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ABSTRACT

An experimental facility capable of measuring and resolving the dissipation rate of the turbulent kinetic energy as well
as the dissipation transport balance (i.e., the e-equation) using particle tracking velocimetry is presented. A detailed
discussion and comparison of the resolution requirements to the system resolution capabilities is presented. The long-
term objective of the measurements is to study turbulence at different degrees of non-equilibrium to test the range of
validity of the classical theories as well as to form the basis for developing new, improved models. Measurements have
been carried out in a round turbulent jet, which is the ideal and in fact the only viable test-bed for these investigations,
since the jet is the only flow that has all the necessary properties altogether; The stationary jet is very near equilibrium
and can thus in a practical, arbitrary and calibrated manner be pushed out of equilibrium by modulating the jet
exit velocity in time. Furthermore, the smallest relevant scales in the jet are large and slow enough that they can be
resolved, while the flow also evolves over distances that are practical on a laboratory scale. In the present study, the
Reynolds number (Rep = 10% — 10°) as well as the degree of mean shear, in the form of radial distance from the
jet centreline (r/D = {0,1.1,2.2}, where D is the jet exit diameter), have been varied at a downstream distance of
30 jet exit diameters from the jet nozzle exit. Initial results of the dissipation rate, displaying expected intermittency
behaviour, are presented and discussed. The results are preliminary, as noise plays a key role in the measurements,

not least for spatial velocity gradient based estimates. This will be dedicatedly targeted in future efforts.

1. Introduction

The turbulent kinetic energy dissipation rate, ¢, is one of the central quantities in the theory, mod-
elling, and measurement of turbulent flows. It represents the rate at which turbulent kinetic en-
ergy is irreversibly converted into internal energy by viscous action. Its importance extends from
phenomenological descriptions of the energy cascade to practical turbulence closures, where ¢,


mailto:dancer@dtu.dk

22nd LISBON Laser Symposium 2026

or closely related quantities, enter directly into Reynolds-averaged models such as the k— model
and indirectly into the k—w family of closures. The accuracy with which ¢ is represented therefore
affects predictions of mixing, entrainment, scalar transport, and momentum exchange in a wide
range of wall-bounded and free-shear flows.

Classical turbulence theory places dissipation at the end of the cascade process and links it to
the smallest length and time scales of the flow, whereas turbulence modelling requires its mean
value, spatial distribution, and transport to be represented accurately across inhomogeneous and
non-equilibrium regions (Tennekes & Lumley, 1972; Pope, 2000).

Beyond the dissipation rate itself, the transport of dissipation provides a more stringent and phys-
ically informative description of turbulence dynamics. The dissipation transport equation (DTE)
contains production, transport, pressure-Hessian, viscous and nonlinear small-scale interaction
terms. These terms determine how dissipation is generated, redistributed, and destructed in space
and time, and they are particularly relevant in flows where local equilibrium assumptions are not
expected to hold.

In shear flows, such as turbulent jets, dissipation is not merely a passive sink of turbulent kinetic
energy, but a dynamically evolving quantity influenced by mean shear, turbulent transport, inter-
mittency, and the coupling between large scale motions and small scale velocity gradients. This is
even more prominent in turbulent highly non-equilibrium flows. Direct experimental access to the
full dissipation transport balance is therefore essential for assessing assumptions commonly em-
bedded in turbulence closures and for developing models that remain valid outside the idealized
equilibrium conditions often invoked in classical turbulence theory (Tsinober, 2009).

Despite this importance, direct experimental measurements of ¢ remain exceptionally demand-
ing. The exact expression for the instantaneous dissipation rate requires all components of the
velocity gradient tensor, Ju;/0x;, to be accurately measured simultaneously with sufficient spa-
tial resolution to resolve the dissipative scales. In practice, many experimental studies have relied
on one-dimensional or two-dimensional velocity information, surrogate estimates, local isotropy
assumptions, or Taylor’s frozen-turbulence hypothesis. These approximations have enabled valu-
able progress, but they introduce uncertainties that are difficult to quantify in strongly inhomo-
geneous or anisotropic regions, such as the shear layer of a turbulent jet. The challenge becomes
more severe at high Reynolds number, where the separation between the integral scale and the
Kolmogorov scale increases, and where the measurement volume must be large enough to capture
meaningful turbulent statistics while remaining sufficiently resolved to evaluate velocity gradients
accurately.

This difficulty has motivated the development of specialised high-resolution optical arrangements,
such as the long-range micro-PIV measurements of Fiscaletti et al. (2014), who resolved the small-
scale structure of a high-Reynolds-number turbulent round jet by combining high magnification
with a long working distance. Comprehensive reviews and budget measurements in turbulent
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round jets have shown that dissipation and its transport remain among the most difficult quantities
to determine experimentally without invoking simplifying assumptions (Lai & Socolofsky, 2019).

