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Abstract: The study of velocimetry is important for characterizing and comprehending the effects
of fluid flow, and the Particle Image Velocimetry (PIV) technique is one of the primary approaches
for understanding the velocity vector field in a test section. Commercial PIV systems are expensive,
with one of the main cost factors being high-speed camera equipment capable of capturing images
at high frames per second (fps), rendering them impractical for many applications. This study
proposes an evaluation of utilizing smartphones as image acquisition systems for PIV technique
application. An experimental setup inspired by the known angular displacement of synthetic
particles is proposed. A stepper motor rotates a plate containing an image of synthetic particles on
its surface. The motion of the plate is captured by the smartphone camera, and the images are
processed using PIVlab-MatLab® software. The use of two smartphones is assessed, with
acquisition rates of either 240 fps or 960 fps and varying angular velocities. The results were
satisfactory for velocities up to 0.7 m/s at an acquisition rate of 240 fps and up to 1.8 m/s at 960 fps,
validating the use of smartphones as a cost-effective alternative for the PIV technique.
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1. Introduction

Velocimetry is extremely important for characterizing and understanding the effects of fluid
flow. Several techniques are applied in studying velocimetry, with it being possible to mention
punctual and global applications capable of measuring the velocity of a point, or of the entire flow
field.

Some of the punctual techniques include the pitot tube, rotating vane anemometry, hot wire or
hot film anemometry, hot sphere anemometry, ultrasonic anemometry and laser Doppler
velocimetry. The global techniques mainly include particle image velocimetry (PIV), particle tracking
velocimetry (PTV) and particle shadow velocimetry (PSV), all based on optical principles. Detailed
description of the mentioned techniques can be seen in the literature [1-3].

Specifically considering the PIV technique, a previous study [4] have mentioned that complete
commercial systems is concentrated in a few suppliers in the world trade. In addition, acquiring a
commercial PIV measurement system represents a high cost for many institutions, and thus makes
the acquisition unfeasible even for large companies or research and teaching centers.

About the advantages of applying the PIV technique, the literature [5-7] indicates developments
in the direction of building experimental configurations with alternative resources and more
accessible cost. These systems can be used for educational applications or even to meet the
specificities of a research.

For example, using a smartphone camera with 240 frames per second (fps) to capture images in
flowing water [5], applying an action camera (GoPro Hero 5) to analyze the jet flow of an aquarium
pump filled with water [6], and working with 4 smartphones to capture images and perform
velocimetry processing of TOMO-PIV tomographic particle images [7].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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A camera with a high image acquisition rate is essential in the process among the devices
necessary to constitute the PIV technique, mainly for air flows in a wind tunnel since the flow velocity
is normally higher when compared to natural hydraulic flow velocities.

To develop a low-cost PIV measurement technique applied in a wind tunnel, it is desirable using
a system for image acquisition which is accessible, versatile and which can capture images with a
suitable acquisition rate. In this direction, the literature indicates the development of experimental
apparatus based on synthetic particle displacement to simulate the flow of particles with known
displacement and to evaluate the use of alternative equipment for image acquisition. For example, a
study [6] reports the use of a plate with 100 mm of diameter in controlled rotation from 1.5 to 4 Hz,
capturing images with a GoPro Hero 5 action camera. In another study [8], it was reported the use of
a plate with synthetic particles for experimental validation during the development of the SmartPIV
software, available for smartphones with Android and IOS systems.

Thereby, this study proposes to test the viability to use smartphones as image acquisition
systems for the PIV technique. So, an experimental apparatus inspired by the angular displacement
of particles was built, in this case by synthetic printing of particles on the face of a plate coupled to a
motor shaft. The images were acquired using two smartphones from different manufacturers, and
subsequently processed using the PIVlab-MatLab® software program. Through the suggested
method, it is possible to establish a particle displacement pattern according to an adjustment of the
angular velocity of the plate with printed particles. Thus, with the known displacement pattern, it is
then possible to evaluate only specific characteristics of the experimental apparatus.

