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ABSTRACT
In the study of fluid turbulence, the Lagrangian frame of reference represents the most appropriate methodology for investigating transport
and mixing. This necessitates the tracking of particles advected by the flow over space and time at high resolution. In the past, the purely spa-
tial counterpart, the Eulerian frame of reference, has been the subject of extensive investigation utilizing hot wire anemometry that employs
Taylor’s frozen flow hypotheses. Measurements were reported for Taylor scale Reynolds number Rλ > 104 in atmospheric flows, which rep-
resent the highest strength of turbulence observed on Earth. The inherent difficulties in accurately tracking particles in turbulent flows have
thus far constrained Lagrangian measurements to Taylor scale Reynolds numbers up to approximately Rλ = 103. This study presents the
Lagrangian particle tracking setup in the Max Planck Variable Density Turbulence Tunnel (VDTT), where Taylor scale Reynolds numbers
between 100 and 6000 can be reached. It provides a comprehensive account of the imaging setup within the pressurized facility, the laser
illumination, the particles used, and the particle seeding mechanism employed, as well as a detailed description of the experimental proce-
dure. The suitability of KOBO Cellulobeads D-10 particles as tracers within the VDTT is illustrated. The results demonstrate that there is no
significant charge exhibited by the particles and that the impact of their inertia on the results is negligible across a wide range of experimental
conditions. Typical data are presented, and the challenges and constraints of the experimental approach are discussed in detail.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0211508

I. INTRODUCTION

Turbulence can be described both in the stationary Eulerian
reference frame, i.e., by studying snapshots of vector fields, or in
the co-moving Lagrangian reference frame of a material element.1
While measurements in the Eulerian frame of reference have been
performed routinely since the early 1900s,2 Lagrangian measure-
ments at very high turbulence levels remain the utmost challenge.
The turbulence level is best compared across experiments by the
Taylor-scale Reynolds number (Rλ = uλ/ν), where u is the stan-
dard deviation of the velocity, λ is the Taylor microscale, and ν is
the kinematic viscosity of the fluid. Reynolds numbers Rλ > 5000
have been reported both in laboratory experiments3–6 and in the
atmosphere,7,8 but measurements were restricted to (mostly one-
dimensional) Eulerian quantities. In the atmosphere, large-scale
particle tracking has been performed (e.g., Ref. 9), but the particles
were about 25× larger than the smallest flow scales and, therefore,

too large to perform fundamental studies on turbulent flows. Bertens
et al.10 studied the motion of cloud droplets of varying size at
Rλ ∼ 3000. In the laboratory, setups without a mean flow are pre-
ferred for fundamental Lagrangian studies since they allow particles
to remain in view for a long time. Particularly large turbulence levels
of Rλ ≈ 1000 have been achieved using the von-Kármán-setup of two
counter-rotating disks inside a water tank by Mordant et al.11 and
Ouellette et al.12 Saw et al.13 reached Rλ = 660 in an air-filled wind
tunnel with an active grid to study the clustering of inertial particles.
Laboratory setups studying Lagrangian turbulence at Rλ exceeding
1000 or adequate atmospheric studies are not known to the authors.
Large Reynolds numbers are desirable because they are known to
reveal universal properties of turbulent flows that are obscured by
viscous effects at lower Reynolds numbers. In the Lagrangian ref-
erence frame, viscous effects diminish slower with increasing Rλ,
making large Reynolds numbers even more relevant than in the
Eulerian reference frame.14
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Within the Eulerian perspective, for 3D incompressible fluid
turbulence, the statistics of turbulent velocity fluctuations can be
understood by the transfer of kinetic energy from large to small
spatial scales with a rate ε (power per unit mass). At the small
spatial scales, this energy is dissipated into heat. ε is called the
energy dissipation rate. The largest flow length- and time scales
(L and TL, respectively) are given by the energy injection mecha-
nism, whereas the fluid viscosity ν determines the dynamics at the
viscous energy dissipating (Kolmogorov) scales η and τη, respec-
tively. In the Lagrangian frame, even for a Taylor-scale Reynolds
number Rλ = 2000, which is considered large for the Eulerian frame,
the separation in temporal scales is only TL/τη ≈ 300. Therefore, to
this date there is little knowledge on Lagrangian properties of fully
developed turbulence in experiments and idealized numerical simu-
lations, with the most significant one being acceleration statistics of
Lagrangian tracers.15

Lagrangian measurements rest on the tracking of small parti-
cles chosen to follow the fluid material elements as passive tracers.
From these tracks, the local flow velocity u and acceleration a can
be inferred. The particles’ ability to respond to a given change in the
fluid motion is given by their response time,16–18

τp =
1

18
d2 (ρP − ρF)

νFρF
, (1)

where d is the particle diameter, ρP and ρF the particle- and fluid den-
sities, respectively, and νF is the kinematic viscosity of the fluid. This
response time is compared to the viscous time scale τη to yield the
Stokes number St = τp/τη, which characterizes the particles’ ability
to follow a given turbulent flow. In order to relate the particles’ veloc-
ity and acceleration to those of the flow, the particle size should fur-
thermore not significantly exceed the viscous (Kolmogorov) length
scale of the turbulence.17

Common tracer particles for water flows include polystyrene
particles.16,17 In gaseous flows, droplets of vegetable oil or
glycol–water solutions, particularly small solid particles of TiO2,19

and helium-filled soap bubbles have been options. The latter are
relatively large and, therefore, easy to visualize, while the helium
reduces their mean density close to that of air. Particles can also be
“designed” to allow for local measurements of flow quantities, such
as vorticity20 or the entire velocity gradient tensor.21

In flow diagnostics, particles are typically illuminated using
high-intensity pulsed laser beams, such that even particles with a
very small surface area scatter enough light to be detected by com-
mercial cameras. Note that choosing very small particles to obtain a
fast particle response time τp reduces the amount of scattered light
and increases the illumination requirements. It is thus advantageous
to optimize ρP − ρF in Eq. (1), e.g., by using larger but lighter par-
ticles (with the associated small Stokes number). Particles should
not be larger than the Kolmogorov scale η of the turbulence, as they
should not average the flow due to their size. Recently, light-emitting
diode arrays have been assembled to deliver less hazardous illumi-
nation at reduced costs.22,23 Another alternative is fluorescent24 or
phosphorescent25 particles, which can reduce the demands on the
light source intensity at the expense of a very limited selection of
particles.

The imaging device is the central limiting factor in any par-
ticle tracking setup, which must first and foremost be fast enough

in terms of Kolmogorov times (>10 frames/τη).17,26 The relatively
small amount of light scattered by a single particle furthermore
demands a very sensitive sensor. The optical elements must then be
chosen such that a single particle image (particle projection and opti-
cal aberrations) spans at least two pixels to achieve sub-pixel posi-
tioning precision.26,27 The first 3D-optical measurements of fully
developed Lagrangian turbulence at high Reynolds numbers were
recorded on silicon-strip detectors from high-energy physics.16,17,28

While CCD camera sensors permit Lagrangian particle tracking only
at moderate Reynolds numbers,29 the large number of readout chan-
nels on CMOS sensors enable frame rates of up to 25 Gpx/s in
commercial high-speed cameras.30,31 It is important to note that for
3D measurements, three to four cameras are needed for stereoscopic
imaging.26,29,32 The rapid permanent storage of this massive stream
of data is time-consuming in practice and a field of active indus-
trial development efforts. An alternative to the conventional imaging
of particle tracks is digital holography.33 This has the advantage of
requiring only one camera while allowing for larger particle densities
and particle sizing.

