.3.2. If these results are not obtained, then repeat 1.2 until it is achieved. Once achieved,
stop the facility (stop grid oscillation).

1.3. Combined Final Calibration

1.3.1. Position the calibration target in both PIV and PT camera FOVs and within both the LED
and PIV light sheets. The calibration target should be viewable by both the high-speed PT camera
and PIV camera. Verify that both cameras are in focus. If one is not in focus, then steps 1.1 and
1.2 need to be repeated for the PIV camera and high-speed camera, respectively.

1.3.2. Ensure that at least one unique mark exists on the calibration target that is viewable by
both the high-speed camera FOV and the PIV camera FOV. Measure and denote the position of

this unique mark in physical space for purposes of spatial registration between the images.

1.3.3. Calibrate the high-speed camera by capturing and saving one image of the calibration
target by the high-speed PT camera. Calibrate the PIV camera the same way.

1.3.4. Remove the calibration target from the fluid.
1.4. Data Collection
1.4.1. Run the facility (oscillate grid) until it reaches steady state (~20 min).

1.4.2. Set lighting conditions by darkening room and turning on the LED light. Add particles into
the fluid.

1.4.3. Synchronously start image acquisition for both systems when the first particles appear in
the high-speed PT camera FOV (in live mode).

1.4.4. Download the high-speed images from the RAM for the high-speed PT camera and save
the images acquired by the PIV camera.

1.4.5. Stop the facility (stop the grid oscillations).

2. Image Analysis
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Note: There are numerous software packages available to perform both the PIV and PT image
analysis — both commercial and freeware. For PIV analysis, freeware codes are OpenPIlV
(http://www.openpiv.net/) and MatPIV (http://folk.uio.no/jks/matpiv/index2.html).
Commercial companies also sell PIV analysis software. For PT analysis, numerous particle tracking
codes exist in both 3D and 2D such as Particle Tracker (https://omictools.com/particle-tracker-
tool); a full listing of various software platforms can be found here:
https://omictools.com/particle-tracking-category or http://tacaswell.github.io/tracking/html/.
Most analysis packages, e.g., MATLAB, have built in tools that make it relatively easy to
implement your own tracking code. For the results presented in this study, OpenPIV, TSI Insight,
and MATLAB custom-written tracking codes were used.

2.1. Analyze PIV Images

2.1.1. Divide each image into a grid of interrogation windows (e.g., 64x64 pixels?> with 50%
overlap) over which the average flow velocity at each window is computed by cross-correlating
two consecutive PIV images (i.e., PIV image pair) as discussed in the PIV setup, section 1.1.4.2.

Note: The distance between the peak correlation in each window and the center of the window
defines the average tracer displacement in that window. Once calibrated, this displacement
divided by the time between consecutive PIV images (PIV image pair - see step 1.1.4.2) yields
estimates of the two in-plane components of velocity at each location®. Collectively, it is referred
to as a velocity vector map. The size of the interrogation window determines the resolution of
the flow field produced by the PIV analysis as half of this distance is the computed velocity vector
spacing. This spacing together with the pixel to physical unit conversion factor sets the resolution
of the measured flow field. Additionally, to obtain low numbers of erroneous vectors (see 2.1.2),
a sufficient number of tracers must be present in each window (at least 8-10 tracers) and they
must not displace more than about % to % of the window size.

2.1.2. Filter results of the cross-correlation to remove spurious results from the velocity vector
maps.

2.1.2.1. Apply a signal-to-noise (SNR) filter. Requiring a ratio of 1.5 and above is typically used
(this number may change based on the specific experimental conditions).

2.1.2.1.1. Set the SNR to be either the ratio between the first and the second highest correlation
peak in the interrogation window or the ratio between the first and average correlation over the
specific interrogation window. Optimize the SNR ratio for each set of experiments. The number
of vectors failing this SNR check should not exceed 10%.