2. Materials and Methods

The basic configuration for applying the PIV technique in a wind tunnel is shown in Figure 1. It
consists of a particle seeder installed directly at the air flow inlet and the PIV measurement system in
the test section of the tunnel. The PIV measurement system is also composed of an apparatus formed
by a light-emitting laser and an optical assembly, responsible for converting the light beam into a
planar stripe. The camera is positioned orthogonal to the planar stripe and acquires several images
in a short time interval.
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Figure 1. Configuration of the PIV technique applied in a wind tunnel.

Commercially measurement systems use a high power multi-pulsed laser ensuring the delivery
of greater energy for particle visualization. However, this system needs a synchronizing component
to control the trigger time of the laser with the camera, thus making the system more complex and
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costly. In order to develop the low-cost PIV technique for wind tunnels, the use of a continuous wave
- cw laser is desired, since in addition to the initial cost of the equipment being much lower, it is
possible to eliminate the need for a synchronizer system.

2.1. Experimental setup

The proposed experimental apparatus uses a National Electrical Manufacturers Association
(NEMA 17) standard stepper motor with a resolution of 200 steps per revolution and a step angle
corresponding to 1.8 angular degrees. A rigid flange made of Nylon was coupled to its motor shaft
and an MDF plate were mounted at the end. The Nylon flange consists of a threaded coupling
element which facilitates interchanging plates, and which can receive the serigraphy of representative
figures of different sizes and particle densities.

The power supply and control system consist of a 24VDC voltage source, a programmable logic
controller (PLC), and a stepper motor drive. A digital tachometer was installed at the bottom of the
plate so that it is possible to measure the angular velocity in revolutions per minute (RPM) with the
use of a reflective tape attached to the bottom of the plate. A smartphone is positioned on an MDF
support above the plate, and the focal length for capturing images can be easily changed by vertically
adjusting the support base.

The experiments were carried out using a set of professional continuous lighting for
photographs and filming to standardize the lighting in the environment, consisting of a soft box with
dimensions of 0.5 m x 0.7 m and a spiral fluorescent lamp with 135 W of power and temperature of
5500 K color, known as daylight, which is quite used for photo studios. Details of the configured
experimental apparatus and its components can be seen in Figure 2.

Power
Smartphone supply

Plate p=

Tachometer

Stepper
motor drive

Figure 2. Experimental setup components detail.

2.2. Tracer Particles

According to the guidelines on the best practices for applying PIV [9], the particles must be able
to form visible images under a certain lighting; in addition, they must have the ability to accurately
follow the fluid movement without influencing the flow and be able to mark enough points in space
to effectively resolve spatial flow.


https://doi.org/10.20944/preprints202308.1822.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2023 doi:10.20944/preprints202308.1822.v1

Thus, the correct addition of tracer particles in the fluid is essential for greater accuracy in vector
field velocimetry results. The use of synthetic particles consists of a practical way of evaluating the
image acquisition system in applying the PIV technique without the need to worry about the
generation and feeding of tracer particles.

The images with synthetic particles were generated using the PIVlab-MatLab® application,
through which it is possible to configure different parameters to change the particle size and density,
as shown in Figure 3.

(a) (b) ()

Figure 3. Examples of images composed of different particle concentrations and sizes, made using the
PIVlab-MatLab® synthetic particle imager.

A particle diameter optimization study [10] observed that particles with a diameter of
approximately 2 pixels presented results with lower measurement uncertainty for digital evaluation
of PIV. Another study [11] evaluate the influence of synthetic particle diameter, obtaining the smallest
mean errors for particles with diameters between 1.0 and 3.0 pixels. Recently [5], images of synthetic
particles with 2.5 pixels of diameter were used to evaluate the PIV technique using a smartphone.

In addition to the parameter associated with particle size, particle concentration is quite relevant
for the PIV technique, and a concentration about 10 particles per interrogation area was
recommended [12]. Based on data from the literature, the PIVlab-MatLab® synthetic particle
generator was used to compose the images shown in Figure 3, which were reproduced on a laser
printer with a sheet of 75g alkaline bond paper and subsequently attached on an MDF plate with 3
mm thick and 100 mm in diameter, as shown in Figure 2.