To obtain long particle tracks, it is advantageous to remove any
mean motion of the particles across the limited field of view. Hence,
most Lagrangian experiments are performed in flows without a
mean flow, such as von-Kármán mixers16,26,34 or specially designed
turbulence generators.35,36 In wind- and water tunnels, the camera
and illumination systems are placed on carriages that move at the
mean flow speed,37 or the length of the particle tracks is sacrificed in
simpler stationary setups.38

A wide range of software packages have been developed that
allow the frame-by-frame tracking of imaged particles and the sub-
sequent transformation of two-dimensional pixel coordinates to
three-dimensional “world” coordinates. The conventional method is
to employ a predictor-corrector scheme26,30,39,40 and a triangulation
based on the simple pinhole camera model.41 The recent shake-the-
box algorithm42 allows much larger particle densities on the images,
makes particle identification more efficient, and performs better
overall. Recently, an open source code based on the shake-the-box
algorithm has been made available.43 For a recent review of particle
tracking schemes, we refer the reader to Schröder and Schanz.32

At large Reynolds numbers, Lagrangian fluctuations occur over
a wide range of time scales. Small particles move vigorously on
small time scales, while the tracks remain statistically correlated
for long times. Capturing these rich motions by imaging is chal-
lenging because small particles need to be followed over long times
and potentially long distances while measuring their spatiotemporal
location at high resolution.

This article presents a solution to the aforementioned prob-
lem in the form of a stationary Lagrangian particle tracking system
in a high-pressure, active-grid driven wind tunnel flow. Specifi-
cally, it considers the Variable Density Turbulence Tunnel (VDTT),
which employs compressed gaseous SF6.3 First, the most signif-
icant features and modifications of the VDTT are given, and a
critical analysis of the advantages and disadvantages of SF6 as a
working fluid is presented. Subsequently, the article describes the
KOBO Cellulobeads D-10 particles selected for use and the disper-
sion mechanism employed. It then explains the laser illumination
and camera setup, as well as the particle tracking code developed
in-house and the initial measurements taken to demonstrate the
successful operation of the experiment. Finally, it examines the
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overall capabilities of the setup. It is shown that particle charge, while
present, is negligible and that particle inertia is sufficiently small to
allow faithful fluid element tracking. Exemplary measurements of
the Lagrangian second order structure function and of acceleration
statistics are presented.

II. PARTICLE TRACKING IN THE MAX-PLANCK
VARIABLE DENSITY TURBULENCE TUNNEL

Generating large Reynolds numbers in approximately statisti-
cally homogeneous and isotropic laboratory flows has challenged
the scientific community for decades (see above). The Göttingen
Max-Planck Variable Density Turbulence Tunnel (VDTT) solves
this problem in a particularly flexible manner. It has been described
in detail in Bodenschatz et al.,3 where complete specifications can be
found. Here only a brief introduction is given; so far, it is important
for the work presented here. The VDTT uses the heavy gas SF6 at
pressures up to 15 bar, thereby increasing the density ρ while keeping
the dynamic viscosity of the gas unaltered. Therefore, the kinematic
viscosity ν = μ/ρ is very small, and since Rλ ∼ 1/ν, the Reynolds
numbers can be made large by increasing the pressure, i.e., the den-
sity of the gas. Please note that SF6 is non-corrosive and non-toxic
but is a strong greenhouse gas, and emissions into the atmosphere
must be kept at a bare minimum.

The VDTT is a closed-loop wind tunnel and reaches mean flow
speeds between 0.5 and 5.5 m/s. The measurement section is shown
schematically in Fig. 1. The flow enters the measurement section
through an active grid with individually controlled winglets.44,45 A
schematic of the active grid is shown in Fig. 2.

This active grid is more flexible than traditional passive grids of
rigid bars and allows us to reach about 5× higher Reynolds num-
bers than a passive grid.46 It consists of 111 motorized winglets
(11 × 11 cm2), whose angle with respect to the mean flow can be
individually adjusted over 180○ at a speed of up to 40○ per 0.1 s. By
correlating these angles in space and time, the blockage of the tun-
nel cross section can be controlled locally and dynamically. It has
been shown that this type of active grid can generate correlated fluid
structures of variable size44 while maintaining an adequate shear-
free central region.47 This homogeneous region can be expanded by
systematically reducing the active grid blockage of the active grid
flaps close to the wall. Most importantly, the active grid allows for
a fine control of the length scale where turbulent kinetic energy is
injected into the flow and thereby the Reynolds number. It needs
to be emphasized here that the variable density aspect of the wind
tunnel allows us to adjust the Reynolds number not only by adjust-
ing the energy injection scale or the fluctuating velocity but also by
adjusting the pressure and thereby the kinematic viscosity.

In terms of measurement flexibility, this allows for detailed
investigations of finite-resolution effects since the same Reynolds
number can be reached by adjusting mean flow speed, active grid
protocol, and kinematic viscosity.45,47,48 Bringing together control
over the smallest length scales through density (i.e., pressure) and
control over the largest scales through the active grid results in
the aforementioned parameter flexibility and large yet unsurpassed
Reynolds numbers at low mean flow speeds, which are ideal for
particle tracking measurements.3

It has been shown49 that the turbulent kinetic energy decays
downstream of the active grid, while its integral length scale defined
as L = ∫ ⟨u(x) ⋅ u(x + r)⟩dr remains approximately constant. This

FIG. 1. Schematic of the measurement section of the wind tunnel. The active grid and particle dispenser were located at the left of the tunnel’s bottom cover, and the flow
was from left to right. Green laser light from a Yb:YLF-laser was guided toward an optics box through an optical fiber. The diverging beam was collimated and expanded
through lenses. It entered the tunnel as an ∼3.5 cm wide beam with minimal divergence. The beam was guided toward the opposite end of the measurement section,
where an arrangement of three mirrors formed an “X” with the measurement volume in its joint. The cameras resided below the measurement section floor and observed the
measurement volume through optical windows. The particle tracking measurement volume was located 7 m downstream of the active grid, 54–58 cm above the floor, and in
the center of the 1.5 m wide measurement section. An 8 cm wide traverse was located ∼1.3 m downstream of the measurement volumes, with hot wires protruding about
20 cm for highly resolved stream-wise velocity measurements.
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FIG. 2. Active grid and particle dispersion. An external SF6 supply (3–5 bar above facility pressure) was connected to the particle reservoir, where the gas flow collected
particles. The reservoir was pressurized upon opening valve 1 (located outside the wind tunnel), and the gas flow was started by opening valve 2. The particles were released
through a 0.5 mm aperture nozzle. The particles traveled ∼2 m inside the pipes. The flaps had a side length of 0.11 m for reference of scale.

indicates that the turbulence decay is influenced by the finite size of
the measurement section.

The VDTT challenges flow measurements: the viscous length-
and time scales are small, i.e., η > 10 μm and τη > 0.1 ms, respec-
tively. Therefore, small particles with a fast response time are
required (see below). Consequently, the camera tracking system
must have high frame rates and, in addition, must have high spa-
tial resolution. At the same time, the illumination must be suffi-
ciently bright for particles to be imaged at the small exposure times
required. Furthermore, the refractive index n of SF6 changes sen-
sitively with pressure and temperature.50 For example, an increase
in pressure from 10 to 11 bar changes n by 0.008 in SF6, but by only
0.0003 in air.51 In SF6 at 10 bars, a temperature change of 1 K leads to
a change in the refractive index of SF6 comparable to that of a 200 K
increase in air at standard pressure. Hence, the line-of-sight of the
cameras cannot contain large temperature gradients, and all focal
lengths must be remote-controllable to account for changes in the
facility pressure. The camera calibration must equally be based on
a remote-controlled system that can be brought into and removed
from the camera’s field of view. All these challenges were met in the
experiments presented here and are discussed in detail below.

III. PARTICLES AND THEIR DISPERSION
We measured the turbulent flow with KOBO Cellulobeads

D-10 as tracers. These are cellulose particles and typically serve as

a primary product for the cosmetics industry, where they are used
to diffusely scatter light. They have been designed to be biologically
degradable and, therefore, pose only minimal health risks. This is in
contrast to other solid particles used to seed turbulent flows, such
as hollow glass spheres, TiO2, or polystyrene particles. Cellulobeads
are flammable and in the air can lead to dust explosions. In an
SF6 atmosphere, this is not an issue since the gas is inert.

