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

Manuscript Click here to download Manuscript 58036_R2_052518.docx 

http://www.editorialmanager.com/jove/download.aspx?id=838778&guid=34bf6c6b-ffdb-4f90-8d82-5595778967bc&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=838778&guid=34bf6c6b-ffdb-4f90-8d82-5595778967bc&scheme=1


  

   
 

image. By making the frame rate of the high-speed camera incommensurate with that of the PIV 45 
camera frame rate, the number of contaminated frames in the high-speed time series can be 46 
minimized. The technique is suitable for mean flows that are predominantly two-dimensional, 47 
contain particles that are at least 5 times the mean diameter of the PIV seeding tracers, and are 48 
low in concentration.   49 
 50 
INTRODUCTION:  51 
There exist a large number of applications in both scientific and engineering fields that involve 52 
the behavior of particles in turbulent flows, for example, aerosols in the atmosphere, 53 
contaminants and/or sediments in engineered systems, and marine micro-organisms or 54 
sediment in the ocean1,2,3. In such applications, it is often of interest to understand how the 55 
particles respond to turbulence, which requires simultaneous measurement of the particle 56 
kinematics and the fluid dynamics.  57 
 58 
Existing technologies to measure particle motions, called particle tracking (PT), which tracks 59 
individual particle trajectories, and the statistical technique of particle image velocimetry4,5 (PIV), 60 
used to measure flow velocities, both incorporate non-intrusive optical techniques. The main 61 
challenge in using these non-intrusive optical techniques to measure both the flow and particle 62 
kinematics simultaneously is the separate illumination required for each imaging technique that 63 
cannot interfere with the other’s measurement accuracy (e.g., the illumination source for 64 
measuring the particle kinematics cannot act as a significant noise source in the fluid velocity 65 
measurement and vice-versa). The image contrast in both sets of images needs to be sufficient 66 
to obtain reliable results. For example, the PT images are converted to black and white images in 67 
order to perform a blob analysis to determine particle positions; thus, insufficient contrast leads 68 
to errors in particle position. Poor contrast in PIV images amounts to a low signal-to-noise ratio 69 
that will cause inaccuracies in estimation of the fluid velocities.  70 
 71 
Here, a relatively low cost and simple method to simultaneously measure both particle 72 
kinematics and flow velocities is described. Through use of a high-power monochromatic light 73 
emitting diode (LED) line light, where the line refers to the light aperture, and dual-head high-74 
intensity laser, both the particles of interest and the flow field are imaged in the same region 75 
simultaneously. The high power of the LED is sufficient for the imaging of the (tracked) particles 76 
by the high-speed camera but does not impact the PIV images because the light intensity 77 
scattered from PIV tracers is too low. When the dual-head high-intensity laser illuminates the 78 
flow field for the PIV images, it occurs over a short time interval and these images are easily 79 
identified and removed from the time series obtained by the high-speed PT camera when they 80 
are registered. PIV laser pulses recorded in the high-speed image (used for particle tracking) time 81 
series can be minimized by not running the two systems at frame acquisition rates that are 82 
commensurate with each other. In more advanced setups, one could externally trigger the PT 83 
and PIV cameras with a delay that would ensure this does not happen. Finally, by careful 84 
consideration of the amount of particles being tracked within the PIV field of view (FOV), any 85 
errors introduced by these tracked particles in the correlation analysis of PIV images are already 86 
taken into account by the overall error estimation, including errors associated with non-uniform 87 
size distribution of PIV tracers within the interrogation window. The vast majority of the PIV 88 



  

   
 

seeding tracers are following the flow, yielding accurate flow velocity estimates. These 89 
techniques enable the simultaneous direct measurement of both the particle kinematics and flow 90 
field in a two-dimensional plane. 91 
 92 
This technique is demonstrated by applying it to determine particle settling characteristics in a 93 
turbulent flow, similar to that used in studies by Yang and Shy6 and Jacobs et al.7. Particle settling 94 
is the final stage in sediment transport, which generally consists of sediment suspension, 95 
transport, and settling. In most prior studies that have addressed particle settling in turbulent 96 
flows, either particle trajectories or turbulent velocities are not directly measured but inferred 97 
theoretically or modeled8,9,10. Details on the interactions between particles and turbulence have 98 
most often been investigated using theoretical and numerical models due to the experimental 99 
limitations in measuring both simultaneously6,11. We present a particle-turbulence interaction 100 
case study in an oscillating grid facility, where we study the settling velocity of particles and their 101 
coupling with turbulence. For clarity, hereafter we will refer to the particles under investigation 102 
as “particles” and the seeding particles used for the PIV technique as “tracers”; additionally, we 103 
will refer to the camera used for the high-speed imaging of the particle trajectories as the 104 
“particle tracking”, “PT”, or “high-speed” camera, which measures “high-speed images” and the 105 
camera used for the PIV method the “PIV camera”, which measures “images”. The method 106 
described herein enables the simultaneous measurement of particles kinematics and fluid 107 
dynamics over a pre-defined field of interest within the facility. The obtained data provides a 108 
two-dimensional description of the particle-turbulence interaction. 109 
 110 
PROTOCOL:  111 
 112 
Note: All personnel should be trained in the safe use and operation of Class IV lasers as well as in 113 
the safe use and operation of hand and power tools. 114 
 115 
1. Experimental Set-up 116 
 117 
1.1. PIV setup 118 
 119 
1.1.1. Set up the dual-head laser and optics.  120 
 121 
1.1.1.1. Place the laser on an optical plate. Level the laser with respect to the bottom of the 122 
facility (or with respect to the ground if it is desired to have vertical velocities aligned with 123 
gravitational acceleration) and vertically align the laser beam with the center of the 2D plane to 124 
be imaged.  125 
 126 
1.1.1.2. Place the cylindrical lens in the path of the laser beam by securing it to the optical plate. 127 
The lens will form the beam into a 2D plane. The size of the 2D plane imaged will depend on the 128 
focal length of the lens and distance from the region to be investigated. Adjust the lens and 129 
distance until the region illuminated is sufficiently large for the specific application.  130 
 131 
1.1.1.3. Place a spherical lens on the optical plate between the cylindrical lens and the 2D image 132 