2.3. Image Acquisition System

Image acquisition was inspired by portable and easily accessible equipment on the market. With
technological advances, smartphones equipped with cameras capable of recording images at up to
960 fps are easily available, thereby enabling to evaluate their use as a tool applied in acquiring
images for the PIV technique. Inspired by this technological capacity and similar works found in the
literature [5-7], it was proposed to evaluate the applicability of two devices as image acquisition
systems for the PIV technique.

The first tests used an Apple iPhone 7 Smartphone, named in this study as image sensor 1 (IS1)
capable of recording videos in slow motion with 240 fps and a resolution of 720 x 1280 pixels. The
videos were recorded in .MP4 format and loaded into the PIVlab-MatLab® application, which
identifies the number of frames and resolution of the video. It is also possible to visualize the frames
and select the start and end range of the frames to be loaded for processing in this application using
the PIV technique.

According to the experimental configuration, the IS1 was positioned 190 mm above the target
and the field of view (FOV) obtained was 115 mm x 205 mm. Next, complete framing of the plate
with a diameter of 100 mm was performed in this configuration. A field of view was established with
a minimum edge of 5% free of the moving object around the entire perimeter of the plate, as
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preliminary tests pointed out flaws in the result when the vector field under analysis is close to or
coincident with the field of view limit. Thus, it is possible to see in Figure 4 that the captured field of
view covers the entire plate image and a free area around its perimeter. Under these conditions, the
spatial resolution obtained was 39.09 pixels/mm?, which corresponds to a linear pixel length of 160
pm.

e

i !
(a) (b)

Figure 4. Frames acquired with angular velocity (a) IS1 and (b) IS2.

A Samsung S20 Fe smartphone was subsequently used, named in this study as image sensor 2
(IS2), with slow-motion recording capacity of 240 fps and resolution of 1080 x 1920 pixels, in addition
to the Super Slow-Motion (SSM) mode with the ability to record at 960 fps and resolution of 720 x
1280 pixels. It is noteworthy that the recording mode time is limited to 0.5 seconds, and despite the
short recording period, this is not a limiting factor for image processing using the PIV technique,
since it obtains a video with approximately 560 frames. Several studies [13-17] used up to 500 frames
to process the PIV technique.

The smartphone was positioned 190 mm from the target for slow-motion recording at 240 fps, and
the FOV obtained was 135 mm x 240 mm, while the spatial resolution was 64 pixels/mm? which
corresponds to a linear pixel length of 125 um. Then, in SSM mode and maintaining the target
positioning distance of 190 mm, the FOV was maintained at 135 mm x 240 mm, but the spatial resolution
goes to 28.44 pixels/mm?, corresponding to the linear pixel length of 187 um. It is possible to observe a
comparison between the main characteristics of the image acquisition systems in Table 1.

Table 1. Configuration of the experimental apparatus using the IS1 e IS2 image acquisition systems.

Smartphone iPhone 7 -1S1 Samsung S20 Fe — 1S2
Acquisition mode Slow-motion camera Slow-motion camera Super slow-motion camera
Frame rate (fps) 240 240 960
Resolution (pixel) 720 x 1280 1080 x 1920 720 x 1280
Field of view (FOV) (mm) 115 x 205 135 x 240 135 x 240
Spatial resolution (pixel/mm?) 39,08 64 28,44

Pixel length (um) 159 125 187
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According to the guidelines on best practices for applying PIV/SPIV in towing tanks and
cavitation tunnels [9], the nominal spatial resolution value would be between 5 and 20 pixels/mm?,
and consequently the pixel length between 223 yum to 447 pm. However, another studies [16-20]
considered applying the PIV technique in a wind tunnel with different FOV, so that the pixel length
varies between 5 um and 200 pm.

Therefore, it can be said that the use of IS2 and IS1 guarantee processing conditions beyond those
provided for in the ITTC guidelines, considering that image processing and analysis becomes more
accurate the smaller the pixel length. In addition, the pixel length acquired in the settings falls within
the range of sizes reported in the literature for applying the PIV technique in a wind tunnel.

2.4. Processing System

The PIVlab-MatLab® (version 2.56) application [21] was used to perform the processing. Images
acquired with both acquisition systems (IS1 and IS2) were analyzed with the same settings.