Particle image and particle tracking techniques have progressively improved access to three di-
mensional turbulent flow information. In particular, time resolved volumetric Particle Tracking
Velocimetry (PTV), and the Shake-The-Box (STB) algorithm (Schanz et al., 2016), have made it pos-
sible to reconstruct dense Lagrangian particle trajectories at high particle image densities. This
development provides a route towards simultaneous three component velocity measurements in
a three dimensional domain, from which the full velocity gradient tensor can be estimated. How-
ever, the use of particle tracking data also introduces new methodological requirements. The ve-
locity field is sampled at irregular particle positions, and gradient estimation must therefore be
performed using local reconstruction or data assimilation methods rather than standard finite dif-
ferences on a structured grid. In addition, measurement noise, finite particle density, track length,
and local seeding variability can strongly affect derivative estimates. These issues are particularly
relevant for dissipation and dissipation transport measurements, because first, second, and higher
order spatial derivatives appear in the relevant expressions.

The present work addresses these challenges by developing and applying a highly resolved vol-
umetric particle tracking measurement strategy for a turbulent round jet. The experiments are
performed in the recently established facilities of the DTU Turbulence Research Laboratory, us-
ing a round jet of exit diameter D = 100 mm issuing into a large confinement of cross section of
approximately 4 m x 5 m. The large test-section dimensions reduce confinement induced effects,
allowing the jet to be studied under conditions close to a momentum conserving axisymmetric free
jet, a configuration that has long served as a canonical reference flow for turbulence measurements
(Hussein et al., 1994).

Measurements are acquired in the self-similar region at 30 jet exit diameters downstream of the jet
exit. Three radial positions are investigated; the jet centreline, the maximum shear region and in
the outer region of the jet. The Reynolds number based on the jet exit conditions is also varied,
with a measurement volume and optical magnification adapted to resolve sub-Kolmogorov length
scales and to provide sufficient particle track densities for accurate velocity gradient estimation.

The objective of the current work is to demonstrate how the experimental configuration, imaging
strategy, and particle tracking methodology enable direct access to the full instantaneous dissipa-
tion rate in a high-Reynolds number turbulent round jet. The longer term aim is to extend this
capability to the complete dissipation transport equation, including the higher order derivative
terms required by the exact balance, see Ribergaard (2025); Tsinober (2009).

We first introduce the theoretical quantities of interest, with emphasis on the derivative orders
required for measuring the dissipation and dissipation transport balance. The experimental ar-
rangement and spatial resolution are then described in relation to the local Kolmogorov scale. The
procedure used to estimate spatial velocity gradients from the particle tracking data is summa-
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rized, with detailed methodological validation deferred to the companion manuscript on gradient
estimation methods, see Certini et al. (2026). Finally, preliminary measurements of instantaneous
dissipation rate fields and their radial and Reynolds number variation are presented, establishing
the basis for future experimental evaluation of the dissipation transport balance in high-Reynolds
number turbulence.

2. Theoretical background

The quantity of interest in the present work is the turbulent kinetic energy dissipation rate and
its transport. We consider an incompressible Newtonian fluid, neglect body forces, and use Ein-
stein summation notation throughout. The instantaneous velocity is decomposed into a mean and
fluctuating component according to

U; = (Ui) + uj, (1)

where angular brackets denote an ensemble or time average, and lower-case symbols denote fluc-
tuations. The fluctuating strain-rate tensor is defined as

. 1 8u2 au]'
0T (axj * ax) | )

For incompressible turbulence, the instantaneous dissipation rate associated with the fluctuating

velocity field may then be written as
g = QI/SZ'J‘SZ']‘, (3)
and the corresponding mean dissipation rate is

(e) = 2v(sijsiz)- (4)
Equations (3) and (4) immediately show why dissipation is experimentally demanding: their di-
rect evaluation requires all nine components of the fluctuating velocity-gradient tensor, du;/ 90z},
to be measured simultaneously and with sufficient spatial resolution to resolve, say, 99% of the
dissipation rate. The resolution requirements is discussed in Section 4. In contrast to estimates
based on one or two velocity components, see, e.g., George & Hussein (1991), the basic definition
of the dissipation rate does not require local isotropy or local homogeneity.

While Equation (4) defines the magnitude of the dissipation rate, its spatial and temporal evolution
is governed by the dissipation transport equation. Following the derivation in Ribergaard (2025),
equivalent but differently expressed to the formulation reported by Tsinober (2009), we write the
transport equation for the strain-rate invariant as
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Here, (S;;) is the mean strain-rate tensor,

(oW o)
(i) = 2( oz; | om ) ®)
and the material derivative is taken with respect to the mean flow,
D 0 0
Do <Uk>67:k’ (7)

The terms on the right-hand side of Equation (5) represent, respectively, production by interac-
tion between fluctuating strain and mean strain gradients, turbulent transport of fluctuating strain
intensity, interaction between fluctuating strain and mean velocity gradients, interaction between
fluctuating velocity gradients and mean strain, nonlinear self-interaction of the fluctuating velocity
gradients, a Reynolds-stress inhomogeneity term, the pressure-Hessian contribution, and the vis-
cous diffusion/destruction term. This form is useful for the present experiment because it makes
explicit which velocity derivatives are required and where the experimental difficulty enters.