In order for the particles to be faithful tracers of fluid elements,
the Stokes number St = τp/τη must be small. We now detail the
methods we used to estimate St. The particle radius a is straight-
forward to measure using microscopic images of single particles as
described below. The fluid density and viscosity are well known.52

To calculate the particle response time τp, the particle density must
be measured. For this, we repurpose a TSI Aerodynamic Parti-
cle Sizer Model 3321 (APS), which directly measures the particle
response time through a time-of-flight technique and infers the par-
ticle diameter from a pre-defined particle density. The aerodynamic
particle size is then given by53

dae = 2a
√

F
ρp

ρRef
, (2)

where ρRef is a device-specific reference density and F is a shape fac-
tor taking into account differences in fluid response for different
particle shapes. Since the KOBO Cellulobeads D-10 were spherical,
their shape factors are taken as F = 1. Comparing the APS output
diameter with the geometric diameter 2a yielded a measure for the
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particle density. Figure 3(b) shows a distribution of the particle den-
sity calculated in this way. The grayed-out part of the plot is likely
due to contamination from a previous experiment. The relevant part
shows a relatively wide distribution of particle densities, from which
we estimated ρp = (730 ± 250) kg/m3. This density is half the nom-
inal density of cellulose,54 indicating that the particles contained
voids.

In combination, the measurements of a and ρp allow for an
estimate of the Stokes numbers to be expected for different flow
parameter settings. Figure 3(c) shows the Stokes number for differ-
ent values of the facility pressure and the turbulence dissipation rate.
Only at small pressures or dissipation rates was the Stokes num-
ber below 0.1. The flexibility of the VDTT allowed us to change
the Stokes number while keeping the Reynolds number constant.
This is illustrated in Fig. 2(d), where we show the parameter space
of St and Rλ spanned by the facility when using Cellulobeads
D-10 particles as tracers. By using larger Cellulobeads, an even wider
range of Stokes numbers could be investigated. This was not con-
ducted here, as the aim of this investigation is to study passive
tracers. Using smaller Cellulobeads would be advantageous in terms
of small Stokes numbers, but this would require an even more pow-
erful lighting system. As in this experiment, we already used a 300 W
high repetition laser; brighter light sources were not available to us
(see also below).

The particles were injected into the wind tunnel flow using an
in-house particle dispenser depicted in Fig. 2. It consisted of a reser-
voir (blue) and a smaller cavity (green) connected to an external SF6
supply and a nozzle through flexible metallic pipes. For each experi-
ment, a portion of the particles fell into the cavity and were washed
away by a flow of SF6 toward the nozzle, where the fluid shear forces
broke up agglomerates to form a cloud of mostly mono-disperse par-
ticles (see Fig. 3). The number of particles within the cavity could
not be controlled precisely, which caused most of the variation in
the seeding density apart from the wind tunnel turbulence itself.

The SF6 supply was a conventional gas bottle with a pres-
sure regulator. The pressure regulator was set to 2–5 bar above the
tunnel’s pressure, which is one means of influencing the seeding
density in the measurement volume. Since the particle dispenser
itself was not free of leaks, the gas supply was interrupted between
experiments through a magnetically actuated valve. A second mag-
netically actuated valve at the outlet of the dispenser controlled the
flow of SF6 and with it the subsequent release of particles through
the nozzle. The opening time was used as the second means of
controlling the seeding density. The nozzle was a 1.2 mm Laval
nozzle removed from a commercial airbrush. All parts of the par-
ticle dispenser were carefully electrically grounded, and the ground
connection is verified whenever the setup is adjusted.

The ejection nozzle was placed between flaps of the active
grid 15 cm left of the measurement section centerline at the

FIG. 3. (a) Probability distribution of particle sizes determined from microscopic images of settled particles. Colors indicate expected values for clusters of one (green), two
(blue), or three (red) particles. The mean particle diameter in the green sector is (11.7 ± 0.1) μm. (b) Histogram of the particle density estimated from the particle response
time to a calibrated fluid acceleration. The peak around 2.5 μm is likely a residual from a previous experiment. From this distribution, we estimate the effective particle density
and its error as ρp = 730 kg/m3. (c) Estimate of the Stokes number using the values of particle diameter and density along with known fluid and turbulence properties.
(d) Range of Stokes numbers obtainable at given Rλ. St < 0.1 can only be reached for Rλ < 3000.
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upstream end of the measurement section. The nozzle pointed about
40○ upward. This ensured that the seeded portion of the flow
was dominated by the approximately homogeneous and isotropic
active grid turbulence instead of the jet ejecting the particles. It
furthermore homogenized the seeding density.

Within the reservoir, two metallic cones (yellow) were con-
nected to a stepper motor, which moved them vertically. This mech-
anism allowed for remote declogging of the device, but its usage was
very rarely required, likely due to the frequent short flows of SF6. We
achieved seeding densities of up to 130 particles/cm3 and ejected an
estimated 0.1 ml of particles per recorded video.

We verified that the particle dispenser released predominantly
single particles. For this, we had placed a microscope slide on the
floor of the measurement section during experiments. The ejected
particles settled onto this slide, and their size distribution was mea-
sured using microscopic images and ImageJ-based particle sizing.
Figure 3(a) shows that predominantly single particles with a narrow
size distribution were ejected.

Pneumatic conveyance as was implemented here is known to
electrostatically charge the conveyed particles. To assess the effect of
the electrical charge of the particles on the flow measurement, we
followed two approaches: First, we measured the radial distribution
function (RDF) of the particles, i.e., the relative probability of finding
a particle a distance r away from another. The RDF of electrostati-
cally repelling particles in a turbulent flow differs from the RDF of
uncharged particles56,57 for distances r where the electrostatic forces
exceed the fluid forces. Second, we calculated the vectorial differ-
ence between the accelerations of two adjacent particles δa = a1 − a2
separated by δr = r1 − r2. If their interaction was predominantly of
electrostatic nature, δa and δr were (anti)parallel.

We have performed the above-mentioned analysis on every
25th frame of the dataset that shows the smallest mean accelera-
tion values and is thus most likely to show charge biases. Increasing
the number of frames did not qualitatively change the results.
Figure 4(a) shows histograms of the angle between δa and δr.

For large inter-particle distances, we observed a clear preference
for a perpendicular alignment between δa and δr (as expected for
fluid forces), whereas a parallel alignment (expected for electrostatic
interactions) did not occur. At inter-particle distances of <180 μm,
the probability distribution functions (PDFs) were shifted toward
larger angles, indicating that the particles accelerate away from each
other. This is corroborated by Fig. 4(b), where we calculated the
mean magnitude of the particle acceleration projected onto their
separation line r. While this value is expected to increase toward
smaller separations in turbulent flows with uncharged particles,55

there is no reason for the repulsive interactions to be more pro-
nounced than the attractive ones at those small and isotropic scales.
We interpret the mismatch as the result of charges on the particles,
which allows us to obtain a rough estimate of the electrostatic force
between them. The inset in Fig. 4(b) shows this difference and a fit
of C/r2. By applying Coulomb’s law, we obtain an estimate for the
charge on each particle (∼104 elementary charges) from C.

The presence of charge effects at close distances is also seen
in the radial distribution function (RDF). Figure 12 shows that
going from larger to smaller increments, the RDF begins to decrease
around 60 μm, which indicates the presence of a unipolar charge.56,58

Following Chun et al.,58 we can estimate the charge on the parti-
cles from the position of the peak around 60 μm. We arrived at
104 elementary charges in good agreement with the estimate pre-
sented earlier. This might, however, be an overestimate of the electric
charge since it has been shown59–61 that large-scale motions might
lead to straining that appears as a decay in the radial distribution
function.