2.1.2.2. Filter remaining erroneous vectors (not exceeding 5% between steps 2.1.2.2 and 2.1.2.3)
using a global filter that compares each individual velocity vector with the velocity map mean
plus or minus three standard deviations of the map velocities, and eliminates velocities outside
this range.
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2.1.2.3. Filter remaining erroneous vectors (not exceeding 5% between steps 2.1.2.2 and 2.1.2.3)
using a local filter that compares each individual velocity vector with the median velocity of a
neighborhood of surrounding velocity vectors, typically 5 x 5 in size.

Note: Use of median and determining the neighborhood size may change depending on the
specific experimental conditions.

2.1.3. Replace erroneous vectors found in step 2.1.2 with interpolated vectors using information
from the surrounding neighborhood vectors, typically of size 5 x 5.

2.1.4. Determine the distance-to-pixel conversion ratio. Examine how many pixels translate to a
specific distance using the distance between markers on the calibration target imaged in step
1.3.4.

2.1.5. Calibrate vectors. Convert the vectors computed in steps 2.1.1-2.1.3 to physical units using
this conversion factor from step 2.1.4 and the time between image pairs set in step 1.1.4.2;
converting the displacements in pixels to velocities in physical units.

2.2. Analyze High-speed Images

2.2.1. Remove any frames from the high-speed image time series in which the PIV laser was
illuminating the flow.

2.2.1.1. Sum the intensity values of each frame acquired. The frames in which the PIV laser was
flashing have a summed intensity that is much larger than those without the PIV laser active in
the image. Based on a threshold on the summed intensity, remove any images from the time
series that have a summed intensity greater than the threshold. See section 1.2.3.2 for guidance
in minimizing the amount of frames for which this occurs.

2.2.2. Convert remaining grayscale images into binary images using a threshold. In this case, we
use Otsu’s method to determine the threshold that converts the particles to white and the
background to black.

2.2.3. Perform blob analysis for each image.

2.2.3.1. Identify regions of connectivity in the black and white image - hereafter referred to as
objects. Typically, a connectivity of 8 pixels is used.

2.2.3.2. Remove any objects that are much smaller in area (i.e., number of pixels object consumes
in the image) than the typical particle size in pixels in the image, typically around 3 pixels.

2.2.4. Calculate the particle trajectories.

2.2.4.1. Identify the centroid of all (remaining) objects in the first image.
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2.2.4.2. For each object detected, search the subsequent image for the same object by searching
in a region near the centroid in the prior image. If only one particle/object within the search
window is found, then continue the trajectory, and record the location of the centroid in that
image; otherwise, terminate the trajectory.

Note: Too large of a search area can result in incorrect identification of the particle in the
subsequent image so the search area should be as constrained as much as possible without
causing bias in the results. If the object position in the subsequent frame is frequently at the
maximum range of the search window, then the search window is not large enough.

2.2.4.3. Repeat step 2.2.4.2 until the object can no longer be found in the subsequent image.
When this occurs, the trajectory is considered terminated.

Note: If the majority of particle tracks are consistently short (e.g., less than 5 frames), then this
result could indicate that there is significant three-dimensional motion and that this method is
not suitable. As a rule of thumb, particle tracks should be at least % of the particle tracking FOV'4;
but necessity of particular track lengths can vary with application.

2.2.4.4. Repeat steps 2.2.4.1-2.2.4.3 starting with the second frame for any objects not already
being tracked from frame 1. Repeat this process for all possible starting frames. The result will
be a library of particle trajectories throughout the experiment.

3. Analysis

3.1. Calculate particle velocities and accelerations from position trajectories obtained from the
high-speed images used for the PT.

3.1.1. Differentiate the particle trajectories complied in 2.2 in time (based on the frame rate set
in step 1.2.3.2) to compute velocities in each direction. This time differentiation results in
estimates of Lagrangian velocity of the particles in pixels per unit time.

Note: This step only needs to be performed if velocity information of the particles is desired.
3.1.2. Calibrate the velocities by converting the velocities from pixels per unit time to distance
per unit time. The conversion factor (distance per pixel) can be obtained by examining the
distance between markers on the calibration target imaged in step 1.3.3.

3.2. Perform Reynolds decomposition on PIV vector maps to compute turbulent quantities.

3.2.1. Compute the ensemble mean over all PIV velocity vector maps collected at each location
in the PIV vector maps obtained from step 2.1.