The derivative order required for each quantity is central to the measurement strategy. The dissi-
pation rate itself, Equation (4), requires only first-order spatial derivatives of the three fluctuating
velocity components. The transport equation is more restrictive. Terms containing Js;;/0x}, re-
quire second order spatial derivatives of velocity, while the viscous term V?s;; requires third order
spatial derivatives. The pressure Hessian term is also non trivial, since pressure is not measured
directly in the present experiment. It may be related to velocity quantities through the incompress-
ible Navier-Stokes equations,

1 82]7 0 Du; 0 9
_Z _ _, 9 ) g
pOrjOr;  Jx; ( Dt > Y o (V2u) (8)

which again introduces higher order velocity derivatives, including third order spatial derivatives
through the viscous contribution. The same point is noted in the derivation of Ribergaard (2025),
where the pressure term is identified as the principal term requiring reformulation when pressure
is not available experimentally.

The present measurements should satisfy a hierarchy of resolution requirements. Reliable evalua-
tion of € and (¢) requires accurate first order velocity gradients at the dissipative scale. Evaluation
of the full dissipation transport balance further requires robust second and third order derivatives,
or an equivalent reconstruction capable of estimating the pressure Hessian and viscous terms with-
out excessive noise amplification. This derivative hierarchy motivates the use of highly resolved
volumetric particle tracking and also motivates the companion methodological study, where the
accuracy of velocity gradient estimation from irregularly sampled particle data is assessed in de-
tail.
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Figure 1. Experimental setup for direct measurements of the instantaneous dissipation rate. The jet issuing from the

jet flow generator to the right is being measured at different downstream and radial positions using a 40 W laser and

4 v2640 high-speed cameras, as seen to the left. The measuring volume is cylindrical with a diameter of ~ 2 mm and
length ~ 20 mm.

Figure 2. Sample particle tracks (Representative low track density, ~ 300 tracks) used for computing the dissipation
rate and the dissipation transport equation balance. Measurements at (left) the centreline and (right) in the
maximum shear region at 30 jet exit diameters downstream from the jet exit.
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3. Experimental setup

The experiments were conducted in the DTU Turbulence Research Laboratory using a round
turbulent air jet specifically designed to provide optical access to the dissipative scales of high-
Reynolds-number turbulence (Ribergaard, 2025). The experimental setup is shown in Figure 1,
and representative low-track-density reconstructions at two radial positions are shown in Figure 2.
The objective of the experimental configuration is twofold: first, the flow must provide a canon-
ical, well documented turbulent shear flow in which dissipation rate statistics can be interpreted
with reference to established round jet measurements and second, the measurement system must
resolve the full three component velocity field with sufficient spatial and temporal resolution to
estimate the velocity gradient tensor, and eventually the higher order derivatives entering the dis-
sipation transport equation.

The flow facility consists of a round jet of exit diameter D = 100 mm, issuing into a large enclosed
test cell. The jet is operated at exit velocities in the range

Up = 1.51-15.1ms ™1, (9)

corresponding to jet-exit Reynolds numbers

UoD
Rep = —2= = 1.0 x 10*-1.0 x 10°. (10)
1%

where v is the kinematic viscosity of the working fluid, in this case air. The measurements are being
carried out in a cross-section at a primary downstream position located at z/ D = 30, where the jet
is fully turbulent, self-similar and developed and the local small scale structure can be investigated.
This downstream location also permits comparison with classical high Reynolds number round jet
measurements, in particular the momentum conserving jet configuration of Hussein et al. (1994).

A central design requirement of the facility is to reduce confinement induced modification of the
jet. Following the analysis of Hussein et al. (1994), the jet enclosure cross section was chosen suffi-
ciently large to limit the momentum loss associated with return flow along the walls (Ribergaard,
2025). The jet issues into an enclosure with a cross sectional area of approximately

Acen = 4m X 5m, (11)

so that the measurement region at z/ D = 30 conserves momentum well and thereby remains close
to the conditions of a free jet, while also not being affected by surrounding disturbances. In ad-
dition, the facility includes a dedicated recirculation and suction system, designed to remove the
downstream flow from the test cell in a non-intrusive manner while reducing large scale backflow
contamination in the measurement region. This aspect is important for the present purpose be-
cause residual mean flow distortion would enter directly into both the mean strain rate field and
the spatial derivatives required for the dissipation transport equation.
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The jet was selected as a test case, because it combines optical and physical accessibility and well-
defined radial inhomogeneity, among many other reasons based on the non-equilibrium flow in-
vestigations to be conducted. Measurements were performed at several radial positions as mea-
sured from the jet centreline, including at the centreline itself, the region of large mean shear, and
the outer intermittent region. The measurement locations are written as

(z/D,r/D) = (30,{0,1.1,2.2}), (12)

This radial traverse of measurement points is essential, because the dissipation rate and the dis-
sipation transport balance are expected to vary strongly across the jet (Hussein et al., 1994): the
centreline provides a reference region of reduced mean shear, the half-width region is associated
with high turbulent production and large velocity gradients, and the outer region probes the decay
of turbulent activity and the sensitivity of gradient estimation at lower advection velocities.