  

   
 

plane. The distance between the spherical and cylindrical lenses and the focal length of the 133 
spherical lens will determine the thickness of the 2D plane illuminated (light sheet). Adjust this 134 
distance and the focal length of the lens until the light sheet is approximately 0.5-1 mm thick. 135 
 136 
1.1.2. Position and perform preliminary calibration of the PIV camera.  137 
 138 
1.1.2.1. Attach a lens to the PIV camera, turn-on the PIV camera in free/continuous mode, and 139 
coarsely focus the PIV camera. Adjust the f-stop of the PIV camera to allow sufficient light to be 140 
received by the imaging sensor; this f-stop setting may differ when using the room’s white light 141 
versus the laser-based illumination.  142 
 143 
1.1.2.1.1. Adjust the lens and distance until the size of the image is sufficient to observe the 144 
region of interest. Selection of the lens and the distance between the PIV camera and the light 145 
sheet determines the physical size of the PIV camera’s image. Ideally, the size of the image should 146 
be smaller than (or similar to) the size of the light sheet setup in 1.1.1.  147 
 148 
1.1.2.2. Ensure the PIV camera is perpendicular to the light sheet and coarsely adjust the height 149 
such that the region of interest (defined by the light sheet boundaries – see step 1.1.1) is within 150 
the PIV camera’s field-of-view (FOV).  151 
 152 
1.1.2.3. Level the PIV camera with respect to the bottom of the flow facility (or with respect to 153 
the ground if it is desired to have vertical velocities aligned with gravitational acceleration). It is 154 
of utmost importance that the PIV camera be precisely perpendicular to the light sheet, so this 155 
should be checked thoroughly.  156 
 157 
1.1.2.4. Turn off the PIV camera and turn on the laser. Place a calibration target and align it with 158 
the center of the light sheet, then turn off the laser.  159 
 160 
Note: The calibration target is a two-dimensional plate (commonly made of metal for rigidity 161 
purposes), containing multiple markers (e.g., points or crosses) aligned in a regularly spaced grid 162 
formation. The plate is usually painted black with white markers. The known distance between 163 
the markers enables estimation of a conversion factor between physical units and pixels.  164 
 165 
1.1.2.5. Turn the PIV camera back on and refine the focus of the PIV camera on the calibration 166 
target. The pixel resolution of the PIV camera will determine how well the region can be resolved 167 
in space; thus, it should be considered (see steps 2.1.1 and 2.1.4 for details on these 168 
considerations).  169 
 170 
1.1.2.6. Capture one image. Confirm the PIV camera is level by ensuring that the height across a 171 
row of the calibration target is consistent as well as that the horizontal position along a column 172 
of the calibration target is consistent. Check the size of calibration markers in each corner of the 173 
image (in pixels) in order to evaluate the amount of image distortion, which should be minimized. 174 
The difference in size of calibration markers at each of the four corners should ideally be zero; 175 
but should not differ by more than 1 pixel. 176 



  

   
 