The 1S2’s SSM function has the video acquisition limited to approximately 560 frames. The
frameset was strategically divided into 3 parts of 180 frames, so the first and last third of the frameset
were discarded, using only the central interval for processing. As the videos obtained in the IS1 and
in the slow-motion mode of the IS2 do not have a recording time limitation, and consequently a
limited number of frames, an acquisition time of approximately 5 seconds was defined using the
central interval of 180 frames for analysis.

As the objective of this study is to evaluate the movement of the synthetic particles describing a
known trajectory, an exclusion mask of the field external to the image of the plate in movement was
created. Therefore, the processing result will only be presented in the area of interest of the plate’s
rotational movement. In addition, it is possible to save computational processing time.

Time-resolved particle image velocimetry (TR-PIV) is based on a comparison between two
subsequent images. It is possible to obtain the vector field of a given region through displacement
and time variation between images. Several types of algorithms can estimate the displacement of a
group of particles using cross-correlation techniques. The PIVlab-MatLab® application has three
options of algorithms to perform the processing; in this study, the selected algorithm applies the
cross-correlation function through the Fast Fourier Transform (FFT) method.

To configure this algorithm, it is necessary to scale the interrogation subareas with square
dimensions (for example, 64 x 64, 32 x 32, 16 x 16 pixels) and also apply an overlapping factor. In
addition, it is possible to perform multi-pass processing, which increases the probability of greater
accuracy in the results [21].

On the other hand, the PIVlab-MatLab® software has the option “configuration suggestion” to
define the interrogation area. A quadrant within the FOV is selected and the algorithm measures
particle size and density to propose a recommended configuration. The configuration is implemented
through averaging based on displacement, particle quantity and experimental practice.

3. Results

This study is divided into three different analyses: section 3.1 analyzes the ability to use two
different smartphones for image acquisition applied to the PIV technique; section 3.2 verifies the
capacity in a single smartphone depending on changing the camera capture speed; and finally, in
section 3.3 we evaluate the acquisition capacity of the smartphone which has the highest acquisition
rate due to the increase in the flow rate of synthetic particles.

3.1. Comparative Analysis for Different Image Acquisition System

To analyze the velocimetry of particles with known displacement using the processing concepts
of the PIV technique and the possibility of using easily accessible cameras, images were acquired with
two different smartphone models: an Apple iPhone 7, called IS1, and a Samsung Galaxy S20 Fe, called
IS2, both configured to capture images at a rate of 240 fps.
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The synthetic image shown in Figure 3(c) was considered to simulate the flow of particles. The
angular speed of the plate was adjusted to 90, 180 and 360 RPM, whose values were previous
calibrated using the tachometer. The application configuration to perform the processing was the Fast
Fourier Transform (FFT) method, and the interrogation window was selected with three multi-passes
(64 x 64, 32 x 32, and 16 x 16 pixels) with 50% overlap.

The qualitative results are shown in Figure 5. The tangential velocity vectors for 90 RPM (Figure
5 (a) and Figure 5 (b)) and 180 RPM (Figure 5 (d) and Figure 5 (e)) are zero near the center of the plate
and increase in magnitude moving to the edge.

On the other hand, the velocity vectors at 360 RPM (Figure 5 (c) and Figure 5 (f)) start with zero
tangential velocity at the center, reaching the highest velocities in a region anterior to the edge of the
plate. Moreover, a more pronounced drop in the magnitude of the tangential velocity vectors is
observed for IS2 compared to IS1.

A
oz
S~ 220007

(d)

Figure 5. Velocity field obtained with the PIVlab-MatLab® application from images captured by the
two acquisition systems for three different angular velocity settings and acquisition frequency of 240
fps; (a) 90 RPM using IS1, (b) 180 RPM using IS1, (c) 360 RPM using IS1, (d) 90 RPM using IS2, (e) 180
RPM using 1S2, (f) 360 RPM using 1S2.

A quantitative analysis was performed by extracting vector data on an imaginary line, starting
from the upper end of the circumference, passing through the center, and reaching the circumference
lower end. The theoretical tangential velocity of a rotating plate can be easily calculated from the
rotation frequency and the size of the plate using the Equation (1).