The velocity measurements were performed using time-resolved volumetric particle tracking ve-
locimetry based on the Shake-The-Box algorithm (Schanz et al., 2016). The jet enclosure was seeded
with DEHS (Di(2-ethylhexyl) sebacate, sebacic acid) droplets generated by a Laskin nozzle seeding
system, creating a uniform seeding since the jet air was taken from the seeded air from the outlet
of the enclosure. The droplet size distribution exhibits a peak at approximately 1 um. The seeding
particles were chosen to be sufficiently small to follow the air motion over the investigated range of
operating conditions. With a nominal particle diameter d,, = 1.0 pm, the particle response time is
estimated as 7, = ppdf,/ (18u) ~ 2.8 x 1076 s. Using the jet exit time scale, D /U), this corresponds
to a Stokes number range St = 7,0/ D ~ 4.2 x 107°-4.2 x 1074, indicating that the seeding par-
ticles behave as faithful tracers. The seeding particles provide adequate scattered light intensity,
with an average Signal to Noise Ratio around 10.

The illumination was provided by a pulsed 532 nm laser beam (Q-switched water cooled 40 W
Innolas Photonics Blizz laser with maximum repetition rates of 400 kHz, M2 < 1.4 TEMOO at 532
nm) expanded to form a cylindrical measurement volume.

The effective measurement volume has streamwise length L,,, ~ 20 mm, and transverse dimension
d;, ~ 2 mm. The laser-beam thickness defines the small dimension of the measurement volume,
whereas the camera field of view defines the observed portion of the illuminated beam.

The reconstructed particle trajectories provide a direct visual indication of the spatial coverage
achieved within the cylindrical measurement volume. Figure 3 shows an example instantaneous
Shake-The-Box reconstruction containing more than 2.2 x 10% tracks. The tracks fill the elongated
illuminated volume over its full streamwise extent, demonstrating the level of Lagrangian infor-
mation available for subsequent estimation of the three-component velocity field and its spatial
derivatives.

The imaging system consists of four Phantom high-speed v2640 cameras (288 GB) arranged around
the measurement volume, see Figure 1. This geometry keeps all cameras predominantly in side
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Figure 3. Example volume of interest reconstructed with Shake-The-Box particle tracking velocimetry. The
instantaneous field contains more than 2.2 x 10% particle tracks within the elongated measurement volume of
approximate streamwise length 20 mm. The colour represents the local particle-track velocity magnitude. This
high-track-density example illustrates the spatial coverage available for estimating the three-component velocity field
and the velocity-gradient tensor required for dissipation-rate evaluation.
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or forward scatter, improving particle image quality for the DEHS droplets. Each camera was
equipped with long working distance optics providing high magnification while keeping the cam-
eras outside the region of aerodynamic influence. The acquisition was performed with a reduced
sensor window of N, x N, = 2048 x 400 pixels and a sampling frequency of f; = 20 kHz. At this
acquisition rate, each recording contains approximately N; = 40 frames per camera, correspond-
ing to 0.002 s of time-resolved particle track data. The laser repetition rate was matched to the
camera acquisition frequency. This temporal resolution is required not only for trajectory recon-
struction, but also for estimating temporal derivatives and for assessing the temporal content of
the dissipation rate signal.

The amount of Lagrangian information available from the Shake-The-Box reconstruction was as-
sessed from the track statistics reported by DaVis. Figure 4 summarises the average number of
instantaneous tracks across the Reynolds-number range and radial measurement locations con-
sidered in the present study. The vertical bars indicate the minimum-to-maximum variation of
the instantaneous track count within each recording, while the marker size represents the aver-
age track length in time steps. This diagnostic provides a compact indication of both the local
track density and the temporal persistence of the reconstructed trajectories, which are central for
subsequent velocity-gradient and dissipation estimates.

Next, the resolution requirements and the attainable resolution will be explored.

4. Evaluating the effective resolution

We will first evaluate the resolution criterion based on the scales of the turbulence and model spec-
tra. Then quantify the attainable resolution in the current experiments with a following discussion
on how spatial resolution in PTV measurements can be defined.

4.1. Quantifying the scale resolution requirements

The requirements for resolving the turbulent kinetic energy dissipation rate, ¢, are substantially
higher than those for resolving the turbulent kinetic energy. One manner to illustrate this is to
compare the spectrum for the turbulent kinetic energy, F(k), to the spectrum of the corresponding
dissipation rate classically formulated as, 2vk* E(k). The dissipation spectrum is therefore shifted
to higher wavenumbers ~ k? higher that the energetic scales.

Contrary to popular belief, and many textbooks in turbulence, the Kolmogorov length scale is
not the smallest scale of turbulence, but merely a characteristic length scale for the dissipative
scales. The long, flat tail of the spectrum does not suddenly end at the Kolmogorov scale, which
would be quite unphysical, but rather stretches down to the continuum limit. Resolving 100% of
the turbulent kinetic energy or its dissipation would therefore be excruciatingly difficult and with
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Figure 4. Particle-track statistics across the experimental matrix. The average number of instantaneous
Shake-The-Box tracks is shown as a function of nozzle Reynolds number for the three radial measurement positions at
x/D = 30. Vertical bars indicate the minimum to maximum range of instantaneous track counts reported by DaVis.
Marker size represents the average track length in time steps. The plotted data were obtained using seeding introduced

through the nozzle only. The two horizontal dashed lines indicate the target range of 2 x 10%-3 x 10* instantaneous
particles/tracks obtained with an additional local atomiser, used in the test cell together with the nozzle seeding.
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only very little gain. Since both the energy and dissipation spectra beyond a certain limit have
very long and flat tails with little integrated area (energy and dissipation, respectively) beyond, the
resolution is no longer sensitive to the cut-off wavenumber or frequency. We will thus define a cut-
off frequency for resolving 99% of the dissipation rate, £, and the dissipation of the dissipation, e, =

4/ / k*E (k) dk, respectively. We will thus note that this cut-off is only a number well within

the flat and insensitive spectrum range of resolving a major portion of the respective considered
quantity.