 177 
1.1.3. Add PIV tracers to the flow.  178 
 179 
1.1.3.1. Select suitable tracers that are neutrally buoyant (similar density as the fluid), chemically 180 
inert, appropriate size and shape (spherical and small enough to follow the flow) and have a high 181 
index of refraction relative to the fluid12,13.  182 
 183 
Note: In the presented case study where the fluid is water, we have used hollow glass spheres 184 
with a mean diameter of 10 μm and density of 1.1 g/cc. 185 
 186 
1.1.3.2. Introduce the PIV tracers into the flow and run the facility (oscillate the grid) until they 187 
are well mixed. Incrementally introduce the tracers and evaluate the image quality and level of 188 
tracers’ density within it.  189 
 190 
Note: A large separation between tracer gray level intensity and the background intensity is 191 
optimal.  192 
 193 
11.3.2.1. Evaluate by turning on the laser and collecting images in free/continuous mode. The 194 
tracers’ concentration in the image should be dense but not speckled4,14. Consider the size of the 195 
desired correlation window in selecting concentration level, as it is suggested to have around 8-196 
10 clear particle pairs in the PIV image pairs for the cross-correlation analysis4 (see step 2.1.1).  197 
 198 
1.1.4. Set up the PIV parameters. The PIV parameters consist of the PIV camera frame rate (which 199 
is the same as the laser dual-pulse repetition rate), the timing between image pairs (i.e., timing 200 
between consecutive (dual) laser pulses), and the number of image pairs to collect. Refinement 201 
of these settings may be needed after review of the results from step 1.1.5. 202 
 203 
1.1.4.1. Set the timings of the PIV camera and laser (frame rate). These determine the time 204 
resolution of the sampled velocity vector maps and should be as high as possible (limitation of 205 
PIV camera, laser, or hard-disk space) up to twice the smallest time scale of the flow.  206 
 207 
1.1.4.2. Set the timing between consecutive PIV images (i.e., a PIV image pair).  208 
 209 
1.1.4.2.1. Set the timing between consecutive PIV images based on the average flow speed in the 210 
facility and the size of the interrogation windows (see 2.1.1). Have the tracers displace 211 
approximately 1/4-1/2 of the interrogation window size in the time elapsed between consecutive 212 
images. The time between consecutive images also sets the timing between the two laser pulses.  213 
 214 
1.1.4.2.2. Pre-define the first pulse to fire a short time after the PIV cameras’ shutter has opened. 215 
If using a cross-correlation PIV camera, the PIV camera stores the image in its buffer memory and 216 
re-opens the shutter again.  217 

 218 
1.1.4.2.3. Fire the second laser pulse based on the time setup herein. Once the second pulse fires, 219 
the camera’s shutter will close again, sending both images to the frame grabber (or on-board PIV 220 



  

   
 

camera memory).  221 
 222 

1.1.4.2.4. Determine the time between the first pulse that triggers the acquisition of the first 223 
image of the image pair and the first pulse that triggers the acquisition of the first image of the 224 
subsequent image pair by the PIV camera frame rate (see 1.1.4.1).  225 
 226 
1.1.4.3. Set the number of image pairs to collect. The number of image pairs to collect should be 227 
selected to ensure convergence of statistical flow properties, which depends on the experimental 228 
setup but is typically in the range of hundreds to thousands of image pairs. 229 
 230 
1.1.5. Test the PIV setup.  231 
 232 
1.1.5.1. Set the laser to external trigger mode for both laser heads and increase the laser power. 233 
Completely darken the room.  234 
 235 
1.1.5.2. Initiate data collection in free mode for a couple seconds.  236 
 237 
1.1.5.3. Stop data collection.  238 
 239 
1.1.5.4. Cross correlate image pairs collected (see 2.1.1).  240 

 241 
1.1.5.4.1. If the percentage of good vectors passing the signal-to-noise ratio (ratio of the highest 242 
cross correlation peak to the second highest cross correlation peak – see 2.1.1) is not in the upper 243 
90% range or average tracer displacements within interrogation windows are not approximately 244 
0.25-0.5 of the interrogation window size, repeat and verify correct implementation of steps in 245 
section 1.1 until it is achieved. Once these values are achieved, stop the facility (stop grid 246 
oscillation). 247 
 248 
1.2. Setup 2D high-speed particle tracking 249 
 250 
1.2.1. Position the monochromatic LED line light.  251 
 252 
1.2.1.1. Choose the LED line light such that it illuminates the particle under investigation (e.g., 253 
sediment particles) with large backscattered intensity (large difference in index of refraction of 254 
the particle with respect to the fluid). It should also be able to illuminate continuously or at a rate 255 
that can be synchronized with the PT camera.  256 
 257 
1.2.1.2. Minimize the thickness of the line light to ideally match the PIV light sheet thickness, but 258 
not to be more than 10 times thicker than the PIV light sheet thickness in order to reduce any 259 
ambiguity due to out-of-plane particle motion.  260 

 261 
1.2.1.3. Size the width of the LED line light to match or encompass the PIV FOV. Mount the LED 262 
perpendicular to the light sheet generated by the laser so that there are no issues of light 263 
blockage (e.g., PIV light sheet from the side and the LED from the bottom). See Figure 1.  264 



  

   
 