Vi=2-m-r-f, 1)

where 7 is the radius of the plate in meters and f is the plate rotation frequency in rotation per
second (RPS).
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Thus, a curve was also generated with the estimated tangential velocity for the points coinciding
with the axis of the straight line drawn using the MatLab® software program.

One of the current alternatives for verifying and validating the PIV technique can be performed
through computational fluid dynamics (CFD). In this case, it is possible to determine an absolute
uncertainty limit for each velocity vector and a deviation about +10% between PIV and CFD
techniques was considered by studies reported in the literature [22,23].

The absolute tangential velocity referring to the PIV technique results using the IS1 and 1S2
acquisition systems, and the estimated tangential velocity for the angular velocities of 90 RPM, 180
RPM and 360 RPM can be seen in Figure 6. In addition, the measurement deviation of +10% on the
estimated tangential velocity was represented as dashed lines.

Figure 6 (a) shows a good tangential velocity ratio for the entire evaluated section (the imaginary
line) with angular velocity at 90 RPM.
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Figure 6. Analysis of velocimetry data for the configurations formed by IS1 and IS2 at 240 fps and
plate angular velocities at: (a) 90 RPM, (b) 180RPM and (c) 360 RPM.
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It can be seen through Figure 6(b) that the tangential velocity for 180 RPM showed a small
deviation over the estimated value about 0.8 m/s, close to the edge of the plate. A small difference
can be identified at the upper edge of the plate between the results obtained with IS1 and IS2, with
the values obtained by IS2 being closer to the estimated velocity.

The results for the angular velocity of 360 RPM are shown in Figure 6(c). In this case, both the
acquisition performed by IS1 and IS2 showed divergent results after 0.6 m/s, equivalent to position
0.04 m on the plate diameter. In other words, both smartphones were unable to acquire coherent
images beyond 0.6 m/s.

After these analyses, the capacity of reliable representation of the tangential velocity vectors
through processing of the PIV technique using Smartphones is reduced with the increase of the
angular velocity of the plate and according to the established experimental configurations. In
addition, the two IS1 and IS2 models did not show significant differences that would influence the
measurement range.

3.2. Comparative Analysis for Different Image Acquisition Speed

After comparing different image acquisition systems at a fixed acquisition rate (240 fps), this
section presents the results obtained considering only the IS2 smartphone, through which it is
possible to adjust different capture modes: slow motion (240 fps) and SSM (960 fps).

Thus, four tests were proposed with two angular velocity adjustments (180 and 360 RPM) for
each available capture mode to evaluate the impact of increasing the acquisition rate. The following
designation of (a) - (d) was applied for each test: (a) IS2 — 180 RPM - 240 fps; (b) IS2 — 180 RPM - 960
fps; (c) IS2 — 360 RPM - 240 fps; (d) IS2 — 360 RPM - 960 fps.

Figure 7 presents the result of the velocity fields obtained for the four proposed configurations.
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Figure 7. Velocity fields obtained with the PIVlab-MatLab® application from images captured with
IS2 for different angular velocity (180 and 360 RPM) and acquisition frequency (240 and 960 fps)
configurations; (a) 180 RPM and IS2 at 240 fps; (b) 180 RPM and IS2 at 960 fps; (c) 360 RPM and IS2 at
240 fps; (d) 360 RPM and IS2 at 960 fps.

Except for configuration (c), a positive gradient of vector fields from the center to the edges of
the plate are observed. This evidences a limiting factor for applying the PIV technique considering
an acquisition rate of 240 fps.

Figure 8 presents the graphical results of tangential velocity obtained with the PIVlab-MatLab®
application, in addition to the estimated tangential velocity along the diametral position of the plate
and the deviation considered in +10%. The image acquisition for the angular velocity of 180 RPM
(Figure 8(a)) at 240 fps presented a tendency of an estimated curve up to approximately 0.06 m of
diametral position equivalent to a tangential velocity of 0.7 m/s; meanwhile, the acquisition with 960
fps has a linear trend of the estimated value up to 0.095 m of the plate diameter, equivalent to a
tangential velocity about 0.85 m/s.
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Figure 8. Analysis of velocimetry data for the configurations formed by IS2 at 240 fps and 960 fps and
plate angular velocities at: (a) 180 RPM and (b) 360 RPM.