Furthermore, the estimation of the cut-off wavenumber will also be conservative, since we will be
using a model spectrum to estimate this. Most model spectra, among other issues, overestimate
the energy in the dissipation range, since the roll-off of the spectrum is does not cut back the spec-
tral flux to a sufficient degree, e.g. the Dryden spectrum, the von Karman spectrum, the Kaimal
spectrum the Kovasznay spectrum and even the Pao-Corrsin spectrum.

The Lin-Hill spectrum is less over-predicting of the energy in the dissipation range, in particular
as the Kolmogorov scale is approached:

(13)

k)3 (kngeor)?
E(k) = agae'/3k3 [1 + (’fﬁKol)z/S} exp {—QOéKoz [( Kol Unrcot) H

@/3) T 2
o0
Using this to integrate the dissipation spectrum, ¢ = 2v /0 k*E(k) dk shows that contributions
2
to the dissipation integral is in essence negligible above kni, = 1. Or, for k = =" where \ is

the wavelength and defining the resolution requirement in accordance with the Nyquist resolu-

tion criterion: 5 = Kol The fact that the right hand side happens to equal to unity does not

seem to have any particular physical explanation but rather happened by coincidence (George &
Taulbee, 1992). The Kolmogorov length scale is thus a scale below which approximately 99% of

.. . . /0o 2
the dissipation occurs, i.e. 2v /0 k“E(k) dk ~ 0.99¢.

e @)
For the dissipation of the dissipation, e, = 41° / k*E(k) dk, the analogous analysis shows that
—0o0

the resolution criterion is even sharper: kng, = 4. Similarly, based on the Nyquist criterion,
AT
5 = Kol = 0.8nK0l-

4.2. Quantifying the attainable measurement resolution

It is visually evident from the measured tracks that the dissipative gradients are large compared to
the track gradient resolution. We expect to be able to reach at least between 20.000-30.000 particles
in the current measuring volume, corresponding to ~0.04-0.06 ppp. Furthermore, since the tempo-
ral and spatial resolutions are inherently coupled in PTV measurements, this ensures a sufficiently
high resolution in space and time.
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To properly quantify the spatial and temporal resolution requirements, we will be utilizing the
classical (equilibrium) estimates for the Kolmogorov length and time scales, respectively 1y, =

3\ 1/4 1/2
v . .. . . .
() and g, = () . The kinematic viscosity, v, is a known material property. In the case
3 3

of the stationary round jet, measured dissipation rate measurements can be found from Hussein
et al. (1994), Figure 21a. The locally axisymmetric dissipation is the most accurate for the round
0.70 U}

turbulent jet, yielding from similarity scaling: ¢ ~ ——= at the jet centreline, where U, ~

20 —x

0.2Ucyt is the local centreline mean velocity at downst(ream (gistance x/D = 30 from the nozzle
and with z¢ ~ 4D being the distance from the nozzle to the jet virtual origin. The radial dissipation
rate profile in the jet similarity region is approximately Gaussian, and hence the largest dissipation
rate, and hence the smallest 7g,;, are found at the jet centreline. Now, the jet centreline happens
to be one of the least interesting regions in the jet. The region of maximum shear, around the jet
half width, is much more exciting to study, not least since this is the region in which production of
turbulent kinetic energy is the highest.

There are hence several reasons why our required resolution estimates are conservative:

¢ The resolution estimates are based on the highest dissipation rate along the radial jet profile,
at the jet centreline, yielding the smallest Kolmogorov length scale across the radial jet profile.

¢ The Lin-Hill spectrum also over-predicts the dissipation rate, since it does not cut off the
energy of the energy spectrum sufficiently rapidly in the dissipation range.

¢ Both the energy- and the dissipation-spectra in the considered region are very flat and the
resolved energy or dissipation, respectively, is not sensitive to the exact cut-off in this high
wavenumber range.

Since the measurements are carried out in the self-similar region at z /D = 30 at different Reynolds
numbers, we list the relevant parameters for the tested Reynolds numbers at the jet centreline in
Table 1.

The temporal resolution is defined by the time between pulses, f = 20kHz — At = 50 ps. This is
to be compared to the Kolmogorov timescale, ranging between 2 ms - 63 ms for Reynolds numbers
between 10* to 10°. Even at the highest Reynolds number, the acquisition time step is 40 times
smaller than the Kolmogorov timescale. The spatial resolution thus constitutes the most critical
criterion.