3.2.2. Perform a Reynolds decomposition by subtracting these mean values computed in 3.2.1
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from the instantaneous velocities in each map to obtain the time series of turbulent velocity
fluctuations.

3.2.3. Compute statistics of interest, for example, turbulent velocity root-mean-square (RMS).
Alternatively, one could examine turbulent fluctuations at exact particle locations within the
trajectories.

REPRESENTATIVE RESULTS:

A schematic of the experimental setup is shown in Figure 1. The figure shows the arrangement
of light sheets (LED and laser), the overlap in the FOVs, and the position of the FOVs relative to
the oscillating grid and tank walls. The turbulence and particles are measured simultaneously as
described in the protocol section. Figure 2 shows example results of the measurements of
instantaneous velocity and vorticity along with sample particle trajectories. The results of the PIV
analysis are evaluated based on computing the RMS of the turbulent fluctuations. For this
oscillating grid facility, the magnitude of the spatial mean of the RMS velocity fluctuation over
the PIV FOV should increase with grid frequency for both velocity components”*>. If this result is
not obtained, then the grid facility, PIV setup, or PIV analysis contain errors and should be
repeated. An example of the vertical profile of RMS velocity fluctuations for different grid
frequencies is provided in Figure 3, where it is shown that the RMS turbulent fluctuations
increase with grid frequency.

The particle trajectories are evaluated by examining the distribution of velocities obtained from
the particle trajectories, as shown in Figure 4. These distributions should be approximately
Gaussian in distribution. If they are not, then there may be a problem with the acquisition of the
high-speed images depending on the specific flow conditions, an issue with the analysis of the
high-speed images, or an insufficient number of particle trajectories. In this particular application
of the method, the validation of the trajectory results can also be achieved by comparison to the
Dietrich'® curves for stagnant water. Trajectory computations in still water using the same
procedures outlined here for the particles should yield a settling velocity that is approximately
consistent with these empirical curves as shown in Figure 5, where the results for the stagnant
flow condition show agreement with the Dietrich'® curves. Figure 5 also demonstrates that
particles tend to have increased settling speeds in turbulence as discussed in Jacobs et al.”.

FIGURE AND TABLE LEGENDS:

Figure 1: Schematic description of the experimental setup, which consists of a grid turbulence
tank, particle image velocimetry setup (using a CCD (PIV) camera and laser), and 2D high-speed
imaging particle tracking setup (using a CMOS (PT) camera and LED light). Dimensions on the
schematic are provided in centimeters. This figure has been modified from that shown in Jacobs
etal’

Figure 2: Velocity distribution and trajectories. (A) An example instantaneous fluid velocity
distribution represented by vectors in pixels/s overlaid on instantaneous vorticity characterized
by color. The red scale vector in the lower left corner represents 500 pixels/s. (B) An example of
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time-lapse (over 30 PT images) trajectories of particles with a 261 um mean diameter at 5 Hz grid
oscillations. Panel B of this figure has been modified from that shown in Jacobs et al.”

Figure 3: Horizontally averaged vertical profiles of the RMS of the (a) horizontal and (b) vertical
turbulent fluctuations for all grid frequencies (see legend). Turbulent RMS velocities increase
with grid frequency. RMS values are based on 500 vector maps computed at all locations and
then subsequently averaged over all horizontal positions (50 points) at each vertical position to
obtain the vertical profiles shown. This figure has been modified from that shown in Jacobs et
al.’

Figure 4: Histograms of the particles’ measured horizontal and vertical velocities in stagnant
water and turbulent conditions (see subtitles) for (A, left two panels) a natural (irregularly
shaped) sand particle with 261 pum mean diameter and (B, right two panels) a spherical
synthetic particle with a 71 pum mean diameter. The lines in the subplots are Gaussian fits to the
histograms. This figure has been modified from that shown in Jacobs et al.”