It is also possible to visualize a deviation of the result in relation to the trend of the estimated
value in Figure 8(a), relating the upper and lower part of the plate. The top part of the plate should
give identical or similar results to the bottom part of the plate, as the circular motion is uniform, and
the image sensor is centered with the plate. Despite being a systematic error, this fact is still unknown,
and may be related to some noise in the images arising from non-uniformity in the lighting on the
plate, suggesting that it should be better evaluated in future studies.

The absolute tangential velocity observed in the test with an acquisition rate of 240 fps for an
angular velocity of 360 RPM (Figure 8(b)) trends to the estimated velocity up to approximately 0.04
m of diametral position, equivalent to the tangential velocity of 0.6 m/s. The acquisition with 960 fps
presented a tangential velocity consistent with the estimate up to approximately 0.095 m diametral
position, equivalent to a tangential velocity of 1.7 m/s. These values prove the qualitative result
observed in Figure 7(c) and in Figure 7(d), evidencing the significant difference in the vector field for
the acquisition rates of 240 fps and 960 fps.

Furthermore, it is possible to visualize a small deviation in the diametral end of the plate in both
Figure 8(a) and Figure 8(b). This fact occurs due to the masking procedure of the remainder of the
visual field. Therefore, the interrogation intervals at the edge of the plate are interpolated with null
vectors from neighboring interrogation windows.

3.3. Comparative Analysis for Different Angular Velocities in SSM Mode using 152

The highest image recording rate available in the experimental apparatus of 960 fps was
evaluated and the analysis was conducted with different angular speeds of the plate. The aim was to
increase the angular velocity of the plate to a value in which the observed results of the vector field
begin to diverge from the estimated tangential velocity according to the known displacement.

Commercial systems provide specific equipment to apply the PIV technique, among which it is
possible to highlight the high-speed camera. As an example, a study [24] reports the use of a camera
performing image acquisition at 500,000 fps to analyze the core of a turbulent round jet. However,
with a low-cost approach, we used the Samsung Galaxy S20 Fe Smartphone in SSM mode with the
ability to capture 960 fps, and this smartphone is currently among the devices with the highest
capture speeds.

The angular velocities adjusted for this analysis were 90, 180, 360, 720, 960 and 1200 RPM. The
acquisitions were performed in increasing order of speed while the other configurations were
maintained, including the Smartphone positioning remaining unchanged between experiments.

Figures 9 (a) to (f) present the qualitative results of the plate vector field for the different adjusted
angular velocities. Figures 9 (a), (b), (c) and (d) correspond to rotational speeds of 90, 180, 360, and
720 RPMs, respectively. The vector field of the plate showed an increasing result from the center of
the plate to the end consistent with physical reality. Furthermore, as these experiments used a 100%
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increment in velocity of the previous experiment, the absolute velocity followed the coherence of the
increment for the four velocity levels.

In addition, Figure 9 (e) refers to the angular velocity of the plate at 960 RPM, in which the vector
field is increasing between the center and the edge of the plate; however, it is possible to state that
the maximum absolute tangential velocity is not consistent with reality physics, because the result is
not proportional to the increments of the previous angular velocities.

Finally, Figure 9 (f) used the plate rotation speed at 1200 RPM, resulting in a heterogeneous
velocity field for the same diametral position. Furthermore, the verified speed is similar to Figure
11(e) with 960 RPM. Thus, it is considered totally uncertain and unnecessary to carry out acquisitions
with rotation speeds greater than 1200 RPM, as the measurement system was not capable of

reproducing effective results.
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Figure 9. Velocity fields obtained with PIVlab-MatLab® application from images captured with IS2
at 960 fps and different angular velocity settings: : (a) 90 RPM (b) 180 RPM (c) 360 RPM (d) 720 RPM
(e) 960 RPM and (f) 1200 RPM.

It is possible to observe the quantitative results obtained from the corresponding analysis of
Figures 10 (a) to Figure 10 (f). Analyzing Figures 10 (a), (b), (c) and (d) for angular plate speeds at 90
RPM, 180 RPM, 360 RPM and 720 RPM, respectively, the tangential velocity increase as the angular
velocity increases, reaching a maximum value at the edge of the plate.