As a first comparison, one could estimate the average inter-particle spacing in the measuring vol-
ume, ¢,. The cylindrical volume of approximate length 20 mm and diameter 2 mm yields a volume
of V ~ 62.8 mm®. A track count of N = 25.000 — 50.000 particles should be attainable, corre-
sponding to ~0.05 — 0.10 ppp. The average volume per particle V,, = V/N = 0.00251 mm?® for
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Rep NKol, centreline (HIMN) /2\|0.995 = MK (Hm) ;\|0.9955 = %m(oz (um)
20.000 578 1816 454
40.000 344 1080 270
60.000 254 797 199
80.000 204 642 161
100.000 173 543 136

Table 1. Spatial resolution check across tested Reynolds numbers. The Kolmogorov length scales are estimated at the
centreline, where the dissipation is the highest and the Kolmogorov length scale ng,; is the smallest. The estimates
are based on a Lin-Hill model spectrum that cuts back the energy in the dissipation range more sharply than most

spectral models, yet is expected to over-predict the dissipation and hence under-predict the Kolmogorov length scale.

N = 25.000, yielding a characteristic spacing based on a cube cell estimate of ¢, ~ Vpl/ 3~ 136 um.
Using instead a nearest neighbour estimate based on a random distribution yields slightly lower

values, ¢y ~ 75 um. Since the inter-particle spacing scales as ~ N —1/3

, the inter-particle spacing
only reduces slowly with increased track density. For N = 50.000 particles, i.e., a doubling of
the track counts, the average particle inter-spacing only reduces to ¢, ~ 108 um or, respectively,

gNN ~ 60 wm.

With the inter-particle distance ¢, as a simple initial measure, the experiments do indeed resolve
both the dissipation rate, ¢, and the dissipation of the dissipation, €., beyond 99%, see Figure 5,
despite the conservative dissipation estimates under-predicting the Kolmogorov length scale.

A local linear fit for first-order spatial velocity gradients requires a neighbourhood of order ~ 2¢,,
whereas a quadratic fit required for higher-order spatial derivative estimates requires a support
closer to ~ 3¢,. These values are of the same order as the estimated Kolmogorov length scale,
indicating that the measurements are designed to resolve the dissipative range directly rather than
infer it from large-scale surrogate quantities. This strategy follows the same physical motivation
as the long range micro-PIV measurements of Fiscaletti et al. (2014), but extends the measurement
concept to time-resolved volumetric particle tracking in order to access all three velocity compo-
nents and all components of the velocity gradient tensor.

The measurement strategy is therefore matched to the derivative hierarchy introduced in Section 2.
The dissipation rate requires accurate first order spatial derivatives of the fluctuating velocity field,
whereas the dissipation transport equation additionally requires higher order derivatives, includ-
ing terms involving 9s;;/dxy, Vs;;, and the pressure Hessian. The experimental configuration
combines high magnification, high speed imaging, dense particle tracking, and radial traversing
of the measurement volume to provide the spatial and temporal resolution needed for these quan-
tities. The detailed procedure used to compute velocity gradients from the irregularly distributed
particle tracks and a full comparison of gradient estimation methods is provided in the companion
paper (Certini et al., 2026).
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Figure 5. Lin-Hill turbulent kinetic energy spectrum, E(k), and the corresponding dissipation spectrum, 21/k2E(k).
The resolution criteria for resolving 99% of ¢, kngo = 1, and 99% of e, kng, = 4, and the wavenumber k, = 7/4,
corresponding to the inter-particle distance for £, = A/2 = 108 um, respectively, are indicated by vertical lines. All

quantities shown are relevant for the jet centreline at downstream distance /D = 30 and Rep = 100.000.

4.3. Defining the spatial resolution of PTV measurements

It is important to note, that for the Lagrangian methods, determination of the effective resolution
may not be fully trivial. When evaluating the gradient of a velocity vector, Vu, from practical data,
one is in fact evaluating the gradients of a spatially filtered velocity field, Vu,,,,. The estimated
gradient therefore corresponds to a gradient field filtered across a filter scale Ay .

Although it may seem most straightforward to equate the resolution to the average inter-particle
spacing, for Lagrangian methods, the relevant length scale is rather the characteristic radius of the
regression neighbourhood. At the same time, the resolution of the gradients is also characterized
by the resolvable gradients of each particle trajectory. So the effective resolution varies with the
local flow conditions compared to the capabilities of the optical diagnostics. For example, if the
gradients do not vary significantly across the filtered volume, the resolution is not much dimin-
ished by the filter extent.

The Taylor microscale in e.g. the x-direction,

)2 <Ul2>

(%))
where v’ is the velocity fluctuation, can be used to evaluate the effective resolution. The denom-
inator is dominated by scales of order A and smaller. So if A.yy < ), the filter should have very

little influence. If A,y ~ ), the estimate becomes strongly biased. If A.ry > A, the measured
gradient variance is no longer representative of the physical gradient field. One may thus suggest
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a dimensionless resolution parameter:
A
1, eff

=
which should be « 1 for low filter influence. Or, correspondingly for the Kolmogorov length scale,
imposing a sharper resolution criterion,

_ Ay
Kol nKol

Important measures from turbulence theory and modelling, such as the dissipation rate ¢, the
Taylor microscale A and the derivative skewness S, all depend strongly on filter scale.

5. Results: dissipation-rate and dissipation-transport diagnostics

A time series of the absolute value of the complete set of measured Cartesian spatial velocity
derivatives and the resulting turbulent kinetic energy dissipation rate, ¢, is presented in Figure 6.
The dissipation rate is observed to display intermittency where high bursts of dissipation and
the gradients contribute non-isotropically to the resulting dissipation rate. These results should
however be considered preliminary, since the noise amplification of the gradients will have to be
understood and alleviated, subject to future work.