Figure 5: Settling velocities in stagnant and turbulent flow conditions versus particle size for
several different types of particles. As illustrated in the legend, the colors represent different
sediment types: synthetic or manufactured particles, several industrial sand types (120, 100, 35),
and sand from a local beach in Myrtle Beach, SC—see Table 1 in Jacobs et al.” for more details.
The symbols, including the filled circle, indicate the flow conditions represented as grid frequency
in the legend, where stagnant refers to zero frequency. As grid frequency increases, the RMS
turbulent velocity fluctuations increase. The empirical curves of Dietrich!> for particle settling
velocity in stagnant water are also shown for several different shape factors. This figure has been
modified from that shown in Jacobs et al.’

DISCUSSION:

The method described herein is relatively inexpensive and provides a simple way to
simultaneously measure particle trajectories and turbulence in order to examine the influence of
flow on particle kinematics. It is noteworthy to mention that flows or particle motions that are
strongly three-dimensional are not well-suited for this technique. The out-of-plane motion will
result in errors!’ in both the 2D tracking and the PIV analysis and should be minimized. In
addition, the method requires the concentration of tracked particles to be relatively low (on the
order of tens of particles per PT image). This restriction is important in order to maximize
confidence that the same particle is being tracked in consecutive images. If too many particles
exist simultaneously in the FOV of the PT camera, then inaccuracies in the trajectory calculations
and early termination of trajectories can occur as well as increased errors in the PIV image
analysis. Consequently, problems associated with particle flocculation would be challenging for
this technique to investigate because large particle concentrations are usually needed. Finally,
this technique is best suited for tracking larger particles (>50 um). There must be sufficient
separation between the PIV tracers (~10 um) from the particles that are being tracking. A factor
of at least 5 is suggested.

The most critical steps in the protocol for the particle tracking are the calibration steps, selection
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of the frame rate, particle concentration in the images, and ensuring high signal-to-noise ratio in
the high-speed images. The blob analysis requires conversion of the gray scale image to a black-
and-white image upon which the particle trajectories are computed. If the contrast in the high-
speed images is such that this conversion is difficult, then errors in the trajectories are likely
because there will be uncertainty in identification of the particles. Insufficient particle
displacement, too large of displacement between frames, or too many particles can lead to errors
in the particle trajectories and/or early termination of particle trajectories. For the PIV, the
calibration of the image size, setting of the time between image pairs, proper selection of the
tracers, and detailed alignment between the PIV camera and the laser are the most important
steps to ensuring a good result in the PIV correlation analysis, which is key for obtaining accurate
statistics on the turbulence.

Here, we demonstrated the results of the technique by applying it to examine the settling velocity
of various types and sizes of sediment particles in varying turbulent conditions. The results show
a nearly Gaussian distribution of particle settling velocities (as well as horizontal velocities) of
which the mean is considered a typical settling velocity for that particle in different conditions.
The RMS of the turbulent velocity fluctuations show an increase with grid frequency as
expected”’®> and are approximately uniform over the FOV vertical height (aside from one low
turbulence case - 2 Hz grid frequency, see Figure 3). Together, these results demonstrate that
the simultaneous measurement of the particles and flow field were successful. They also
demonstrate that there are increased settling speeds with increasing turbulence’, which is
consistent with the “fast-tracking” theory of particle settling behavior in turbulent flow?!?.

The utilization of the method herein is one example of addressing a scientific question involving
particle-turbulence interaction; the method can be utilized in other research disciplines and
applications. In addition to examining trends in a particular aspect of particle behavior in varying
flow conditions, it is also feasible to examine the flow velocities at particular instances in time
along the trajectory of a particle. The integration of the flow velocity information with the particle
trajectory data depends on the specific question investigated and offers a potential wealth of
information regarding particle kinematics in flows for a large range of applications. In summary,
this technique offers a low-cost solution to simultaneous measurement of particle trajectories
and turbulence relevant in a number of applications where fluid flow interacts with natural or
man-made particulates.
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Name of Material/ Equipment Company Catalog Number

Y2-1025-45, RCC-25.0-15.0-12.7-C,

Optical lenses CVI LASER OPTICS PLCC-25.4-515.1-UV

Camera lens for PIV Nikon Nikkor 105mm f/2D

Camera lens for high-speed Nikon Nikkor 50mm f/1.8D

Dual-head pulsed laser Quantel EverGreen: 532nm, 70mJ@15Hz
VLX2 LED Line Lighting - Green -

