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an explanation for these features (Elsinga and Marusic 2010). As can be seen in Figure 1, the 
average flow pattern in the strain rate tensor eigenframe consists of a shear layer with two 
stretched vortices separating two regions of virtually uniform flow. This suggests that the 
alignment of 𝜆  and 𝜔 as well as the teardrop shape of the Q-R-plot are actual footprints of the 
universality of these dominant coherent small-scale structures. 

 

Fig. 1 (a) Average velocity pattern on a plane defined by the first and third eigenvector of the strain rate tensor for 
points in DNS of isotropic turbulence, shown as velocity vectors in the 𝜆 − 𝜆  and (b) the corresponding average 
Eulerian 3D streamlines (Elsinga and Marusic 2010) 

Referring to the view of (Elsinga et. al. 2017), the fact that the average shear layer dimensions are 
consistent with instantaneous results obtained by DNS (Ishihara et. al. 2013) confirms that they 
are not an artifact induced by the averaging procedure but show a key feature of instantaneous 
turbulent flows. In this contribution we present the progress of the development of algorithms to 
answer three questions. 

 How do the universal structures form and disappear? 
 Which role do the universal structures play in the energy dissipation process? 
 What are the properties of the particle tracks when they pass through such a 

(conditioned) universal structure? 

To answer these questions time resolved data of a von Kármán flow obtained by a dense 
Lagrangian Particle Tracking Technique is used. The photograph and a sketch of the set-up at the 
GTF3 of MPI, Göttingen is shown in Figure 2 (for details see Schröder et al. 2022). Table 1 shows 
the experimental parameter settings with various time series of snapshots at two different particle 
image densities aiming at full convergence of Lagrangian particle statistics and the Eulerian 
velocity vector, respective velocity gradient tensor and pressure fields statistics. First, a 3D camera 



20th LISBON Laser Symposium 2022 

calibration based on a two-sided two-plane target from LaVision, volume-self-calibration (VSC) 
(Wieneke 2008) and the estimation of the particles Optical Transfer Function (OTF) for each camera 
and sub-volume (Schanz et al. 2013) has been processed. Then the STB algorithm (Schanz et al. 
2016) with recursive application of the IPR method (Wieneke 2013, Jahn et al. 2021) has been 
applied to the series of time-resolved images from the four high-speed cameras. A two-pass STB 
approach was employed, which first tracks forwards in time, then reverses the image order and 
elongates existing tracks backwards in time, while reconnecting possible track-fragments. The 
particle tracks (up to ~80,000 per time step and measurement volume for the high seeding cases) 
have been stored and a temporal filter using 3rd order B-splines has been applied with optimal 
weighting coefficients derived from the cross-over frequency between signal and noise of the 
particle tracks-position spectrum (Gesemann et al. 2016). The filtered particles positions and the 
calculated analytical temporal derivatives, velocites and acceleration information are used as 
input for the above mentioned data assimilation method FlowFit. In addition to the evaluation of 
large amounts of Lagrangian particle track data with relatively little computational power by STB, 
the subsequent application of FlowFit (Gesemann et al. 2016) data assimilation using position, 
velocity and acceleration data along all tracks as input offers the computation of the time-resolved 
full velocity gradient tensor (VGT) 𝐴 = 𝛻�⃗� and pressure fields �̅� =   on arbitrary points without 

numerical interpolation. The cell size of the individual 3rd order cubic B-Splines is chosen to be 
~300 µm corresponding to ~2.7and ~4.8  for the two Reynolds numbers, respectively. A slice of 
a single time step of the resulting FlowFit data for 𝑅𝑒 = 370 is shown in Figure 3. In the following 
only the higher Reynolds number is considered.  

    
Fig. 2 Experimental set up-with four 4 Mpx high speed cameras (v640) for dense Lagrangian Particle Tracking inside 
the GTF 3 facility at the MPI-DS, Göttingen using Shake-The-Box (left). The turbulent Kármán flow at 𝑅𝑒 = 370 is 
produced with two counter-rotating disks with impellers following the principle sketch (right) 
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Table 1 Experimental parameter of the STB campaign using the propeller rotation frequency f = 1Hz at 𝑅𝑒 = 370 and 
related flow properties of the Kármán flow facility GTF 3, including recent findings on the dissipation rate. (left) 

Fig. 3 Slice of FlowFit data, iso-surfaces of Q-criterion, Q = 7000 s-² color coded by x-component of velocity and grey 
iso-surfaces at ·from FlowFit (right).  