Preliminary evaluation of the dissipation transport balance is shown in Figures 7-9. The measure-
ment volume was subdivided into 24 smaller subvolumes, and the terms of the dissipation trans-
port equation were evaluated in each subvolume. This representation provides a first spatially
resolved assessment of whether the different terms of the balance can be estimated consistently
from the particle tracking data.

Figure 7 compares the left-hand side of the dissipation transport equation with the sum of the
right-hand-side terms. The two curves follow each other closely over the full set of subvolumes,
including both the large negative excursions and the local positive maxima. This agreement is
encouraging, because it indicates that the implemented processing chain preserves the overall
structure of the dissipation transport balance at the level of the spatially averaged subvolumes.
The strongest variations occur over a limited number of subvolumes, where the magnitude of the
balance increases substantially, suggesting that the local dissipation dynamics are highly inhomo-
geneous within the measurement volume.

The individual right-hand-side contributions are shown in Figure 8, with an additional rescaled
view excluding the pressure-Hessian contribution shown in Figure 9. The different terms exhibit
markedly different amplitudes and spatial variability. Some terms remain close to zero across most
of the domain, whereas others show large positive and negative excursions. The complete decom-
position shows that the pressure-Hessian contribution is the largest term in the present preliminary
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Figure 6. A time series of the absolute values of the complete set of measured Cartesian spatial velocity derivatives
and the resulting turbulent kinetic energy dissipation rate, €, measured at the jet centreline at Rep = 67.000.
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Figure 7. Comparison between the left- and right-hand sides of the dissipation transport equation along the
subdivided measurement volume. The blue curve shows the left-hand side, corresponding to the material derivative of

1
§<sij s4j), while the orange curve shows the sum of the evaluated right-hand-side terms. This comparison provides a
preliminary assessment of the experimental closure of the dissipation transport balance and highlights the sensitivity

of the balance to the estimation of higher-order velocity derivatives.

evaluation. At the same time, the remaining contributions also exhibit appreciable spatial variabil-
ity, indicating that the final right-hand side in Figure 7 results from the combination of several
competing mechanisms. The large fluctuations observed in selected terms also highlight the sen-
sitivity of the dissipation transport equation to derivative estimation, since several terms involve
products of velocity-gradient quantities and higher-order spatial derivatives.

Because the pressure-Hessian contribution is substantially larger than several of the remaining
terms, Figure 9 shows the same decomposition with rhs7 omitted. This does not modify the eval-
uated dissipation-transport balance, but provides a clearer view of the spatial variation of the
lower-magnitude contributions.

At this stage, the results should be interpreted as a preliminary consistency check rather than as
a definitive quantitative closure of the dissipation transport equation. The close correspondence
between the left-hand side and the summed right-hand side is promising, but the individual terms
remain sensitive to noise, local particle density, fitting support, and the treatment of spatial deriva-
tives. A systematic uncertainty analysis and a parameter-sensitivity study will therefore be re-
quired before firm conclusions can be drawn regarding the relative importance of the individual
dissipation transport mechanisms. Nevertheless, these preliminary results demonstrate that the
present experimental and processing framework can access the terms of the dissipation transport
balance in a spatially resolved manner, thereby providing a basis for future measurements of non-
equilibrium turbulence in the high-Reynolds-number jet.

6. Discussion & Conclusions

The current work presents a high-resolution PTV experimental facility capable of measuring and
resolving the dissipation rate of the turbulent kinetic energy and even the dissipation transport
balance. These measurements will be utilized to study these and other physical quantities under
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Figure 8. Individual contributions to the right-hand side of the dissipation transport equation along the subdivided
measurement volume. The plotted terms correspond to production by interaction between fluctuating strain and
mean strain gradients (rhs1), turbulent transport of fluctuating strain intensity (rhs2), interaction between
fluctuating strain, mean velocity gradients, and fluctuating velocity gradients (rhs3 and rhs4), nonlinear
self-interaction of the fluctuating velocity gradients (rhs5), the Reynolds-stress inhomogeneity term (rhs6), the
pressure-Hessian contribution (rhs7), and the viscous diffusion/destruction term (rhs8). The relative magnitude and
spatial variation of the terms illustrate which mechanisms dominate the preliminary balance and where the evaluation
is most sensitive to spatial derivative estimation.
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Figure 9. Individual right-hand-side contributions to the dissipation transport equation, excluding the
pressure-Hessian term. The pressure-Hessian contribution (rhs7) is omitted from this figure because it is the
dominant term and would otherwise compress the smaller contributions. This representation is therefore used to
visualise the spatial variation of the remaining right-hand-side terms; the complete decomposition including rhs7 is
shown in Figure 8.
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variation of parameters central to both theory and modelling of turbulence.