 265 
1.2.1.4. Align the LED line light such that the PIV light sheet thickness is centered within the LED 266 
line light thickness. Only adjust the positioning of the LED light to achieve this alignment. 267 
Movement of the PIV light sheet will require repeating steps in section 1.1.  268 
 269 
1.2.2. Position and perform preliminary calibration of the high-speed PT camera.  270 
 271 
1.2.2.1. Attach a lens to the PT camera, turn on the PT camera in free/continuous/Live mode, 272 
and coarsely focus the PT camera. If needed, adjust the PT camera f-stop to allow sufficient light 273 
to be received by the imaging sensor of the PT camera; this f-stop setting may differ when using 274 
the room’s white light versus the LED-based illumination. Selection of the lens and the distance 275 
between the camera and the LED line light determines the physical size of the PT camera’s image. 276 
Ideally, the PT camera FOV will be smaller than (or similar to) the size of the area illuminated by 277 
the LED.  278 
 279 
1.2.2.2. Ensure the high-speed camera is perpendicular to the line light and coarsely adjust the 280 
height so that the region of interest is within the PT camera’s FOV and inclusive of the PIV FOV.  281 
 282 
1.2.2.3. Level the PT camera with respect to the bottom of the flow facility (or with respect to 283 
the ground if it is desired to have vertical velocities aligned with gravitational acceleration). It is 284 
of upmost importance that the PT camera be precisely perpendicular to the plane illuminated by 285 
the line light, so this should be checked thoroughly. 286 
 287 
1.2.2.4. Turn off the PT camera, turn on the line light, and place a calibration target aligned with 288 
the center of the line light, then turn off the line light.  289 
 290 
1.2.2.5. Turn the PT camera back on and refine its focus on the calibration target. Further refine 291 
the lens and distance until the size of the image is sufficient to observe the region of interest and 292 
be inclusive of the PIV FOV.  293 
 294 
1.2.2.6. Choose lens and distance such that the high-speed PT camera FOV is larger than the PIV 295 
FOV. This arrangement is necessary in order to ensure that the PIV camera and the high-speed 296 
PT camera do not physically block each other.  297 
 298 
1.2.2.7. Arrange the PT and PIV cameras vertically (stacked) or offset to the side of each other. It 299 
can be convenient to align one corner of the high-speed PT FOV and PIV FOV. The pixel resolution 300 
of the PT camera will determine how well the region can be resolved in space; thus, it should be 301 
considered. The conversion factor between physical units and pixels determines the physical 302 
distance covered by one pixel. The particles should displace approximately 3-10 pixels between 303 
consecutive images, and if this displacement is too large (or small) because the FOV is too small 304 
(or too large) or the number of pixels is too large (or too small) then particles may not displace 305 
an ideal number of pixels between images (also see 1.2.3.2). 306 
 307 
1.2.2.8. Select particles for investigation.  308 



  

   
 

 309 
1.2.2.8.1. Use particles of interest much larger than the PIV seeding tracers in order to sufficiently 310 
distinguish between the investigated particles and the PIV tracers. We have been successful with 311 
particles approximately 5 times larger than the PIV tracers and consider this the lower limit but 312 
the limit can depend on the particle refractive indices and light sources. The investigated particle 313 
should encompass around 4-5 pixels in area in the high-speed camera image. Therefore, the size 314 
of the investigated particles can allow for less pixel resolution for the high-speed image than the 315 
PIV images.  316 
 317 
1.2.2.8.2. Repeat steps 1.2.2.1-1.2.2.5 as needed to achieve this step.  318 
 319 
1.2.2.9. Acquire one image of the calibration target. Confirm the PT camera is level by ensuring 320 
that the height across a row of the calibration target is consistent and that the horizontal position 321 
along a column of the calibration target is consistent. Also check the size of calibration markers 322 
in each corner of the image in order to evaluate the amount of image distortion, which should 323 
be minimized (not differ by more than 1 pixel).  324 
 325 
1.2.3. Set the high-speed camera parameters. The high-speed camera parameters consist of the 326 
frame rate of the PT camera (in this case also setting the exposure time), the PT camera resolution 327 
(full frame or binning the pixels to increase the frame rate or extend the acquisition time), and 328 
the number of images collected.  329 
 330 
1.2.3.1. Set the number of images to be collected (i.e., length of acquisition time). The number 331 
of images collected influences the number of particle trajectories measured—the longer the 332 
acquisition time, the more trajectories that can be measured.  333 
 334 
1.2.3.2. Set the frame rate (and exposure time) and resolution of the high-speed PT camera.  335 
 336 
1.2.3.2.1. Avoid setting the high-speed image acquisition rate to the same or multiple of the PIV 337 
frame rate. Set the frame rate based on the estimated speed of the particles in the flow. The 338 
particles should displace more than 1 or 2 pixels in order to avoid instances of overlapping 339 
particle positions in two consecutive images; however, a large gap (>10 pixels) will result in less 340 
confidence in identifying the same particle in consecutive images, yielding loss of particle 341 
trajectory (see 2.2.4). Adjust the PT camera resolution and frame rate to achieve particle 342 
displacements in this range (3-10 pixels). 343 
 344 
1.2.4. Test the high-speed camera setup. 345 
  346 
1.2.4.1. Turn-on the LED line light and otherwise darken the room.  347 
 348 
1.2.4.2. Run the facility (start oscillating the grid). 349 
 350 
1.2.4.3. Introduce the particles into the flow and capture a few frames after the particles appear 351 
in the high-speed camera’s FOV. Overlay consecutive frames and evaluate whether particles in 352 



  