 

Furthermore, the strain rate tensor 𝑆, the local energy dissipation rate 𝜀 = 2𝜈𝑆𝑆 as well as the 
enstrophy  𝜈ω  and the principal invariants of incompressible flow Q  =  𝑡𝑟(𝐴) and 𝑅  = − det(𝐴) 
can be determined. The main limitation is the underestimation of the velocity derivatives due to 
the low pass filtering effect caused by the mean 3D particle distance of ~9·so that despite using 
optimized spatial interpolation with physical regularization by the FlowFit procedure, this leads 

to an underestimated mean energy dissipation rate of ⟨𝜖⟩ = 0.041 . Therefore, the 

computation of the flow properties shown in Table 1 is based on an estimation of ⟨𝜖⟩ = 0.063  

using a statistical velocity/acceleration structure function approach which is valid for the (well 
resolved) inertial subrange (Falkovich 2012, Jucha 2014, Schröder 2022). However, the (coarse 
grained) dissipation evaluation using FlowFit is possible on every single point in the measurement 
domain, and is therefore used for estimating instantaneous values. Despite the mentioned low-
pass-filter effects high energy dissipation rate or enstrophy events can be detected for the well 
sampled energy containing structures and used for further Eulerian and Lagrangian statistics 
assuming that the underlying “true” velocity gradients would consist of even higer amplitudes. 

Flow properties 𝜏 ~3.93ms 
 

𝜂 = 61.8𝜇𝑚 
 

𝑅𝑒 ~370 

Camera 
parameters 

1280 x 1200 px 

 
3.33 kHz (<1/13𝜏) 

Statistics (lower 
seeding) 

1000 x 200 imgs 

 
2000 x 40 imgs 

Spatiotemporal 
structures (high 
seeding) 

3 x 14000 imgs 
(1000𝜏) 

Volume 40 x 40 x 15 mm³ 
(670 × 670 × 250 𝜂 ) 
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Another advantage of the STB/FlowFit approach is the presence of particle tracks embedded 
within the time-resolved (coarse grained) velocity gradient tensor and pressure fields which allow 
us to include the Lagrangian view to obtain a more complete picture of the coherent structures. 
Therefore, we can present the coherent structures in connection with the properties of the tracer 
particle tracks resp. fluid elements forming them. 

 

2. Methodology 

We search for instantaneous realizations of the dominant foci-saddle point pattern hereinafter 
referred to as “events”, to obtain the time evolution of the coherent structures in the strain rate 
tensor eigenframe. In order to achieve this an algorithm is necessary, which consists of a detection 
and a tracking procedure.  

The detection procedure is based on the original algorithm described in Elsinga and Marusic 
2010 and is briefly summarized as follows: 

(1) Compute the eigenvectors of the strain rate tensor of a random point in the 
measurement volume. 

(2) Change the sign of the second eigenvector if its direction does not coincide with the 
vorticity vector. 

(3) Change the sign of the first eigenvector to maintain a right-handed coordinate system 
if necessary. 

(4) Sample the velocity and dissipation in the local coordinate system defined by the 
eigenvectors 𝜆  of 𝑆. 

(5) Transform the properties into the eigenframe. 
(6) Save the event if the maximum of topology strengths components 

 𝑑 = min
⃗ ∘ ⃗  

⃗
 with vorticity 𝜔  in one of the expected vortex pair positions i 

(distance to the origin) and j (quadrant) shown in Figure 4 being higher than the 
threshold. The evaluation of topology strength is performed using three different 
vortex pair positions since the distance between the vortices and the origin decreases 
with increasing dissipation (Elsinga et. al. 2017). 

 

Steps (2) and (3) are necessary to avoid averaging out the expected structure, such that the 
averaged event would only show a pure strain pattern. 

With Taylor’s frozen-flow assumption these events can be tracked in time using the velocity in the 
middle of the structure to find the position of the event in the following time step. To determine 
the position of the event more precisely, the advection velocity is not used directly. Instead, the 
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advection velocity defines the size of a box described by 27 grid points enclosing the position of 
the event in the previous time step. Among these positions the one with the highest structure 
strength is selected as midpoint of the event in the current time step. This position is then used to 
sample the velocity and dissipation in its respective eigenframe. The change of direction of the 
vorticity vector in a time coherent event can not change to the opposite direction in the time period 
(<1/13𝜏 ) between to particle images. Therefore, the signs of the eigenvectors 𝜆  are adjusted such 
that they point roughly in the same direction as the eigenvectors of the previous time step. This 
ensures that the strain rate tensor eigenframe rotation is a representation of the rotational 
movement of the event. Before averaging, the event tracks are shifted in time in such a way that 
the time step with the highest topology strength is considered as 𝑡 = 0. Thus, the average strength 
is strongest at 𝑡 = 0, so that all time steps before can be interpreted as the formation of the event, 
while time steps thereafter show its decay. To reduce the influence of measurement inaccuracies, 
a low pass filter is applied on the sequence of structure strengths before evaluating its maximum. 
The positions of event tracks at 𝑡 = 0 can then serve as a starting point for a second tracking 
procedure, in which the events are advected forward and backward in time. The tracking 
procedure can also be used for other kind of events by giving the structure strength 𝑑 another 
meaning. An interesting application for this is the tracking of highly dissipative events by defining 
the structure strength as a local average of dissipation.  