The results show intermittency in the dissipation rate time series and anisotropy in how the dif-
ferent gradients contribute to the resulting dissipation rate. These intermittent bursts are hypothe-
sized to result from the passing of relatively sharp local shear layers. The idea is that two relatively
large co-rotating structures, if sufficiently close to one another, can generate a thin shear layer with
smaller structures in between. When this kind of structure passes the measurement region, this
will temporarily result in higher values of the gradients, and thereby of the dissipation rate. The
fact that the different gradients do not tend to contribute similarly to the dissipation rate supports
the hypothesis that the small scales are coupled to the large anisotropic scale dynamics in local
shear layers between relatively large structures. Hence, isotropy of the small scales may be ham-
pered by the direct coupling between large and small scales. This idea remains to be properly
tested and evaluated.

The preliminary evaluation of the dissipation transport equation further demonstrates that the
present measurement and processing framework can access not only the dissipation rate itself, but
also the separate terms entering its transport balance. When the measurement volume was subdi-
vided into smaller subvolumes, the left-hand side of the balance was found to follow the summed
right-hand-side contributions closely, including the main positive and negative excursions. This
agreement is encouraging, as it suggests that the dominant spatial structure of the dissipation
transport balance is preserved by the present processing chain. At the same time, the individual
right-hand-side terms showed large differences in magnitude, with the pressure-Hessian contribu-
tion being dominant in the present preliminary evaluation. The decomposed terms therefore high-
light both the physical richness of the balance and its sensitivity to derivative estimation, noise,
local particle density and fitting support. The present result should consequently be interpreted
as a first consistency check rather than as a final quantitative closure of the dissipation transport
equation.

While the resolution has been shown to be sufficient for resolving both the dissipation rate of the
turbulent kinetic energy and its transport balance, an outstanding challenge is to tackle the noise
and how it impacts the signal when computing the gradients. Coming work will target the analy-
sis of measured particle tracks from the present setup and how noise impacts the results and can
be minimized. An important feature of the present measurement data is the high resolution com-
pared to the measured scales. Since the turbulent kinetic energy, its dissipation rate and even the
dissipation transport (including dissipation of the dissipation) are effectively resolved, the filtering
effects should be negligible and therefore the noise effects can be isolated and tackled in a more
straightforward manner. Measures are currently being taken with collaborators to adapt the ex-
perimental setup to better enable the noise reduction, as well as to find the most suitable analysis
method to suppress these effects.



22nd LISBON Laser Symposium 2026

7. Acknowledgements

CMYV, SLR and MS acknowledge the support from the European Research Council: This project
has received funding from the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant agreement No 803419). CMV, HA and
DC acknowledge the support from the Poul Due Jensen Foundation, grant No 2018-039: Financial
support from the Poul Due Jensen Foundation (Grundfos Foundation) for this research is gratefully
acknowledged.

References

Certini, D., Schiedt, M., Abitan, H., Suchde, P., Buchwald, T., Schroder, A., & Velte, C. M. (2026).
Validation of methods for estimating velocity gradients from highly resolved particle tracking
data. In Proceedings of the 22nd International Symposium on Applications of Laser and Imaging Tech-
niques to Fluid Mechanics, Lisbon, Portugal, 29 June - 2 July 2026.

Fiscaletti, D., Westerweel, ]., & Elsinga, G. E. (2014). Long-range ;:PIV to resolve the small scales in
ajet at high Reynolds number. Experiments in Fluids, 55(9), 1812. doi: 10.1007 /s00348-014-1812-7

George, W. K., & Hussein, H. J. (1991). Locally axisymmetric turbulence. Journal of Fluid Mechanics,
233, 1-23.

George, W. K., & Taulbee, D. B. (1992). Designing experiments to test closure hypotheses. Experi-
mental thermal and fluid science, 5(3), 249-259.

Hussein, H. J., Capp, S. P.,, & George, W. K. (1994). Velocity measurements in a high-Reynolds-
number, momentum-conserving, axisymmetric, turbulent jet. Journal of Fluid Mechanics, 258,
31-75.

Lai, C. C., & Socolofsky, S. A. (2019). Budgets of turbulent kinetic energy, Reynolds stresses, and
dissipation in a turbulent round jet discharged into a stagnant ambient. Environmental Fluid
Mechanics, 19(2), 349-377.

Pope, S. B. (2000). Turbulent flows. Cambridge: Cambridge University Press.

Ribergaard, S. L. (2025). Quantification of the degree of non-equilibrium in accelerating turbulence:
Establishing a laboratory fit for quantification of non-equilibrium turbulence (Tech. Rep.). Technical
University of Denmark, PhD-dissertation.

Schanz, D., Gesemann, S., & Schroder, A. (2016). Shake-The-Box: Lagrangian particle tracking at
high particle image densities. Experiments in Fluids, 57(5), 70.



22nd LISBON Laser Symposium 2026

Tennekes, H., & Lumley, J. L. (1972). A first course in turbulence. Cambridge, MA: MIT Press.

Tsinober, A. (2009). An Informal Conceptual Introduction to Turbulence: Second Edition of An Informal
Introduction to Turbulence. Springer Netherlands.



	Introduction
	Theoretical background
	Experimental setup
	Evaluating the effective resolution
	Quantifying the scale resolution requirements
	Quantifying the attainable measurement resolution
	Defining the spatial resolution of PTV measurements

	Results: dissipation-rate and dissipation-transport diagnostics
	Discussion & Conclusions
	Acknowledgements