LED line light Gardasoft Vision, Ltd. GAR-VLX2-250-LWD-G-T04

SPHERICAL Hollow Glass Spheres:
PIV seeding particles/tracers Potters Industries 11 mm average diameter

POWERVIEW 11M: CCD, Double-

exposure, 4008x2672 pixels @ 4.2

CCD cross-correlation camera TSI, Inc. Hz with 12bit dynmic range
FASTCAM SA3; Model 60K:
High-speed camera Photron 1024x1024 pixels @ 1kHz
LASERPULSE SYNCHRONIZER
Synchronizer TSI, Inc. 610036

Calibration target TSI, Inc.
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Comments/Description

Other optics companies are acceptable. Spherical and cyclindrical
lenses for generating PIV light sheet.

Other camera lens companies are acceptable. Camera lens for PIV
imaging.

Other camera lens companies are acceptable. Camera lens for high-
speed imaging.

Other laser companies are acceptable. Dual-head Pulsed-laser for
PIV: Nd:YAG

Other companies are acceptable. Line light for LED.

Other companies are acceptable. PIV seeding particles

Other companies are acceptable. Double-exposurem, CCD camera for
PIV imaging.

Other companies are acceptable. CMQOS camera for high speed
imaging.

Other companies are acceptable. Synchronize the acquisition of the
PIV camera and laser.

Other companies are acceptable. Precision target for image
calibration.
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JbVEisand shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or 1o the Video, the Author hereby disclaims
all such rights and transfers all such rightsto bVE

6. Grant of Aghts in Video — Open Acgess. This Section 6
applies only if the "Open Access” box has been checked in

ltem 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to HVE subject to Sedion 7 below, the exdusive,
royalty-free, perpetual (for the full term of copyright in the
Artidle, induding any extensions therelo) license (a) to pubtish,
reproduce, distribute, display and store the Video in all forms,
formals and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b} to trandate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or (ollective
Worksbased on all or any portion of the Videc and exercise all
of the rights set forth in {a) above in such trandations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or al of
the above. The foregoing rights may be exerdsed in all media
and formats, whether now known or heregfter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video 1o which this Section 6 is applicable, bVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to ali limitations and
requirements set forth in, the CRCLicense.

7. Covernment Employees. If the Author is a United Sates
government employee and the Artice was prepared in the
course of his or her dulies as a United Sates government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exoeed the
soope of the 17 U.SC 403, then the rights granted hereunder
shail be limited to the maximum rights permitted under such
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satute. In such case, all grovisions contained herein thet are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to bVEthe
maxdrmum rights permissible within such gtatute.

8. Likeness Privacy, Personality. The Author hereby grants
JbVE the right to use the Author's name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.,
‘The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materias, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interet is owned by the Author (or, it more than
one author is listed at the beginning of this Agreement, by
auch authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author{s) listed at the top of
this Agreement are the only authors of the Materlals. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separale Article and
Video License Agresment with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement asif each of them had
been a party heretc as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of al or any
portion of the Materials does nol and will not viclate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warranis that it has and will continue to
comply with all government, ingtitutional and other
regulations, induding, without limitation all ingtitutiona,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's retevant institutional review board.

10. bHVE Discretion. If the Author requests the assistance of
JHVEin produdng the Video in the Author's facility, the Author
shall ensure that the presence of HVE employees, agents or
independent contractors is in accordance with the relevant
requlations of the Author's ingtitution. If more than one
author is listed at the beginning of this Agreement, JLVE may,
in its sole discretion, elect not take any action with respect to
the Artide until such time as it has received complete,
executed Artide and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or dedine any work submitted to JoVE JVE and its
employees, agents and independent contractors shall have
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full, unfettered acoess to the fadlities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JbVE has sole discretion as to the
method of making and publishing the Materias, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like,