IV. ILLUMINATION
The illumination of the particles was provided by a frequency-

doubled TruMicro 7240 Yb:YAG laser (TRUMPF Laser GmbH,
Schramberg, Germany) with a wavelength of 515 nm and a maxi-
mum energy of 7.5 mJ per pulse. It released pulses of 300 ns duration

FIG. 4. (a) PDFs of the angle between the line of separation of two particles and the net acceleration (i.e., interaction force) between them. Parallel (antiparallel) alignment
indicates an attractive (repulsive) interaction, whereas a perpendicular alignment is typical for an incompressible fluid. (b) Acceleration component along the line of separation
of two particles. When the component is negative (positive), the interaction is seen as repulsive (attractive). The solid black line is a fit55 ∼1/r . Inset: Difference between
parallel (attractive) and antiparallel (repulsive) acceleration components. Due to the isotropy of small scales <10η, we interpret this difference as a result of the effective
electrostatic forces. The dashed line is a fit ∼1/r2 from which we estimate the charge on the particles.
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at 20–100 kHz, yielding a maximum power of 300 W. The laser is
commonly used for precision-welding applications but was also used
in the research context to illuminate cloud droplets.10 It featured a
low-power alignment laser (Class 2, 630–680 nm), which made the
alignment of optics in the open experimental hall and inside the tun-
nel safe. The high-power Yb:YAG laser was only operated when the
tunnel manholes were closed and secured from operation otherwise
through adequate procedures for laser safety.

The laser beam was guided through a 30 m long optical fiber
(LLK-D06, 100 mm mrad, TRUMPF Laser GmbH) into a light-
sealed box. The box enclosure contained a custom mount for the
optical fiber connector on one side and a round hole on the opposite,
tunnel-facing side. The bottom of the box consisted of an opti-
cal breadboard. The box was mounted flush on the optical access
flange of the wind tunnel, and the remaining gaps were covered
with laser safety fabric. Its support structures were fixed to the facil-
ity walls, such that the relative motion between the laser beam and
the wind tunnel was minimized. The beam left the fiber at a diver-
gence angle of (73 ± 4)mrad. We used a single collimating lens and
a beam-expander to generate an almost parallel, ∼4 cm wide beam.
The remaining divergence angle was so small that no further beam-
shaping optics were needed despite the ∼12.5 m long beam path.
This meant a substantial simplification of the optical setup since the
focal length of optics within the wind tunnel depends on the facility
pressure.

The beam entered the tunnel through a pressure sealed window
(Typ 76, METAGLAS GmbH). The window was protected by a ball
valve, which automatically closes in case the window would break
and an outflow would ensue. In this case, the laser safety circuit was
automatically triggered, preventing the laser from shining into the
closed ball valve. The beam entered at an angle such that the fraction
of light reflected from the uncoated, thick window was not focused
back into the fiber.

Inside the tunnel, the beam was not enclosed further. The beam
path within the facility is illustrated in Fig. 1. It first crossed the
measurement section perpendicular to the flow direction toward
a mirror. Its kinematic mount (AC-8823, Newport Optics) can be
remotely adjusted by ±3.5○ from outside the facility, which was the
only means of adjusting the beam path once the wind tunnel was
pressurized. The beam was directed onto a 2-in. mirror fixed onto
the tunnel floor using conventional lens posts. A 3D-printed aero-
dynamic housing had been manufactured for this mirror to reduce
the flow disturbance, prevent misalignment by the flow, and reduce
the cover of particles.

The beam was then directed toward the imaging setup ∼6.5 m
downstream of the beam entry into the tunnel. Starting from the
wind tunnel ceiling, an arrangement of fixed-angle mirrors guides
the beam such that it forms an “X” parallel to the wind-tunnel cross
section (see Figs. 1 and 5). The intersection of the “X” is a double-
cone with a maximum diameter of 4.5 cm. In this region, where the
laser beam passes twice, the amount of light is sufficient to illumi-
nate the 10 μm large particles to allow tracking even when they are
slightly out of focus. The configuration has the additional advantage
that all cameras experience similar scattering angles, even though
they observe the measurement volume from four opposite direc-
tions (see Sec. V). The particle image intensities resulting from this
illumination are relatively homogeneous across the measurement
volume.

FIG. 5. Self-crossing laser beam forming the measurement volume at its intersec-
tion. The laser beam first hit the upper left mirror and was dumped onto the steel
floor in the lower left corner of the “X.” Brighter spots in the beam were due to
“clouds” of particles passing by.

The beam was dumped onto a black steel floor panel. The posi-
tion of the beam on the mirrors could be observed through several
webcams. In addition, we used a flat plate on a remote-controlled
traverse (the opposite side of the calibration mask) to observe the
position of the alignment laser. We marked the correct beam posi-
tion at well-defined traverse positions while the tunnel was open
and accessible for maintenance. When it was filled with SF6, it was
then straightforward to check the beam position using a standard
webcam. We observed that the beam position moved by up to a
centimeter when changing the tunnel pressure. Please note that the
tunnel could deform by up to 0.5 cm under pressure, which in turn
moved the mirrors mounted to the walls. This likely explains the
observation. The shifts in the beam position were corrected using
the remote-controlled kinematic mirror.

A train of laser pulses of pre-defined frequency and duration
was released upon receiving a digital signal from the digital signal
generator described in Sec. V. This was realized through the propri-
etary programming interface of the laser device. The laser frequency
was set to the camera sampling frequency or a multiple thereof,
and the duration of the illumination was chosen as 4–10× the video
duration (0.56 s).

V. IMAGING AND OPERATING PROCEDURES
Modern Lagrangian particle tracking relies on the ability of

high-speed digital cameras to capture the positions of multiple par-
ticles sufficiently fast to allow their reliable frame-by-frame tracking
in a vigorous turbulent flow. Full information can only be extracted
in three-dimensional particle tracking, which requires at least two
cameras. However, three cameras dramatically increase the frac-
tion of trackable particles, and four cameras allow the noise-free
reconstruction of acceleration statistics.31,62

The particle tracking setup presented here allowed for the
simultaneous recording of up to four Phantom v2511 high-speed
cameras. These cameras had a maximum recording speed of
25.6 Gpx/s (25 kHz at full resolution of 1280 × 800 px). They had
been customized by the manufacturer to allow their operation under
varying external pressure. Specifically, the protective glass on top
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of the sensor was vented to allow for pressure equilibration. Other-
wise, as observed with most electronic equipment, the cameras could
be operated unaltered in pressurized SF6. Immersing the cameras
inside the gas-filled tunnel also avoided additional changes in the
refractive index within the optical path of the imaging optics. The
camera recording frequency was synchronized with the laser pulse
frequency. Recordings were triggered by the digital output interface
described below.

The camera optics consisted of an AF Micro-Nikkor 200 mm
1:4D IF-ED camera lens, whose aperture was set to f/11, and two
2× teleconverters, resulting in a magnification close to 1 when
focused to the center of the measurement volume. Since the refrac-
tive index of SF6 depends sensitively on the pressure,50 the cameras
need to be refocused after changing pressure. We mounted a tim-
ing belt to the manual focus rings of each 200 mm camera lens
and connected them mechanically to stepper motors (Trinamic
QSH2818-51). The motors were controlled remotely through an
Arduino Motor Shield using a MATLAB program as an external
interface.

The cameras and imaging optics were mounted on spring-
suspended platforms as illustrated in Fig. 6. The springs connected
the platforms to a sled, which rests on the tunnel rail system.3
This arrangement effectively decoupled the imaging setup from the
tunnel structure, which vibrated during operation. The remaining
motions of the cameras and imaging optics were eliminated by the
dynamic camera calibration of the particle tracking code.

