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Figure 1: (Left): The Giant Von Karman facility. (Middle) : 4D-PTV measurements : particle trajectories, color coded by 
their velocities, measured at the center of a Von Karman flow. (Right) : Identification of particles in highly dense image  
Viscous flows are ubiquitous in nature and impact many areas of physics, engineering sciences, 
astrophysics, geophysics, or aeronautics. If you stir strongly enough a viscous flow, it becomes 
turbulent and displays vortices and coherent structures of various sizes. Typical sizes and 
organization of such structures can be described by a power-law energy spectrum characteristic of 
a scale-to-scale energy transfer, by which all the energy injected at large scale is transferred and 
dissipated at small scale. 
  
The typical scale for energy dissipation is called the Kolmogorov scale 𝜂𝜂 and marks the transition 
between the power law behavior and a steep exponential decay in the wavenumber range. 
Therefore, scales smaller than 𝜂𝜂 contains a negligible fraction of the kinetic energy. Because of 
that, it is often thought that scales below 𝜂𝜂 are irrelevant and that “nothing interesting is happening 
below 𝜂𝜂”. For a long time, a direct numerical simulation of a viscous fluid was thought to be “well 
resolved” if its minimal grid spacing is 𝜂𝜂. Recent theoretical and experimental advances however 
suggest that many interesting phenomena do happen below 𝜂𝜂 [1] and this may impact the validity 
of Navier-Stokes equations (NSE) as model for the dynamics of industrial, geophysical or 
astrophysical fluids. 
  
Indeed, below 𝜂𝜂 energy fluxes can still happen and could create a non-viscous dissipation totally 
independent of the fluid viscosity. This would constitute genuine dissipative singularities which 
existence could be the origin of the well-known dissipative anomaly in turbulent flows. Existence of 
dissipative NSE singularities may have profound implications on the validity of NSE as a model of 
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fluid, as differentiability is lost at this point. Furthermore, following [2,3] and confirmed by numerical 
simulations [4], thermal noise from the molecular agitation of the fluid could compete with 
macroscopic motions at scales below 𝜂𝜂. More generally, we may think that the whole structure of 
small-scale turbulence is affected by thermal fluctuations that may impact or impede the 
development of quasi-singularities. 
  
In the BANG project funded by the French National Research Agency, we explore the validity of 
the Navier-Stokes equation as a fluid model by studying the phenomena occurring below the 
Kolmogorov scale, using multi-scale tools and advanced visualization techniques, ie 4D Particle 
Tracking Velocimetry (4D-PTV), in a dedicated large turbulent experiment called Giant Von Karman 
(GVK) built at CEA (see Figure 1). By the sheer size of the experiment, it is perfectly tailored for 
the exploration of small scales, as the Kolmogorov scale is of the order of 1 mm. To access small 
scales, we plan to carry out several 4D-PTV measurement campaigns in GVK, using high particle 
densities as well as unconventional optical conditions with telecentric lenses allowing for a large 
magnification. Under such optical conditions, the most difficult step 4D-PTV algorithms have to face 
resides in the image particle detection. Identifying particles in dense images is indeed the 
cornerstone of the 4D-PTV method.  It is a challenging chicken-and-egg problem, where 
overlapping particle images generate biased particle localizations, missed particles and false 
positives (also known as “ghost particles”). As seeking for smaller turbulent scales can be done by 
increasing the particle density, this particle image overlapping is thus identified as one of the main 
challenges that has to be tackled in the perspective of breaking the Kolmogorov barrier. 
 
The goal of the thesis is (i) to conduct a GVK campaign using conventional optics focusing on high 
image particle density and to participate to a second GVK campaign with telecentric optics at large 
magnification, (ii) to upgrade the image processing tools for particle detection and localization 
operating at the target particle densities and (iii) using the Eulerian and Lagrangian multi-scale 
tools developed at CEA [1,12,13], to probe the turbulence, by tracking and studying signatures of 
singularities and thermal noise below the Kolmogorov barrier.  
 
For the image processing part of the PhD, a baseline processing based on [5] suite will be available 
at the beginning of the PhD project. Two different tracks may be followed for the improvement of 
this baseline. First, previous work from CEA and ONERA  show that particle overlapping can be 
handled on a single image basis at densities thought to be unachievable [6,7]. Conversely, the 
work of [8] takes advantage of multiview redundancy to yield 3D localization robust to overlapping 
during the triangulation process. These ideas could be improved and simplified using the kernel 
techniques proposed in [9]. The success of such approaches critically depends on an accurate 
modeling of particle image formation in the optical system obtained through a dedicated calibration 
procedure. Such a calibration will be developed based on already available geometrical calibration 
tools developed by the ONERA team together with diagnosis tools [10,11]. Furthermore, to better 
understand how those new methods [6,7] work when dealing with real experimental images, a 
dedicated experiment will be carried out at Laboratoire de Mécanique des Fluides de Lille (LMFL) 
in water and/or in air using two cameras with different magnifications: a high magnification camera 
will act as a reference to compare the results of the detection methods that are applied on the 
second camera with smaller magnification.  
 
Once the velocity fields are obtained, the aim of the PhD is to detect quasi-singularities using the 
three components of velocity at different resolutions. For this, we will use the multi-scale tools 
developed during the ANR EXPLOIT, that are based on local energy transfers [1,12,13]. Building 
on previous results obtained at CEA, the PhD student will investigate two main questions. Q1 : 
what is the influence of scale on the quasi singularities? Q2 : what is the effect of Reynolds number 
on the quasi-singularities? Regarding Q1, we will compare results previously obtained at Re=6300 
and resolution Dx= 1.8𝜂𝜂 in our small experiment, with results obtained in GVK at the same Reynolds 
number, but with 5 times to 10 times better resolution. Regarding Q2, we will compare results 
previously obtained at Re=6300 and resolution  Dx= 1.8𝜂𝜂 in our small experiment, with results 
obtained in GVK at same resolution but with Reynolds number 5 to 25 times larger in GVK. Both 
statistics and dynamics will be explored, from Eulerian and Lagrangian point of view. Once we have 
performed our analysis, we should have an unpreceded knowledge about the singularities, their 
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universality, and their dynamics. This will help us provide clues about unsolved questions in 
turbulence such as links between quasi-singularities and dissipation, or intermittency.  
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