To answer the third question raised in the introduction, flow regions with high energy dissipation 
rates are identified. Particle tracks passing through those regions (a box with edge length 19.5𝜂 
around the maxima) are gathered (~200,000) and their Lagrangian and Eulerian ( and pressure) 
properties are averaged along the particle tracks or fluid elements for each time-step to get insight 
in the related (mean) energy exchange process. The same method using enstrophy as structure 
strength allows the investigation of Lagrangian tracks (~100,000) passing through the area of such 
events. 

 

3. Event tracking results 
 
If random points are used as the basis for the averaging procedure, the known foci-saddle point 
structure emerges, as shown in Figure 4. Thus, the universal structure can be detected not only in 
DNS and Tomo PIV data (Elsinga and Marusic 2010), but also in STB/FlowFit data of turbulent 
flows. The conditioning on high dissipation causes the foci to be closer together, which is in good 
agreement with the averaged shear layer computed by Elsinga et. al. 2017.  
Furthermore, the average velocity is much higher in Figure 4b, suggesting that the average event 
originate primarily from locations with high dissipation. 
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Fig. 4 Average velocity pattern on a plane defined by the first and third eigenvector of the strain rate tensor for 
every event (a) with three vortex pair positions (plus symbols) considered for the evaluation of topology strength. 
The same average pattern is observed by conditioning on dissipation 𝜖 > 7.5⟨𝜖⟩. (b) The scaling between arrow size 
and velocity is the same for both figures.  

 

Using the event detection with a structure strength threshold 𝑑 = 0.95 on the spatiotemporal 
dataset shown in Table 1, events with high structure strength can be found. Elsinga and Marusic 
conjectured, that the pattern is not only an averaging artifact, but shows instantaneous structures 
characterising turbulent behaviour. If this is true and the detection algorithm is able to find the 
events, the average of velocities without using high structure strength locations must not show 
the pattern. As can be seen in Figure 5, the pattern formed by averaging without events of high 
structure strength do not show the foci-saddle point structure. This fact supports the assumption 
of Elsinga and Marusic and shows that the algorithm is able to find the events.  

The rotation rate of the strain rate eigenframe and the vorticity at the origin of the tracked events 
should be similar as long as the structure remains stable. In order to verify the functionality of the 
tracking procedure, probability density functions of both values for all tracked events are shown 
in Figure 6. This indicates that although the distributions of both properties are quite similar, the 
rotation is occasionally very high. This is to be expected due to the existence of decaying events, 
which are accompanied by structure topology changes.  
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Fig. 5 Ensemble average of locations with structure strength 𝑑 < 0.5. 

Fig. 6 PDF of strain eigenframe rotation rates and vorticity in tracked events. 

 

The average tracked event sampled on 11 x 11 points at 𝑡 = 0 with mean structure strength of 𝑑 =

0.99 is shown in Figure 7. The coherent structure is clearly visible, but the node-saddle topology 
is less pronounced than in the event shown in Figure 4a. The dissipation maximum is located in 
the middle of the event. The dissipation rate level over the whole plane is smaller than the 
(underestimated) average ⟨ε⟩ = 0.041, which indicates that high dissipation events in particular 
hardly seem to meet the required alignement between vorticity and 𝜆 , which prevents their 
identification. The pressure distribution shows two minima, as expected considering the vorticity 
iso-contour lines shown in Figure 4a.  

 

Fig. 7 Average pressure pattern (a), velocity pattern (b) and dissipation pattern (c) in the 𝜆 − 𝜆  eigenplane using 
111,598 tracked events. 

p in 10  𝑚  / s  ε in 10  𝑚  / s  
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Although instantaneous universal small scale structures exist and contribute significantly to the 
mean structure, the tracked events are individually very different in the distribution of pressure, 
dissipation, and velocity. Therefore, the results are not fully converged even with the high number 
of 111,598 events tracked. In addition, many events can only be tracked over a short period of time, 
so that only 11,717 elements are available averaging on timestep 𝑡 = −3𝜏 .  