   
 

consecutive frames can be distinguished.  353 
 354 

1.2.4.3.1. Check that the introduction of particles to the high-speed camera’s FOV occurs 355 
sufficiently far from the FOV that entrance effects are negligible, that the density of particles is 356 
sparse enough that there are not frequent instances of overlap of particles within the high-speed 357 
image FOV, and that particle motion is primarily in the plane imaged so that the particles are 358 
traceable by eye in the camera FOV/PT camera image history.  359 
 360 
1.2.4.3.2. If these results are not obtained, then repeat 1.2 until it is achieved. Once achieved, 361 
stop the facility (stop grid oscillation). 362 
 363 

1.3. Combined Final Calibration  364 
 365 
1.3.1. Position the calibration target in both PIV and PT camera FOVs and within both the LED 366 
and PIV light sheets. The calibration target should be viewable by both the high-speed PT camera 367 
and PIV camera. Verify that both cameras are in focus. If one is not in focus, then steps 1.1 and 368 
1.2 need to be repeated for the PIV camera and high-speed camera, respectively.  369 
 370 
1.3.2. Ensure that at least one unique mark exists on the calibration target that is viewable by 371 
both the high-speed camera FOV and the PIV camera FOV. Measure and denote the position of 372 
this unique mark in physical space for purposes of spatial registration between the images.  373 
 374 
1.3.3. Calibrate the high-speed camera by capturing and saving one image of the calibration 375 
target by the high-speed PT camera. Calibrate the PIV camera the same way. 376 
 377 
1.3.4. Remove the calibration target from the fluid. 378 
 379 
1.4. Data Collection 380 
 381 
1.4.1. Run the facility (oscillate grid) until it reaches steady state (~20 min). 382 
 383 
1.4.2. Set lighting conditions by darkening room and turning on the LED light. Add particles into 384 
the fluid.  385 
 386 
1.4.3. Synchronously start image acquisition for both systems when the first particles appear in 387 
the high-speed PT camera FOV (in live mode). 388 
 389 
1.4.4. Download the high-speed images from the RAM for the high-speed PT camera and save 390 
the images acquired by the PIV camera. 391 
 392 
1.4.5. Stop the facility (stop the grid oscillations). 393 
 394 
2. Image Analysis 395 
 396 



  

   
 

Note: There are numerous software packages available to perform both the PIV and PT image 397 
analysis – both commercial and freeware. For PIV analysis, freeware codes are OpenPIV 398 
(http://www.openpiv.net/) and MatPIV (http://folk.uio.no/jks/matpiv/index2.html). 399 
Commercial companies also sell PIV analysis software. For PT analysis, numerous particle tracking 400 
codes exist in both 3D and 2D such as Particle Tracker (https://omictools.com/particle-tracker-401 
tool); a full listing of various software platforms can be found here: 402 
https://omictools.com/particle-tracking-category or http://tacaswell.github.io/tracking/html/. 403 
Most analysis packages, e.g., MATLAB, have built in tools that make it relatively easy to 404 
implement your own tracking code. For the results presented in this study, OpenPIV, TSI Insight, 405 
and MATLAB custom-written tracking codes were used. 406 
 407 
2.1. Analyze PIV Images 408 
 409 
2.1.1. Divide each image into a grid of interrogation windows (e.g., 64x64 pixels2 with 50% 410 
overlap) over which the average flow velocity at each window is computed by cross-correlating 411 
two consecutive PIV images (i.e., PIV image pair) as discussed in the PIV setup, section 1.1.4.2.  412 
 413 
Note: The distance between the peak correlation in each window and the center of the window 414 
defines the average tracer displacement in that window. Once calibrated, this displacement 415 
divided by the time between consecutive PIV images (PIV image pair - see step 1.1.4.2) yields 416 
estimates of the two in-plane components of velocity at each location4. Collectively, it is referred 417 
to as a velocity vector map. The size of the interrogation window determines the resolution of 418 
the flow field produced by the PIV analysis as half of this distance is the computed velocity vector 419 
spacing. This spacing together with the pixel to physical unit conversion factor sets the resolution 420 
of the measured flow field. Additionally, to obtain low numbers of erroneous vectors (see 2.1.2), 421 
a sufficient number of tracers must be present in each window (at least 8-10 tracers) and they 422 
must not displace more than about ¼ to ½ of the window size. 423 
 424 
2.1.2. Filter results of the cross-correlation to remove spurious results from the velocity vector 425 
maps.  426 
 427 
2.1.2.1. Apply a signal-to-noise (SNR) filter. Requiring a ratio of 1.5 and above is typically used 428 
(this number may change based on the specific experimental conditions).  429 
 430 
2.1.2.1.1. Set the SNR to be either the ratio between the first and the second highest correlation 431 
peak in the interrogation window or the ratio between the first and average correlation over the 432 
specific interrogation window. Optimize the SNR ratio for each set of experiments. The number 433 
of vectors failing this SNR check should not exceed 10%. 434 
 435 
2.1.2.2. Filter remaining erroneous vectors (not exceeding 5% between steps 2.1.2.2 and 2.1.2.3) 436 
using a global filter that compares each individual velocity vector with the velocity map mean 437 
plus or minus three standard deviations of the map velocities, and eliminates velocities outside 438 
this range.  439 
 440 