To extract real-world physical measurements from the sen-
sor coordinates, the cameras needed to be calibrated. That is, the
sensor coordinates on each camera needed to be related to coor-
dinates in the three-dimensional measurement volume. A standard
method to perform such a camera calibration is the placement of
a flat plate with known features (e.g., dots or a square pattern) at
different positions within the measurement volume. Knowledge of
the exact calibration plate position is not strictly necessary63,64 if
the angle of the calibration plate with respect to the sensor plane
can be changed significantly. In the enclosed environment, it was
easier to linearly traverse a calibration plate through the measure-
ment volume and record the traverse positions. Since the cameras
were refocused at each measurement pressure, their imaging model
needed to be updated in situ, and the calibration had to be remotely
controllable. We thus mounted the calibration plate on a 500 mm
linear stage (igus GmbH), which was mounted on an existing hori-
zontal instrumentation traverse. The calibration plate was a printed
grid of 1 mm diameter black circles with 2 mm grid spacing glued
onto a flat aluminum plate. Three of these circles were marked
as fiducial markers. The calibration plate was illuminated by an
LED strip.

A typical calibration procedure consisted of moving the hor-
izontal traverse such that the calibration plate was visible on the
high-speed cameras, traversing the plate through the measurement
volume in steps of 2 mm (traverse reading), and returning the instru-
ment traverse to its original position at the downstream end of the

FIG. 6. Camera platform located underneath the wind tunnel floor. The two camera support structures (green) were connected rigidly with each other but connected to the
rest of the platform through vibration/damping springs (red). Each of the four high-speed cameras observed the measurement volume through a 200 mm telephoto lens, two
2× teleconverters, a mirror, and an optical window. The mirrors could be remotely adjusted by motors. The lenses were focused remotely through timing belts, which were
moved by a stepper motor. The measurement volume was located ∼60 cm above the center of the traverse.
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wind tunnel section. Small motions in the position of the traverse
and imperfections in the traverse mechanics and position reading
made this calibration relatively imprecise. It was therefore only used
as a starting point, and the necessary precision was achieved by
the on-track calibration and dynamic self-calibration of the tracking
code (see Sec. VI and Bertens et al.10).

The camera clocks controlling the exposure of a single frame
were linked together to the laser master clock. The video download
and camera setup occurred over 1 or 10 GbE connections. The cam-
eras were connected to network switches located inside the wind
tunnel. A conventional Ethernet cable (1 GbE) and three pairs of
optical fibers connect these switches to the outside of the facility
through electrical and optical feedthroughs, respectively. The down-
load rate over the 10 GbE connection varied between 2 and 8 Gb/s,

such that the acquisition of a single experiment (96 GB in total) with
four cameras took between 4 and 10 min.

The data acquisition was controlled by TTL-signals over coax-
ial cables. The magnetically actuated valves, the proprietary laser
interface, and the camera triggers were connected to a National
Instruments USB-6229 Digital I/O USB-interface. This interface was
controlled by a custom MATLAB-program, which sent signals to the
valves, laser, and cameras in a pre-defined sequence. Specifically, the
magnetically actuated valve 1 was opened first to pressurize the par-
ticle dispenser. After 1.5 s, valve 2 was opened for a user-defined time
to release a puff of particles. Valves 1 and 2 were then closed, and
the program waited for a user-defined time to release laser pulses.
After a third user-defined time, the program sent a trigger signal to
the cameras, and they started their acquisition. This process could

FIG. 7. Particle tracking properties. Top: Sample frame with a relatively large seeding density on Camera 2. Note the diffraction patterns of out-of-focus particles, which we
used to inform particle triangulation about the sensor-particle distance. Left: Histograms of the logarithm of the particle intensity. Right: Single sample track with raw data
color-coded in time and the resulting smoothed track in green.
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be started automatically once the videos had been downloaded,
i.e., several experiments could be carried out successively without
supervision.

VI. TRACKING CODE
Figure 7 shows a sample frame from a typical video taken under

the conditions specified in Table II. To track the cellulose parti-
cles, we used the particle tracking algorithm originally developed
for in situ tracking of cloud droplets.10 Many of the experimen-
tal challenges faced there, such as insufficient illumination or large
sweeping flow, were present here to an even larger degree. In par-
ticular, the necessarily small size of the particles resulted in a very
low amount of light scattered by them onto the camera sensors,
even with relatively large aperture diameters used ( f/11). Figure 7
shows an example of the intensity distribution on a typical video.
This leads to a low signal-to-noise ratio and less position accuracy of
the images. On the other hand, unlike the cloud droplet the cellulose
particles were always small enough so that they could be considered
as point sources of light, making our choice of point spread function
universally valid.

The thermal gradients generated by the camera fans, combined
with the high dependence of the index of refraction on temperature
for SF6 at high pressure, significantly lower the image quality and
shift the apparent centers of the particle images in a manner that can-
not be accommodated by the camera model self-calibration. These

FIG. 8. Track characteristics. Left: Binned mean track lengths in frames vs the
number of particles detected in the frame. In more densely seeded videos, the
tracks were only slightly shorter on average. Right: Cumulative PDF of the track
lengths. The majority of tracks were shorter than 200 frames (corresponding to
about 4 τη for the present experiment). A particle crossing the measurement
volume at mean flow velocity was visible for ∼230 frames.

apparent shifts precluded the usage of the standard shake-the-box
algorithm and justified our changes to it as described below.

The detailed description of our particle tracking algorithm
warrants a separate publication, and its main features have been
described in Bertens et al.10 Here, we briefly summarize the parts
that are crucial to successful tracking in our wind tunnel.

The tracking algorithm is broadly based on the shake-the-box
(STB) algorithm developed by Schanz et al.42 for a pinhole camera
model with lens distortion.

Like the standard STB, we used the progressive subtraction
of already-tracked objects and iterative improvements of their fit-
ted parameters. Unlike the standard STB, we did not tie the par-
ticle image locations to the particle three-dimensional positions
(as the thermal gradients make the link unreliable), but only used
the projected image positions as starting guesses for the iterative
optimization process, which happened entirely in two dimensions.
We also used a more sophisticated stereoscopic reconstruction pro-
cess, which took into account not just image locations but also their
brightness and defocus. To this end, we obtain a calibration between
the line-of-sight coordinate of each camera and its level of defocus.
The defocus was measured by fitting the point spread function to
the individual images’ radial intensity profile. For details, see Bertens
et al.10 Nevertheless, the low amount of light scattered from the
small particles limits the positional accuracy of the raw tracks to
0.2–0.3 px (5.6–8.4 μm). The temporal linkage was delayed by sev-
eral frames relative to the current frame (we chose to delay by six
frames at 25 kHz), which was achieved by making each trajectory
consist of potentially several heads (which temporally link the most
recent positions) and a single tail. The tail was extended by choos-
ing its most likely continuation from the backs of all heads, after
which the heads not connecting to the extended tail were pruned.
This delayed decision process allowed us to deal with the short res-
idence time of the particles in our stationary setup and allowed
reliable temporal linkage even in the presence of strong accelera-
tions. For a more detailed description of the tracking algorithm, see
Bertens et al.10

Figure 8 indicates that the tracking and postprocessing led to
tracks that were slightly shorter than expected from the mean flow
velocity (240 frames for the present experiment). The detected tracks
were slightly less at larger seeding densities owing to the increased
difficulty of assigning detected particles to existing tracks with con-
fidence. Using 2000 particles per frame as a typical value for our
tracking system, a comparison to earlier efforts was possible by com-
paring the number of particles that were tracked in a given volume.
It can be seen in Table I that our experiment did not achieve the

TABLE I. Tracking the performance of selected experiments. While the positioning accuracy of all four experiments is between
0.1 and 0.4 pixels, the number density of particles has improved massively since the introduction of the shake-the-box
algorithm Schanz et al.42 All Reynolds numbers are Taylor-scale Reynolds numbers, except for the channel, where the
friction Reynolds number is given (∗).