The problem also exists when tracking events with decreasing structure strength, so that at 𝑡 =

3𝜏  only 16,462 events remain. Despite the fact that tracking of Eulerian structures like strong 
vortices proved to work well (Elsinga et al. 2012), the events were found to vary much in their 
topology over time. One reason for the fragility of the tracked events may be the chosen structure 
strength definition, which detects mostly structures with weak vorticity. However, it is also 
possible that this type of structure actually has a short lifespan, as the two vortices are only in close 
proximity to each other for a short time.  

 

4. Lagrangian Tracks statistics 

Highly dissipative events contribute particularly to the universal structure velocity distribution, 
as can be seen in Figure 4b. Therefore we now deal with the statistics of particle tracks passing 
through or close by high dissipative events. In addition, high enstrophy events are also 
examined for comparison. 

 
Fig. 8 Ensemble average of acceleration and velocity magnitude, pressure, dissipation and enstrophy for each time 
step for particle tracks passing through a box of high dissipation locations (ε > 7.5⟨ε⟩) or high enstrophy locations 
(𝜈ω > 7.5 < 𝜈ω >) respectively from 4  backward to 4  forward in time.  Box size: 19.5𝜂 x 19.5𝜂 x 19.5𝜂  
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The mean acceleration, velocity, pressure, dissipation and enstrophy of particle tracers passing 
through a box with 19.5𝜂 edge length containing such events are shown in Figure 8. Due to the 
conditioning, the tracks are statistically independent although the data set contains only about 
2000 time series. For the representation of velocity and acceleration, only the particle data are 
necessary. The remaining quantities require velocity gradients or pressure which are derived from 
the FlowFit field at the respective particle track positions backward and forward in time. The plots 
show that local acceleration and velocity maxima are reached after the dissipation maximum. The 
pressure decrease slows down after this time, while the enstrophy reaches its maximum at 𝑡 = 0, 
and then falls only slowly. This could be an indication for the temporal transition of the 
Lagrangian particle surrounding topology from a node-saddle- to a vortex structure topology, in 
a mean sense. The dissipation maximum is smaller than the threshlod for finding the high 
disspation event, because of the large box size used for gathering the particle tracks. The energy 
exchange processes within certain structures consist of the sum of the Lagrangian particle tracks 
that form them. Thus, linking Lagrangian tracks to the Eulerian structures they pass through gives 
us a direct insight into the energy exchange processes of various structures. The time course of 
Lagrangian particle tracks in terms of the power balance equation   

�⃗� ⋅ �⃗� = 𝜈Δ�⃗� ⋅ �⃗� − ∇�̅� ⋅ �⃗�    (1) 

and of the viscous transport term  

𝑇 = 𝜈Δ�⃗� ⋅ �⃗� + ε       (2) 

as well as of the Q-value in a mean sense during the time-span from −4𝜏 <  𝑡 <  4𝜏  is shown in 
Figure 9.  

Since the results shown open up a new view of the energy exchange processes, the following 
interpretations are only a first attempt to get an idea of the processes involved.  

The �⃗� ⋅ �⃗� plot shows a drop, which starts shortly after passing the high dissipation event and lasts 
a little longer than 2𝜏 . During this time 𝑇 drops below zero, indicating a power flow into a new 
flow structure, while the Q-value rises. The term 𝜈Δ�⃗� ⋅ �⃗� is strongly negative all the time, which 
shows how important the viscous term is in highly dissipative events. These results and the picture 
of the universal structure occurring in turbulence shown in Figure 1 point out the following 
scenario. Fluid particles stemming from coherent bulk flow regions with opposite velocity 
directions approach each other creating high velocity gradients in a shear layer resulting in high 
energy dissipation events and a decrease of their power. The resulting Kelvin-Helmholtz 
instability provides for a small scale motion which is reflected in the formation of a pressure 
minimum in vicinity to the strong shear event. A part of the power of the particles flow into the 
formation of a vortex, as the rising Q-value indicates. 
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Fig. 9 Ensemble average of each term in the energy balance equation and the viscous energy transport , Q-value as 
well as enstrophy and dissipation for each time step from 4  backward to 4  forward in time for particle tracks 
passing through a of high dissipation locations (ε > 7.5⟨ε⟩) or high enstrophy locations (𝜈ω > 7.5 < 𝜈ω  )  
respectively. Box size: 19.5𝜂 x 19.5𝜂 x 19.5𝜂. 