  

   
 

2.1.2.3. Filter remaining erroneous vectors (not exceeding 5% between steps 2.1.2.2 and 2.1.2.3) 441 
using a local filter that compares each individual velocity vector with the median velocity of a 442 
neighborhood of surrounding velocity vectors, typically 5 x 5 in size.  443 
 444 
Note: Use of median and determining the neighborhood size may change depending on the 445 
specific experimental conditions. 446 
 447 
2.1.3. Replace erroneous vectors found in step 2.1.2 with interpolated vectors using information 448 
from the surrounding neighborhood vectors, typically of size 5 x 5.  449 
 450 
2.1.4. Determine the distance-to-pixel conversion ratio. Examine how many pixels translate to a 451 
specific distance using the distance between markers on the calibration target imaged in step 452 
1.3.4.  453 
 454 
2.1.5. Calibrate vectors. Convert the vectors computed in steps 2.1.1-2.1.3 to physical units using 455 
this conversion factor from step 2.1.4 and the time between image pairs set in step 1.1.4.2; 456 
converting the displacements in pixels to velocities in physical units. 457 
 458 
2.2. Analyze High-speed Images 459 
 460 
2.2.1. Remove any frames from the high-speed image time series in which the PIV laser was 461 
illuminating the flow.  462 
 463 
2.2.1.1. Sum the intensity values of each frame acquired. The frames in which the PIV laser was 464 
flashing have a summed intensity that is much larger than those without the PIV laser active in 465 
the image. Based on a threshold on the summed intensity, remove any images from the time 466 
series that have a summed intensity greater than the threshold. See section 1.2.3.2 for guidance 467 
in minimizing the amount of frames for which this occurs.  468 
 469 
2.2.2. Convert remaining grayscale images into binary images using a threshold. In this case, we 470 
use Otsu’s method to determine the threshold that converts the particles to white and the 471 
background to black. 472 
 473 
2.2.3. Perform blob analysis for each image. 474 
 475 
2.2.3.1. Identify regions of connectivity in the black and white image - hereafter referred to as 476 
objects. Typically, a connectivity of 8 pixels is used. 477 
 478 
2.2.3.2. Remove any objects that are much smaller in area (i.e., number of pixels object consumes 479 
in the image) than the typical particle size in pixels in the image, typically around 3 pixels. 480 
 481 
2.2.4. Calculate the particle trajectories. 482 
 483 
2.2.4.1. Identify the centroid of all (remaining) objects in the first image.  484 



  

   
 

 485 
2.2.4.2. For each object detected, search the subsequent image for the same object by searching 486 
in a region near the centroid in the prior image. If only one particle/object within the search 487 
window is found, then continue the trajectory, and record the location of the centroid in that 488 
image; otherwise, terminate the trajectory. 489 
 490 
Note: Too large of a search area can result in incorrect identification of the particle in the 491 
subsequent image so the search area should be as constrained as much as possible without 492 
causing bias in the results. If the object position in the subsequent frame is frequently at the 493 
maximum range of the search window, then the search window is not large enough.  494 
 495 
2.2.4.3. Repeat step 2.2.4.2 until the object can no longer be found in the subsequent image. 496 
When this occurs, the trajectory is considered terminated.  497 
 498 
Note: If the majority of particle tracks are consistently short (e.g., less than 5 frames), then this 499 
result could indicate that there is significant three-dimensional motion and that this method is 500 
not suitable. As a rule of thumb, particle tracks should be at least ¼ of the particle tracking FOV14; 501 
but necessity of particular track lengths can vary with application. 502 
 503 
2.2.4.4. Repeat steps 2.2.4.1-2.2.4.3 starting with the second frame for any objects not already 504 
being tracked from frame 1. Repeat this process for all possible starting frames. The result will 505 
be a library of particle trajectories throughout the experiment.  506 
 507 
3. Analysis  508 
 509 
3.1. Calculate particle velocities and accelerations from position trajectories obtained from the 510 
high-speed images used for the PT. 511 
 512 
3.1.1. Differentiate the particle trajectories complied in 2.2 in time (based on the frame rate set 513 
in step 1.2.3.2) to compute velocities in each direction. This time differentiation results in 514 
estimates of Lagrangian velocity of the particles in pixels per unit time.  515 
 516 
Note: This step only needs to be performed if velocity information of the particles is desired. 517 
 518 
3.1.2. Calibrate the velocities by converting the velocities from pixels per unit time to distance 519 
per unit time. The conversion factor (distance per pixel) can be obtained by examining the 520 
distance between markers on the calibration target imaged in step 1.3.3. 521 
 522 
3.2. Perform Reynolds decomposition on PIV vector maps to compute turbulent quantities. 523 
 524 
3.2.1. Compute the ensemble mean over all PIV velocity vector maps collected at each location 525 
in the PIV vector maps obtained from step 2.1. 526 
 527 
3.2.2. Perform a Reynolds decomposition by subtracting these mean values computed in 3.2.1 528 