Channel39 LEM31,35 Jet42 VDTT

Re 250
∗

100–504 250 200–6000
Measurement volume (mm3) 150 × 150 × 5 20 × 27 × 41 12 × 12 × 54 40 × 40 × 40
Particles/mm3 0.003 0.05 0.9 0.06
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massive particle densities in the optimized experiments by Schanz
et al.42 but obtained a similar number of densities as other experi-
ments at lower Rλ. The shake-the-box principle that was applied for
the Lagrangian Exploration Module, Jet, and in this work, allowed
for much higher number densities than the principle of minimum
acceleration employed in the channel flow experiment.39 Interest-
ingly, all four selected experiments had similar subpixel accuracies
between 0.1 and 0.3 px, which appears to be difficult to improve.
Of course, advances in camera technology have enabled substantial
progress in absolute positional accuracy.

VII. POSTPROCESSING OF RAW TRACKS
The overall aim of the setup was to measure particle veloc-

ity and acceleration in the Lagrangian sense. To characterize the
flow—in particular the rate of dissipation of turbulent kinetic
energy—access to Eulerian quantities is desirable as well. The raw
tracks contain random noise, systematic instrumentation-induced
errors, and statistical sampling biases due to the time-dependence
of the particle seeding. In the following, we describe the processing
steps implemented to reduce these biases.

A. Random noise
To remove random noise from the trajectories, three meth-

ods are commonly used in the literature: Smoothing by convolution
with (differentiating) Gaussian kernels is a frequently used tech-
nique (e.g., Mordant et al.62) and is similar to a conventional
window smoother. However, the filter operation is undefined at
the edges, which leads to a loss of data and a selection bias in
the resulting statistics.31 The first Lagrangian measurements at high
Reynolds numbers employed the Savitzky–Golay-filter (polynomial
fits through portions of a track) to remove random noise from the
raw trajectories.17 However, the resulting statistics were very sensi-
tive to the choice of the filter length (the length of portions), and the
filter was undefined at the edges of a track, although the effect was
smaller than in the Gaussian filter.17 B-Spline filtering65 was made
popular for smoothing Lagrangian particle tracks in turbulent flows
by Gesemann et al.66 and compared to Gaussian filtering by Lawson
et al.31

We implemented a version of the B-Spline algorithm after Eil-
ers and Marx.65 We used the tracking code’s internal measure of
triangulation quality, namely the ratio of individual and typical tri-
angulation error (sum of square distances between the projection
of best-fit particle position and particle image over all cameras), to
construct a weighting matrix. This reduced the filtering time scale
by more than 50%. To obtain an optimal filtering length t f , we
calculated the acceleration variance for a range of t f and applied
the following procedures illustrated in Fig. 9. For choices of t f ,
where noise dominated the acceleration statistics and the smoothing
is insufficient, ⟨a2⟩ ∼ t−3. For large values for t f , ⟨a2⟩ approached
a constant. In this latter regime, the tracks were over-smoothed,
and the reconstructed trajectories did not resemble the data appro-
priately. We, therefore, choose the intersection of the ⟨a2⟩ ∼ t−3

f -
line and the ⟨a2⟩ = const. as the “ideal” smoothing parameter.
Figure 7 shows an example result of the smoothing procedure. On

FIG. 9. Procedure to find the ideal smoothing length t f normalized by τη. At
small t f , noise dominates the acceleration variance, yielding too high values. For
large t f , ⟨a2

⟩ approaches a constant (horizontal dashed lines), indicating over-
smoothing. Close to the transition to ⟨a2

⟩ ≈ const., ⟨a2
⟩ ∼ t−3

f (falling dashed
lines). We choose the intersection of these two lines as ideal filtering lengths (solid
black lines).

average, particle positions were shifted by about 5 μm during the
smoothing procedure, indicating that the system has a spatial
resolution below η.

The edges of the measurement volume are expected to be pref-
erentially sampled by slow particles with little acceleration since
fast particles have a higher probability to be advected out of the
measurement volume. We mitigated this bias by calculating spa-
tially resolved, time-averaged velocity statistics and identifying the
boundary regions, where mean and RMS velocity differ from the
center.

B. Inhomogeneous particle seeding
The amount of particles per frame is critical for the statistical

and spatial resolution of Eulerian quantities. The active grid causes
the turbulence intensity to vary strongly from eddy to eddy. Depend-
ing on the mean flow speed and active grid agitation, the particle
tracking setup “sees” between 0.5 and 5 large eddies of size L per
video. In previous measurements with nanoscale hot wires,45,67 aver-
aging over several hours was a straightforward strategy to achieve
well-resolved statistics. While more videos can be taken, the statisti-
cal convergence obtained with single-point hot wire measurements
remains out of reach. Moreover, the particle seeding throughout one
video varied massively, such that some parts of the bypassing flow
contributed disproportionately toward the ensemble statistics. Since
even second-order flow statistics, such as the turbulence dissipation
rate ε, have a heavy-tailed distribution, this can cause severe biases
at all scales.

The combined unsteadiness of the flow and its seeding must be
considered when calculating Eulerian quantities, e.g., to obtain the
rate of dissipation. We refer to Sec. VIII for an example of a potential
strategy to mitigate these biases.
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TABLE II. Parameters of the sample measurement chosen to characterize the
measurement.

Rλ ε/(m2/s3) P (bar) U (m/s) uRMS (m/s) τη (ms) η (μm) St

2700 0.1 6 4.16 0.42 2.0 28 0.16

VIII. CHARACTERIZATION
In the following, we analyze a representative measurement

taken with the setup described here. The turbulence parameters can
be found in Table II. Note that we used only three cameras when
acquiring these data due to a single camera malfunctioning. We
show in the following that we were nevertheless able to obtain useful
data.

We begin by characterization of the flow within the mea-
surement volume, which was intended to be homogeneous and

FIG. 10. Measures of large-scale homogeneity and isotropy. The particle veloc-
ity components and Reynolds stresses have been averaged within each frame
and x-bin, and their overall mean has been removed. Then the mean and stan-
dard deviation have been calculated over all frames. No substantial shear was
observed, and the velocity profiles showed only minor deviations toward the edges.
The velocity fluctuations (i.e., standard deviation) were stronger in the streamwise
direction than in the transverse direction.

isotropic. To test this, we calculated the mean, standard deviation,
and Reynolds stresses for the three velocity components. To remove
biases from fluctuating seeding densities, we first calculated the
mean velocities binned along the x axis in each frame. We then
proceeded to calculate the standard deviation, mean, and Reynolds
stresses over time. The results for the x-direction, i.e., horizontally
perpendicular to the flow, are shown in Fig. 10. The mean flow
was subtracted from all components. No substantial mean shear
could be found within the measurement volume, confirming ear-
lier findings in Küchler.47 The standard deviation of the velocity
components transverse to the mean flow direction (u and w) were
very close to each other, whereas the fluctuations in flow direction
were about 1.2× larger. This suggests the presence of anisotropy
at the largest scales, most likely caused by the temporal correla-
tion of the active grid. To elucidate to what extent this large-scale
anisotropy persisted at smaller scales, we compared the longitudi-
nal and transverse Eulerian second order structure functions, S2 and
ST

2 , respectively (see below for details). The isotropic relation ST
2 (r)

= S2(r) + (r/2)(∂S2(r)/∂r) was in good agreement with our direct
measurement of ST

2 , indicating that at the high Rλ, we investigated
here, the small-scale anisotropy was small.

A. Parameter ranges
To characterize the data acquired from the setup, we study the

range of accessible parameters theoretically. Based on the range of
mean flow speeds (0.5–5 m/s), energy injection scales (0.1–0.5 m),
and a typical turbulence intensity of 10%, we used ε = u3

RMS/L
to estimate the Reynolds number and Kolmogorov time scales
τη accessible in the experiment. uRMS denotes the RMS of the fluctu-
ating velocity component. We further estimated the maximum track
lengths that can be expected based on the length of the measure-
ment volume in the mean flow direction (4 cm). Figure 11 shows
that low integral length scales and high pressures are advantageous
if long track lengths are required, whereas a high relative temporal
resolution can be obtained at large values of L and lower pressures.
The parameter space at the largest Reynolds numbers is naturally
limited to the most extreme parameters possible in the facility.
While the choice of mean flow velocity U appears to be unimpor-
tant at a given turbulence intensity, a subtle effect is not captured
in this illustration: Thermal plumes rising from the warm high-
speed cameras considerably impacted the video quality at larger
pressures (> 6 bar) due to the strong temperature-dependence of
the refractive index.50,68 Higher mean flow speeds help improving
the video quality since they advect these thermal plumes away from
the cameras.