In this process the transfer into high dissipation therefore not only leads to an energy sink 
(production of heat) but also an upscaling in form of vorticity. Particles sucked into the newly 
formed vortex begin to accelerate and leave the structure. Particle tracks leading through regions 
of high enstrophy, on the other hand, show a resembling decrease in power even though they have 
lower velocity and acceleration values. The high power before passing an event with high 
enstrophy is therefore an indication of an alignement of acceleration and velocity, which is to be 
expected in pressure gradient driven events.  

A visual representation of particle tracks forming an instantaneous high dissipation event can be 
seen in Figure 10. For the display, an event was tracked, and every particle in a box placed around 
the position of the event at a point in time was gathered. The positions of the tracks corresponding 
to the particles are visualized relative to the dissipation event origin in its timestep. The tracks 
shown, like the mean properties, indicate that the origin of the highly dissipative event is a bulk 
flow region. Taking into account the fact that the power before the event is low and the pressure 
decreases during the approach, one can conclude that bulk flow events from different directions, 
which collide through a pressure minimum into a common point, are responsible for particularly 
high dissipation events. 
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Fig. 10 Instantaneous particle tracks passing through a dissipation event.  Red dots indicate the beginning of a 
particle track. Box size 19.5𝜂 x 19.5𝜂 x 19.5𝜂. 
 

5. Summary and Conclusions 

In this contribution velocities sampled in their respective strain rate eigenframes were averaged 
using experimental data of a von Kármán flow with 𝑅𝑒 = 370. We have found the same foci-
saddle point structure identified as a universal small scale feature as in previous experiments and 
DNS (Elsinga and Marusic 2010). Furthermore, an approach to track the universal structure to 
investigate its properties over their lifetime was presented. As a measure of structure strenght the 
minimum of alignements of the second eigenvector of the strain rate tensor and the vorticity 
located in the expected vortex positions was used. The ensemble average of velocity of these events 
showed a pattern which resembles the universal structure.  

It has been shown that the averaged event contains two pressure minima at the vortex positions, 
while there is a dissipation maximum at the origin. The dissipation averaged over the whole 𝜆 −

𝜆  eigenplane is smaller than the average dissipation, which indicates that the detection algorithm 
primarily finds weak events. The events were tracked forwards and backwards in time using 
Taylor’s frozen-flow assumption in combination with a shaking approach. With the current 
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algotrithm, only ~ 15% of the events are tracked more than 3τ  using their highest structure 
strenght as reference, which means that most of the events either have a small lifetime or the 
tracking approach is not suitable for this kind of structure.  

To investigate universal properties also in the Lagrangian perspective, we gathered particles 
leading to intermittent events using dissipation or enstrophy respectively as structure strength. 
The mean properties of the tracks through highly dissipative events show how particles from 
opposing bulk flow regions approach each other and not only energy is converted into heat, but 
also upscaling in the form of vorticity is generated. 

 

 

 

  
Fig. 11 Time sequence of the average velocity (a), pressure (b) and dissipation (c) pattern in the 
λ⃗ − λ⃗  eigenplane using 111,598 tracked events. 

 

p in 10  𝑚  / s  

ε in 10  𝑚  / s  

𝒕 = −𝟑𝝉𝜼 𝒕 = −𝟏. 𝟓𝝉𝜼 𝒕 = 𝟎 𝒕 = 𝟏. 𝟓𝝉𝜼 𝒕 = 𝟑𝝉𝜼 

11,717  

samples 

31,170  

samples 
111,598  

samples 

40,903  

samples 
16,426  

samples 
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6. Outlook 

The time tracking of events with structure strength as defined in this contribution leads to a lack 
of statistical convergence as can be seen in Figure 11, because most of the events are very short. In 
order to answer the question of the longevity of the universal structure, adjustments to the 
tracking approach presented here are necessary. One possibility would be to use the vorticity 
projected onto  𝜆  instead of using just their alignement. In addition to the universal events, the 
tracking of extreme dissipation and enstrophy locations is also worthwhile. Each of these 
approaches would benefit from using mainframe capacities. This would allow a denser as well as 
a three-dimensional sampling of the tracked structures. The study of properties of the lagrangian 
tracks would also benefit from the use of more computing power. This would allow a joint analysis 
of R and Q values on particle tracks through extreme events longer than those presented in this 
work. From this analysis it could be concluded from which topologies such events arise and into 
which topologies the involved particles are guided. 
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