  

   
 

from the instantaneous velocities in each map to obtain the time series of turbulent velocity 529 
fluctuations. 530 
 531 
3.2.3. Compute statistics of interest, for example, turbulent velocity root-mean-square (RMS). 532 
Alternatively, one could examine turbulent fluctuations at exact particle locations within the 533 
trajectories. 534 
 535 
REPRESENTATIVE RESULTS:  536 
A schematic of the experimental setup is shown in Figure 1. The figure shows the arrangement 537 
of light sheets (LED and laser), the overlap in the FOVs, and the position of the FOVs relative to 538 
the oscillating grid and tank walls. The turbulence and particles are measured simultaneously as 539 
described in the protocol section. Figure 2 shows example results of the measurements of 540 
instantaneous velocity and vorticity along with sample particle trajectories. The results of the PIV 541 
analysis are evaluated based on computing the RMS of the turbulent fluctuations. For this 542 
oscillating grid facility, the magnitude of the spatial mean of the RMS velocity fluctuation over 543 
the PIV FOV should increase with grid frequency for both velocity components7,15. If this result is 544 
not obtained, then the grid facility, PIV setup, or PIV analysis contain errors and should be 545 
repeated. An example of the vertical profile of RMS velocity fluctuations for different grid 546 
frequencies is provided in Figure 3, where it is shown that the RMS turbulent fluctuations 547 
increase with grid frequency.  548 
 549 
The particle trajectories are evaluated by examining the distribution of velocities obtained from 550 
the particle trajectories, as shown in Figure 4. These distributions should be approximately 551 
Gaussian in distribution. If they are not, then there may be a problem with the acquisition of the 552 
high-speed images depending on the specific flow conditions, an issue with the analysis of the 553 
high-speed images, or an insufficient number of particle trajectories. In this particular application 554 
of the method, the validation of the trajectory results can also be achieved by comparison to the 555 
Dietrich16 curves for stagnant water. Trajectory computations in still water using the same 556 
procedures outlined here for the particles should yield a settling velocity that is approximately 557 
consistent with these empirical curves as shown in Figure 5, where the results for the stagnant 558 
flow condition show agreement with the Dietrich16 curves. Figure 5 also demonstrates that 559 
particles tend to have increased settling speeds in turbulence as discussed in Jacobs et al.7. 560 
 561 
FIGURE AND TABLE LEGENDS:  562 
 563 
Figure 1: Schematic description of the experimental setup, which consists of a grid turbulence 564 
tank, particle image velocimetry setup (using a CCD (PIV) camera and laser), and 2D high-speed 565 
imaging particle tracking setup (using a CMOS (PT) camera and LED light). Dimensions on the 566 
schematic are provided in centimeters. This figure has been modified from that shown in Jacobs 567 
et al.7 568 
 569 
Figure 2: Velocity distribution and trajectories. (A) An example instantaneous fluid velocity 570 
distribution represented by vectors in pixels/s overlaid on instantaneous vorticity characterized 571 
by color. The red scale vector in the lower left corner represents 500 pixels/s. (B) An example of 572 



  

   
 

time-lapse (over 30 PT images) trajectories of particles with a 261 μm mean diameter at 5 Hz grid 573 
oscillations. Panel B of this figure has been modified from that shown in Jacobs et al.7 574 
 575 
Figure 3: Horizontally averaged vertical profiles of the RMS of the (a) horizontal and (b) vertical 576 
turbulent fluctuations for all grid frequencies (see legend). Turbulent RMS velocities increase 577 
with grid frequency. RMS values are based on 500 vector maps computed at all locations and 578 
then subsequently averaged over all horizontal positions (50 points) at each vertical position to 579 
obtain the vertical profiles shown. This figure has been modified from that shown in Jacobs et 580 
al.7 581 
 582 
Figure 4: Histograms of the particles’ measured horizontal and vertical velocities in stagnant 583 
water and turbulent conditions (see subtitles) for (A, left two panels) a natural (irregularly 584 
shaped) sand particle with 261 μm mean diameter and (B, right two panels) a spherical 585 
synthetic particle with a 71 μm mean diameter. The lines in the subplots are Gaussian fits to the 586 
histograms. This figure has been modified from that shown in Jacobs et al.7 587 
 588 
Figure 5: Settling velocities in stagnant and turbulent flow conditions versus particle size for 589 
several different types of particles. As illustrated in the legend, the colors represent different 590 
sediment types: synthetic or manufactured particles, several industrial sand types (120, 100, 35), 591 
and sand from a local beach in Myrtle Beach, SC–see Table 1 in Jacobs et al.7 for more details. 592 
The symbols, including the filled circle, indicate the flow conditions represented as grid frequency 593 
in the legend, where stagnant refers to zero frequency. As grid frequency increases, the RMS 594 
turbulent velocity fluctuations increase. The empirical curves of Dietrich15 for particle settling 595 
velocity in stagnant water are also shown for several different shape factors. This figure has been 596 
modified from that shown in Jacobs et al.7 597 
 598 
DISCUSSION:  599 
The method described herein is relatively inexpensive and provides a simple way to 600 
simultaneously measure particle trajectories and turbulence in order to examine the influence of 601 
flow on particle kinematics. It is noteworthy to mention that flows or particle motions that are 602 
strongly three-dimensional are not well-suited for this technique. The out-of-plane motion will 603 
result in errors17 in both the 2D tracking and the PIV analysis and should be minimized. In 604 
addition, the method requires the concentration of tracked particles to be relatively low (on the 605 
order of tens of particles per PT image). This restriction is important in order to maximize 606 
confidence that the same particle is being tracked in consecutive images. If too many particles 607 
exist simultaneously in the FOV of the PT camera, then inaccuracies in the trajectory calculations 608 
and early termination of trajectories can occur as well as increased errors in the PIV image 609 
analysis. Consequently, problems associated with particle flocculation would be challenging for 610 
this technique to investigate because large particle concentrations are usually needed. Finally, 611 
this technique is best suited for tracking larger particles (>50 μm). There must be sufficient 612 
separation between the PIV tracers (~10 μm) from the particles that are being tracking. A factor 613 
of at least 5 is suggested.  614 
 615 
The most critical steps in the protocol for the particle tracking are the calibration steps, selection 616 



