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ABSTRACT

One of the major advantages of Optical Flow PIV (Particle Image Velocimetry) algorithms over Cross-Correlation
PIV is their scalability leading to potentially very high computational speeds. This is confirmed in this study using
different GPUs (Graphics Processor Unit) and different image sizes. The other advantage is the possibility of obtaining
dense velocity fields of up to one vector per pixel. It is well known that particle seeding plays a crucial role in the
results of standard particle image velocimetry based on cross-correlation algorithms. Its influence on the quality of
the optical flow algorithm is not as well established. In this article the influence of particle concentration is quantified
by introducing a criterion taking into account the proportion of “active” pixels in a snapshot. It is shown that it
is possible to optimize particle concentration to maximize the percentage of active pixels, leading to better spatial
resolution, down to one vector per pixel. The principle is validated on a vortex-free flow and applied to the complex

3D flow downstream a backward-facing step.

1. Introduction

Particle image velocimetry (PIV) is a non-intrusive technique which allows the measurement of
the two components (2C) of a velocity field in a plane (2D) defined by a sheet of laser light pass-
ing through a flow of fluid seeded with reflective particles (?). The basic principle consists of
calculating the movement of particles between two successive snapshots using, in standard PIV
post-processing, an FFT (Fast Fourier Transform) cross-correlation (CC) algorithm. CC-PIV is the
standard algorithm currently used in most experiments, although it is very time-consuming, com-
putationally demanding, and limited in terms of spatial resolution or real-time measurements. To
optimize the quality of the velocity fields, it is important to choose the right experimental parame-
ters adapted to the CC algorithms, such as the time between two snapshots, leading to a maximum
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displacement of a few particles inside the interrogation windows (IW), which is a key element for
the spatial resolution of the PIV field (K&hler et al., 2012). However, the optimal parameters for a
CC algorithm may not be the same as those for other types of algorithms, such as optical flow (OF).
Indeed, OF-PIV offers a different approach. Coming from the machine vision community, optical
flow can be understood as the apparent speeds of changing intensity patterns in a scene (Gibson,
1950). The general idea of estimating displacements from intensity changes is based on the as-
sumption that intensity levels remain constant between successive images and that displacements
are assumed to be small, of the order of 1 pixel.

However, determining displacement vectors from intensity variations is an under-constrained
problem. This problem was solved mainly in two ways. Either a fineness constraint is imposed
on the system (Horn-Schunck) (Horn & Schunck, 1981) which renders a global solution, or the dis-
placements in the vicinity of a kernel centered on the pixels are considered very close to each other
(Lukas - Kanade) (Lucas & Kanade, 1981). Later, the Lukas-Kanade OF algorithm was modified,
adding it to an iterative scheme (Folki) (Besnerais & Champagnat, 2005) and then adapted to per-
form PIV calculations (Champagnat et al., 2011). One of the considerable advantages of FOLKI PIV
is the ability to parallelize the algorithm to run efficiently on GPU (Plyer et al., 2016) and has even
been optimized to run in real time (Gautier & Aider, 2013b) at the point to be used as a sensor in
closed-loop flow control experiments (Gautier & Aider, 2013a, 2015). In addition to the significant
gain in calculation time, OF-PIV also leads to dense velocity fields, up to 1 vector per pixel, giving
access to smaller scales in the turbulent spectrum (Giannopoulos et al., 2022).

Over the last few years, the entire acquisition chain (Laser, camera, computer, algorithm) for Real-
Time PIV measurement has been optimized. It leads to a high-resolution, high-frequency real-time
optical flow PIV (RT-OFPIV) system. The ability to run RT-OFPIV has made possible almost un-
limited observations, analysis, or recordings of large-scale instantaneous quantities derived from
PIV fields. This also leads to new experimental challenges. For example, various studies and opti-
mizations have been carried out to enhance the experimental conditions, the selection of algorithm
parameters or the selection of appropriate equipment.

In the present study, we focus on the influence of seeding, and more precisely of particle concentra-
tion, on the spatial resolution of instantaneous PIV fields measured in real time. In the first part we
will present the experimental setup and the performance of RT-OFPIV for both online and offline
computations. We will then present a parametric study on a uniform and vortex-free flow to show
the influence of seeding on the quality of the velocity fields. Finally, we will show on massively
separated flows (Backward-Facing Step flow) how the improvement of the seeding allows a better
resolution of the different coherent structures.
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2. Experimental setup
2.1. Hydrodynamic channel

Experiments have been carried out in a hydrodynamic channel in which the flow is driven by
gravity using a constant level water tank to ensure a pressure differential of P = 0:3 bar (Fig. 1a).

The maximum free-stream velocity U3 = 22 cm:s ! leads to a maximum Reynolds number based

Ush
on the step height h of Rey, = —— 3300 for a water temperature of 21 C ( being the kinematic

viscosity).

The flow is stabilized by divergent and convergent sections separated by honeycombs (Fig. 1b),
leading to a turbulence intensity lower than 1 %. A NACA 0020 profile is used to smoothly start
a Blasius boundary layer over the flat plate, upstream of the BFS (Fig. 2). The test section is 80 cm

long with a rectangular cross-section w = 15 cm wide and H = 7 cm high. The height of the step

H
his 1:5 cm leading to a vertical expansion ratio of Ay = O+h - 0:82.

2.2. Acquisition system

To perform the PIV measurements, the water was seeded with light-reflecting polyamide mi-
croparticles 20 m in diameter. The flow was ignited by a laser sheet generated by a laser beam
(Coherent continuous Nd:Yag laser with a wavelength of 532 nm) passing through a cylindrical
Powell lens and operating at an output power of 2 Watts. Two positions for the horizontal laser
sheets were used: one upstream of the BES, in the freestream vortex-free region and the other just
downstream of the BFS, near the bottom wall (Fig. 2).

To record snapshot images of the flow, a Mikrotron 21CXP12 camera was used. It can record
21 Mpx images with an acquisition frequency of up to 240 Hz.

A dedicated and personalized computer was designed and built to optimize its performance for
real-time acquisition. The system is based on an AMD Ryzen Threadripper PRO 3955WX proces-
sor with 16 cores operating at a frequency of 3.90 GHz for 128 GB of RAM. Two powerful latest
generation GPUs (RTX4090) are supported on a custom open chassis that allows better access and
easier connection/removal of the new GPUs (Fig. 3).

3. Real-Time Optical Flow PIV

The optical flow algorithm is based on the assumption of intensity conservation between images
as defined in Eq. 1):
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Figure 1. a) Sketch of the hydrodynamic channel. The flow is driven by gravity and stabilized using honeycombs
upstream of the test section Cambonie (2012). b) 3D Sketch of test section which contains a flat plate allowing the
growth of a boundary layer upstream of a BFS Gautier (2014).

ri(xy;t)=0 (1)

where 1 (X;y; 1) is the intensity measured by each pixel over time t.

By using this hypothesis and a restrictive condition it is possible to estimate the movement of the
flow between two successive snapshots. The constraint imposed by the Lucas & Kanade (1981)
method is to assume that neighboring pixels will behave in a similar way. This is the reason why
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