We emphasize that the facility was capable of generating one
Rλ with a variety of parameter combinations. In particular, the
effects of the particles’ finite Stokes number could be investigated
by performing multiple experiments at a single Rλ but different τη.
Since larger cellulose particles were available from the manufacturer,
this furthermore allows in principle the systematic study of inertial
particle dynamics in turbulence over a wide range of Reynolds and
Stokes numbers. Figure 3 shows that the Stokes number is below 0.1
(and the particles are, therefore, good tracers) for Reynolds num-
bers up to 3000. By changing the experimental parameters, particle
dynamics up to St ≈ 1 can be measured at the same Reynolds num-
ber. This opens, for example, the possibility for studies on the effect
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FIG. 11. Number of τη for which a particle remained observable at different
Rλ given a turbulence intensity of uRMS/U = 0.1, as a function of U and L. A given
Rλ can be obtained in multiple ways by adjusting the viscosity through the facility
pressure, L through the active grid, and U using the wind tunnel fan. Smaller L and
smaller viscosity allowed a larger number of τη to be observed before the parti-
cles left the measurement volume. White areas indicate parameter combinations
inaccessible to the facility.

of particle size on clustering dynamics at atmospheric Reynolds
numbers, which is of great interest to studies of cloud formation.

B. Radial distribution function
An important question in the study of particles in a turbulent

environment is how they distribute spatially within a flow. A per-
fect tracer will homogeneously seed the flow, but particles with finite
inertia will be expelled from regions with strong vorticity, leading to
an undersampling of those regions and a clustering of particles in
other regions (e.g., Gibert et al.69). Such clustering effects are cap-
tured by the relative probability of finding a particle at a distance
r away from a different particle, i.e., the radial distribution func-
tion (RDF). For perfect tracers, the RDF is independent of r, whereas
clustering leads to an increase of the RDF at small r. A simple way
of obtaining the RDF is to calculate the probability of finding a cer-
tain r within a dataset and compare it to the probability of finding
a certain r in an artificial frame containing a random sample of
particles from the dataset. This latter step accounts for the reduced

detection frequency of points close to the boundary or other setup-
specific biases. A detailed account of this procedure is given in Saw.70

Figure 12(a) shows the RDF for a flow at Rλ ≈ 2700 measured at a
pressure of 6 bar. We can identify five regions in this plot going from
large separations toward small: (I) the drop at large scales >100η,
which can be attributed to residual large-scale inhomogeneities due
to incomplete mixing,71 (II) the approximately flat region indicat-
ing a uniform distribution of particles, (III) the initial clustering
due to finite stokes numbers, (IV) the strong clustering at scales
<4η, and the drop of the RDF at very small scales <60 μm, which
is likely caused by charges on the particles as detailed in Sec. III.
Region (III) can be approximated by a power law with an exponent
of 0.2, which indicates a Stokes number of 0.2 in good agreement
with the parametric estimate for this dataset. Region (IV) is remi-
niscent of a recent experimental result by Hammond and Meng,72

where the RDF shows a strong increase going toward very small sep-
arations. This feature requires further in-depth investigation beyond
the scope of this paper.

C. Eulerian structure functions
The statistics of spatial velocity increments are a ubiquitous

quantity in the study of turbulence at small scales and, there-
fore, a prime quantity to assess the capability of the setup to
measure velocity statistics. Here, we study the so-called longitudi-
nal structure functions defined as S2 = ⟨((u(x) − u(x + r)) ⋅ r

∣r∣)
2⟩

= ⟨du(r)2⟩, i.e., the variance of the velocity difference at two points
separated by r projected onto r. It is accepted that to a reasonable
approximation S2 ∼ r2 at small increments, S2 ∼ r2/3 in the inertial
range, and S2 = u2

RMS/2 at large scales in the limit of large r = ∣r∣. In
practice, we calculated du(r)2/du(rmax)2 for the particle pairs that
we found within a frame, where rmax was the value in the largest
increment bin and calculated the binned mean for each frame.
The per-frame normalized structure functions were then averaged
and rescaled by ⟨du(rmax)2⟩. This procedure was inspired by Vig-
giano et al.74 and accounts for the different large-scale statistics and
seeding densities passing the measurement volume during a video.
Figure 12(b) compares the longitudinal structure function obtained
from particle tracks to the one measured by nanoscale hot wires
at an earlier point using the same experimental parameters.47 We
see a very good agreement at scales >1 mm, but strong discrepan-
cies at smaller scales and large statistical uncertainties. These may
be caused by several effects. First, the number of frames containing
data at small increments is relatively small (1–100), resulting in poor
statistical convergence (see inset). Furthermore, at small increments
with poor statistics, a precise measurement of the velocity increment
is crucial, and an error of just 0.03 m/s in the velocity measure-
ment leads to an error of 300% in the individual measurement of
S2. In hot wire measurements, these errors are mitigated by large
statistics, and calibration errors cancel partially when calculating
differences. Here, single velocity measurements with uncorrelated
errors are subtracted, leading to large errors in the resulting struc-
ture functions. Furthermore, the data begin to diverge around 200
μm, where charge effects begin to play a role and might have an
impact on the velocity difference statistics.

The transverse structure function ST
2 is obtained by considering

those velocity components that are perpendicular to the line of sepa-
ration between two particles. Under isotropic conditions, it is related
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FIG. 12. Turbulence statistics from an experiment with Rλ ≈ 2700 (see Table II for details). (a) Radial Distribution Function (RDF) of a representative experiment at Rλ
≈ 2700 (see Table II) as a function of the inter-particle distance r normalized by the Kolmogorov length scale η. The orange line indicates the power law expected
for St = 0.2 with an exponent of −0.2. The dotted lines indicate distances of 30 μm, 100 μm, and 1 mm. (b) Second-order longitudinal Eulerian structure function S2

= ⟨((u(x) − u(x + r)) ⋅ r
∣r∣ )

2
⟩ measured from particle tracks (blue circles) and nanoscale hot wires (red line).47 Orange circles mark the second-order transverse struc-

ture function ST
2 = ⟨((u(x) − u(x + r)) ⋅ r�

∣r∣ )
2
⟩, where r� is a vector perpendicular to the line of separation. Green dashed lines mark the isotropic prediction of S�2 from

S2 (see text for details). Inset: Number of entries per bin.

to S2 through ST
2 = S2 + (r/2)(∂S2/∂r). This relation is shown as

green dashed lines in Fig. 12. The agreement between the measured
ST

2 and the one derived from S2 indicates a small anisotropy in the
inertial range.