  

   
 

of the frame rate, particle concentration in the images, and ensuring high signal-to-noise ratio in 617 
the high-speed images. The blob analysis requires conversion of the gray scale image to a black-618 
and-white image upon which the particle trajectories are computed. If the contrast in the high-619 
speed images is such that this conversion is difficult, then errors in the trajectories are likely 620 
because there will be uncertainty in identification of the particles. Insufficient particle 621 
displacement, too large of displacement between frames, or too many particles can lead to errors 622 
in the particle trajectories and/or early termination of particle trajectories. For the PIV, the 623 
calibration of the image size, setting of the time between image pairs, proper selection of the 624 
tracers, and detailed alignment between the PIV camera and the laser are the most important 625 
steps to ensuring a good result in the PIV correlation analysis, which is key for obtaining accurate 626 
statistics on the turbulence.  627 
 628 
Here, we demonstrated the results of the technique by applying it to examine the settling velocity 629 
of various types and sizes of sediment particles in varying turbulent conditions. The results show 630 
a nearly Gaussian distribution of particle settling velocities (as well as horizontal velocities) of 631 
which the mean is considered a typical settling velocity for that particle in different conditions. 632 
The RMS of the turbulent velocity fluctuations show an increase with grid frequency as 633 
expected7,15 and are approximately uniform over the FOV vertical height (aside from one low 634 
turbulence case - 2 Hz grid frequency, see Figure 3). Together, these results demonstrate that 635 
the simultaneous measurement of the particles and flow field were successful. They also 636 
demonstrate that there are increased settling speeds with increasing turbulence7, which is 637 
consistent with the “fast-tracking” theory of particle settling behavior in turbulent flow11.  638 
 639 
The utilization of the method herein is one example of addressing a scientific question involving 640 
particle-turbulence interaction; the method can be utilized in other research disciplines and 641 
applications. In addition to examining trends in a particular aspect of particle behavior in varying 642 
flow conditions, it is also feasible to examine the flow velocities at particular instances in time 643 
along the trajectory of a particle. The integration of the flow velocity information with the particle 644 
trajectory data depends on the specific question investigated and offers a potential wealth of 645 
information regarding particle kinematics in flows for a large range of applications. In summary, 646 
this technique offers a low-cost solution to simultaneous measurement of particle trajectories 647 
and turbulence relevant in a number of applications where fluid flow interacts with natural or 648 
man-made particulates. 649 
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Name of Material/ Equipment Company Catalog Number

Optical lenses CVI LASER OPTICS

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

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

LED line light Gardasoft Vision, Ltd.

VLX2 LED Line Lighting - Green - 

GAR-VLX2-250-LWD-G-T04

PIV seeding particles/tracers Potters Industries

SPHERICAL Hollow Glass Spheres: 

11 mm average diameter

CCD cross-correlation camera TSI, Inc.

POWERVIEW 11M: CCD, Double-

exposure, 4008x2672 pixels @ 4.2 

Hz with 12bit dynmic range

High-speed camera Photron

FASTCAM SA3; Model 60K: 

1024x1024 pixels @ 1kHz

Synchronizer TSI, Inc.

LASERPULSE SYNCHRONIZER 

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. CMOS 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.



Author License Agreement (ALA) Click here to download Author License Agreement (ALA)
ALA.pdf

http://www.editorialmanager.com/jove/download.aspx?id=834078&guid=289bce87-f086-4377-857a-709269403faa&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=834078&guid=289bce87-f086-4377-857a-709269403faa&scheme=1








	 1	

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 
OpenPIV (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: 
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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.” 
 