1. Indemnification. The Author agrees to indemnify JbVE
and/or its sucoessors and assigns from and againg any and all
claims costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and againgt any and all daims, costs,
and expenses, induding attorney's fees, resulting from the
breach by the Author of any representation or warranty
ocontained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author's or the
Author’s institution’s facilities, fraud, libet, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal trestment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to LVE making of videos by JoVE or publication in
JbVE or elsswhere by bVE The Author shall be responsible
for, and shall hold JOVE harmiess from, damages caused by
lack of gterilization, lack of deanliness or by contamination
due to the making of a video by JVEits employees, agents or
independent contractors. Al sterilization, deanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's
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expense. Al indemnifications provided herein shall indude
JOVEs attorney’'s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of \bVE, its employees, agents or
independent contractors,

12. Fees. To cover the cost incurred for publication, JbVE
mugt receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
dedsion, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-produclion expensesincurred by JoVE If payment is
not reosived by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13, Tranger, Governing Law. This Agreement may be
assigned by JVE and shalt inure 1o the benefits of any of
JDVEs suocessors and assignees.  This Agreement shall be
governed and consgtrued by the internal laws of the
(ommonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsmile, e-mail or other means of electronic
transmission shafl be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

Asigned copy of this document must be sent with all new submissions. Only one Agreement required per submission.

OCORFESPONDING AUTHOR

Name: Erve Recbeett
Department:

ingtitution:

Article Title:

Sgnature: %/
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Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe document to +1.866.381.2236;

3) Mail the document to JOVE/ Attn: bVEHditorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Rebuttal Letter

Click here to download Rebuttal Letter Repsonse Editorial

comments.pdf

Response to Editorial Comments

Thanks for the comments on our manuscript. We have provided point-by-point responses
below.

Note that the manuscript has been reformatted somewhat and the protocol sections have
been renumbered (with an introductory note on safety); all the cross-references should be
correct.

We have corrected cross-references as needed.

1. It is difficult to pick out the instructions from the critical points for your longer steps.
Please split these up into substeps in the imperative and ‘Notes’; e.g., for 1.1.2.1:

“1.1.2.1. Attach a lens to the PIV camera, turn-on the PIV camera in free/continuous
mode, and coarsely focus the PIV camera.

Note: The f-stop of the PIV camera may need to be adjusted to allow sufficient light to be
received by the imaging sensor; this f-stop setting may differ when using the room’s
white light versus the laser-based illumination. Selection of the lens and the distance
between the PIV camera and the light sheet determines the physical size of the PIV
camera’s image.

1.1.2.2. Adjust the lens and distance until the size of the image is sufficient to observe the
region of interest. Ideally, the size of the image should be smaller than (or similar to) the
size of the light sheet setup in 1.1.1.”

We have separated the ‘Notes’ from the instructions for the longer steps.

2. The software instructions you have here seem sufficient (although, note that the
shooting script will be generated entirely from what is highlighted in the manuscript), but
listing specific software to use would be highly helpful to the reader, especially given that
all the reviewers brought it up. Can you at least add a “Note” (with citations) to the
beginning of section 2 saying what software you used and some (ideally non-commercial)
alternatives?

Thanks. We have added a brief note at the top of section 2, listing some options (with
focus on freeware). We have also added the software platforms we used.

“Note: There are numerous software packages available to perform both the PIV and PT
image analysis — both commercial and freeware. For PIV analysis, freeware codes are
OpenPlV (http.//www.openpiv.net/) and MatPIV
(http://folk.uio.no/jks/matpiv/index2.html). Commercial companies also sell PIV analysis
software such as TSI, Inc. For PT analysis, numerous particle tracking codes exist in
both 3D and 2D such as Particle Tracker (https://omictools.com/particle-tracker-tool); a
full listing of various software platforms can be found here:

L]


http://www.editorialmanager.com/jove/download.aspx?id=834082&guid=8f5c8fcd-48b7-43a9-acaf-e958ce4001cc&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=834082&guid=8f5c8fcd-48b7-43a9-acaf-e958ce4001cc&scheme=1

https.//omictools.com/particle-tracking-category or http.//tacaswell. github.io/

tracking/html/. Most analysis packages, e.g., MATLAB, have built in tools that make it
relatively easy to implement your own tracking code. For the results presented in this
study, OpenPlV, TSI Insight, and MATLAB custom-written tracking codes were used.”