However, for 960 RPM in Figure 10 (e), the maximum tangential velocity was approximately 3.8
m/s, corresponding to approximately 0.08 m in the plate diameter. The maximum tangential velocity
obtained with an angular velocity of 1200 RPM in Figure 10 (f) was 3.6 m/s in the upper part and 3
m/s in the lower part of the plate. In this case, and similarly to the qualitative analysis of Figure 9 (f),
there was no uniformity throughout the diametral range of the plate for the angular speed of 1200
RPM. Thus, the measurement system is unable to provide consistent results for the entire area of the
plate due to the increase in the displacement speed of the particles. In turn, it is possible to visualize
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that the deviation of the tangential velocity, considering the deviation of + 10 %, begins around 3.5
m/s for both cases, 960 RPM and 1200 RPM.

06 90 RPM 12 180 RPM 25 360 RPM
(a) Estimated
05b —- =+ 10%
N --=-10% 4

1S2 960 fps

NOOOED>TDL O N> DN NSO ON>TDL O X DD N NSO O>TDL O X D N
PLEFLFE O F T EF PLELSE O F T EF PLELE O F T EF
d (m) d (m) d(m)

(a) (b) (c)
5 720 RPM 6 960 RPM 7 1200 RPM

Vta (m/s)
N w

0

NP e > O A NP EP>P VNG >E RN
S FPLETF O F T Fs C LTS FITEL o
d (m)

(e)

Figure 10. Analysis of velocimetry data for configurations formed by IS2 at 960 fps and plate angular
velocity at: (a) 90 RPM (b) 180 RPM (c) 360 RPM (d) 720 RPM (e) 960 RPM and (f) 1200 RPM.

4. Discussion

The image velocimetry analysis of synthetic particles with known displacement is opportune to
evaluate the applicability of the PIV technique using alternative methods for image acquisition, such
as the use of smartphones. In addition, several software programs and algorithms can be analyzed
and validated using known displacement of synthetic particles. In this study, three different analyzes
were performed.

The first analysis compared the use of two image acquisition systems, called IS1 and IS2, with
an acquisition rate of 240 fps. In this case, both models presented satisfactory results and the
measurement range achieved was approximately 0.7 m/s. However, it is important to emphasize that
the difference obtained from the beginning of the deviation can be related to the resolution difference
of the images between the devices, or even to the algorithm used by the manufacturer. Nevertheless,
the measurement ranges up to 0.08 m of plate diameter for the two smartphones are similar.

The second analysis only considered the use of IS2, comparing the acquisition mode in slow
motion (240 fps) with the SSM acquisition mode (960 fps). While the acquisition with 240 fps showed
deviations from the estimated velocity after a value around 0.6 m/s, the results in SSM mode (960 fps)
are consistent up to the maximum admitted velocity of 1.8 m/s, or plate angular speed at 360 RPM.

The third analysis compared different angular speeds of the plate using the highest image
acquisition rate of 152, which was in SSM mode. According to the presented results, the tangential
velocity of the synthetic particles for the analyzes with angular velocities of 90, 180, 360 and 720 RPM
was similar to the estimated value. In addition, it was observed deviations for tangential velocities
greater than 3.5 m/s in the 960 RPM and 1200 RPM setups. Thus, according to the characteristics and
experimental configurations, we assume that the proposed PIV measurement system was able to
reproduce velocimetry results up to 3.5 m/s, or up to 3 m/s assuming a conservative analysis.
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However, an experimental procedure that guarantees enough samples for statistical conclusions
must be considered.

Finally, it is feasible to use smartphones for analyzing the PIV technique for educational
purposes, in addition to the possibility of performing analyzes with low flow rates.

As future work, it would be interesting expand the study to different diameters and
concentration of synthetic particles in the disk, evaluate the use of smartphones as image acquisition
systems in an PIV application in a wind tunnel, respecting the limits of flow velocity, dimensions and
particle concentration reported in this article, and propose an experimental procedure for applying
the apparatus presented in fluid mechanics teaching activities.
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