D. Lagrangian statistics
In Fig. 13, we show Lagrangian statistics from the example

measurements. The single-particle dispersion statistics were charac-
terized by the mean squared displacement of the particles along the
tracks averaged over all tracks. At small time increments, ⟨Δx2⟩ ∼ t2.
At larger time increments t > TL, should scale ⟨Δx2⟩ ∼ t. However,

even though weak flattening can be identified at the large t in our
data, we do not reach the regime of t > TL. The effect we observed is
most likely an artifact due to the finite measurement volume: Faster
particles tend to cross the measurement volume faster than slower
ones, which resulted in a preferential sampling of slow particles at
long times. This effect is well-known and even more important when
considering the Lagrangian structure function in Fig. 13(b), which
is defined here as S2L = ⟨(u(t0 + t) − u(t0))2⟩ (averaging over all
tracks and t0). Berg et al.75 suggest a scheme to compensate for this
bias, which we have applied here. Comparing our data to the one
from Xu et al.,34 we see that we almost reach the Lagrangian iner-
tial range, where we expect S2L ∼ εt. Due to the aforementioned bias,

FIG. 13. Example Lagrangian measurements. (a) Mean squared displacement statistics of single particles. (b) Lagrangian velocity structure function of the u-component (blue)
and data from Xu et al.34 The size of the measurement volume and the mean flow velocity limited the track lengths to values just below the expected inertial range. Note
that different choices of experimental parameters increased the observable range of τη. (c) PDFs of the velocity increments along the particle tracks and particle acceleration
normalized by their respective standard deviations. Curves have been shifted by one decade for better visibility. The green dotted line is the stretched exponential typically
found in the acceleration PDFs of tracer particles (Voth et al.,17 Mordant et al.62). The green solid line is the PDF from DNS (Bec et al.73) at St = 0.16, which is close to the
Stokes number found here.
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it is not clear whether the data at the largest increments we could
measure are the beginning of the inertial range or an incomplete
compensation for finite measurement volumes.

The acceleration of (tracer) particles in a turbulent flow is of
great fundamental importance since it is closely related to strong
dissipative processes.15–17,28,37 It is known to be a highly intermittent
quantity with heavy-tailed PDFs.28,62 We show measurements of the
accelerations and the velocity increments along the particle trajecto-
ries in Fig. 13(c), i.e., Δu(τ) = ⟨ui(t j+τ − t j)⟩i, j , where ⟨⟩i,j denotes
averaging over tracks and increments along tracks, respectively. The
prominent strong tails can be seen in all increments studied and
get progressively weaker with increasing separation as expected.
For acceleration, Voth et al.17 suggested a stretched exponential
that has been shown to accurately describe acceleration statistics
over a wide range of experiments and numerical simulations.28,62 In
Fig. 13(c), we show the stretched exponential in green with para-
meters obtained by Mordant et al.,62 which lie above the data in
the tails. The data are, however, in good agreement with data from
numerical simulations73 with a Stokes number of 0.16. This Stokes
number is consistent with St calculated from the parameters of this
experiment as well as the power law exponent found in the RDF. The
PDFs of finite velocity increments show thinner tails as we increased
the increment up to 5τη, which is the largest increment where such
PDFs can be drawn sensibly given the length of the particle tracks.31

IX. DISCUSSION
We demonstrated an experimental setup capable of tracking

particles in a turbulent flow at unprecedented Rλ. This widens the
parameter space for Lagrangian measurements by about a factor
of five compared to the previous state of the art. Lagrangian mea-
surements have proven to be notoriously challenging and have only
been available for little more than 20 years. This explains the large
leap in Reynolds number that was possible using a single experi-
ment. Our experiments are well above the Reynolds number that
can be achieved in the largest direct numerical simulations of tur-
bulence.15 We have demonstrated that measurements of particle
position, Eulerian and Lagrangian velocity increment statistics, and
Lagrangian accelerations are possible. We have introduced cellulose
particles as a seeding material for flow measurements, where small
spatial (∼10 μm) and temporal scales (∼ms) have to be resolved.
Our tracers are bio-compatible and allow humans to come into
extensive contact with the material. The material might thus be con-
sidered as an alternative to visualize flows beyond the laboratory
environment, e.g., for studies of thermal comfort or airborne dis-
ease transmission.76–78 The illumination intensity currently limits
the particle size to ≥10 μm, but smaller particles are available. To
characterize the behavior of these particles as seeding material, we
have measured their density and found their density to be about
half that of solid cellulose, indicating the presence of voids in the
material. Despite the decreased density, the particles cannot be
seen as ideal tracers for a wide range of experimental parameters
[see Fig. 3(d)]. However, the three independently adjustable flow
parameters (mean velocity, grid setting, and pressure) allow the
effects of the finite Stokes number to be systematically investigated
while keeping the flow Reynolds number constant. At very large
Rλ > 3000 10 μm, Cellulobeads are inertial for all parameter choices.

These new particles further required the development of a ded-
icated particle dispenser. We validated that the dispenser released
predominantly particle singlets. We further measured the charge on
the particles as they appear in the measurement volume in two inde-
pendent ways, yielding consistent values of about 104 elementary
charges. The electrostatic forces appear in the radial distribution
function, where very small inter-particle distances appeared to be
depleted. However, <0.5% of particles came closer than 200 μm to
another particle, such that electrostatic forces only needed to be
taken into account when such small distances were explicitly of
interest. The particle dispensers’s reliability is an area of potential
future improvement. For example, the number of particles released
varies considerably between injections. While no measurement cam-
paign had to be interrupted so far because of a failed particle release,
the dispenser needed to be flushed regularly with a strong stream of
SF6 to loosen stuck material.

A serious challenge for the setup is the presence of thermal
plumes, which can drastically distort the image at low flow veloci-
ties and high pressures. Their mitigation should be a priority in a
next round of improvements of the setup.

Currently, the track length of the particles is limited to about
10 ms, due to the rapid advection of particles out of the relatively
small measurement volume by the mean flow. This limits the setup
to the measurement of velocity increment statistics up to ∼10τη,
which makes a proper study of the Lagrangian inertial range very
difficult.

In the example measurement shown here, we could track no
more than 4τη. This is in reasonable agreement with the parameter
study shown in Fig. 11, where a maximum track length of ∼6τη was
predicted for the given set of parameters. This means that with an
optimized parameter choice, longer tracks (in terms of τη) could
be obtained using the current setup. However, the parameters were
chosen here to best resemble existing hot wire measurements for
cross-validation of the results. The measurement volume also lim-
its the range of scales, where Eulerian statistics can be computed to
no more than 4000η. Enlarging the measurement volume would thus
be another fruitful improvement of the setup, albeit a rather complex
one.

In its current form, the setup can be used to measure accelera-
tion and particle clustering statistics over a wide range of Reynolds-
and Stokes numbers. Lagrangian velocity increment statistics can be
obtained as long as only short increments are of relevance. While
the focus of this work was on Lagrangian turbulence, the setup
allows measurements of Eulerian quantities previously inaccessi-
ble within the facility. This includes transverse structure functions
for increments ≳ 1 mm and transverse components of single-point
statistics, both of which are important to fully characterize the
anisotropy in the flow. At large particle seeding densities, methods
like Vortex-in-cell79 or physics-informed neural networks80 might
be able to estimate the entire three-dimensional velocity field from
the scattered data.

The setup is sufficiently general for most of its current limita-
tions to be lifted in the future. For example, a different illumination
source with longer pulse widths might make smaller and more
tracer-like particles feasible since currently only 1% of the camera’s
exposure time is illuminated by the laser. An additional cooling sys-
tem for the cameras would reduce the distortions due to thermal
plumes. Finally, the camera setup is already connected to rails on
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ball bearings and is, therefore, prepared to be moved along the flow,
allowing tracking for much longer times. However, the flow prop-
erties and the maximum video length limit the current observation
range to about 2 m. Still, this would, for example, allow for mea-
surements of two-particle dispersion at high Rλ, which is of great
fundamental and practical interest.
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APPENDIX: CALCULATION OF PARTICLE CHARGES
FROM THE RDF

According to Lu et al.,56 particle charge causes a drop in the
radial distribution function toward smaller distances r, i.e., the RDF

peaks at r = r ∗ , where Coulomb- and inertial forces have similar
magnitudes. They infer that

r3∗ = 2kq2τητp

mpBnlc1
, (A1)

where mp is the mass of the particle, q is its charge, and k = 1/4πϵ0
is the Coulomb constant. Bnl (taken as 0.09 following Chun et al.58)
is a dimensionless coefficient describing the particle pair diffusion,
and c1 = 0.2 is the exponent of the RDF power law, e.g., as an orange
line in Fig. 12(a). Rearranging for q and reading off r ∗ ≈ 60 μm, we
arrive at ≈104 elementary charges.
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