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Abstract: In this work the large-scale stereoscopic PIV setup for on road 
flow quantification, originally introduced by Sciacchitano et al. [1] under 
the name Ring of Fire, is adapted to automotive demands. The current 
study presents the experimental setup and results of the whole wake of the 
investigated test vehicle Volkswagen up!, travelling at a speed of 
120 km/h. High-Speed measurements at a rate of 6000 Hz with a field of 
view of approximately 2.8 x 2.2 m2 were performed and the time-resolved 
data was processed by means of cross correlation and the lagrangian 
particle tracking approaches. Resulting ensemble-averaged velocity fields 
of the wake show good accordance to literature and display the 
capabilities of the new measurement technique for on-road flow 
quantification. 
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1 Introduction 

Beside the optimization of powertrain components the aerodynamic performance is a 
key development field to further increase the overall efficiency of future cars. Aero-
acoustics, drag and also soiling are main goals for current and future developments, 
to increase the battery range, fulfil comfort demands and guarantee a functional sensor 
environment for autonomous driving. Current aerodynamic studies a mainly 
performed in large industrial wind tunnels, by means of pressure probes and in some 
cases by means of optical measurement techniques like Particle Image Velocimetry 
(PIV) or Particle Tracking Velocimetry (PTV) under laboratory conditions. Wind 
tunnels can guarantee high repeatability due to very controlled flow conditions, while 
no all flow conditions are represented as in on the road and need to be simulated by 
means of a conveyor belt for a moving ground and/or rotating wheels. Only single 
vehicle configurations can usually investigated, while in future platoon configurations 
can by of high interests due to the large drag reduction potential of vehicles in platoon. 

The Ring of Fire measurement concept for on-road flow quantification for sport 
aerodynamics has been introduced by Sciacchitano et al. [1] and the capability of this 
experimental configuration to analyze flow fields of speed skater and road cyclists has 
been presented in recent studies (Terra et al. [2], Spoelstra [3], Terra et al. [4]). 
Furthermore, drag calculation by means of the momentum approach was introduced 
by Spoelstra et al. [5]. 

In this work the measurement system is adapted for on-road car aerodynamic 
investigations with a large-scale stereoscopic particle image velocimetry setup 
(Stereo-PIV). Flow quantification is performed by means of cross correlation and 
lagrangian particle tracking method Shake-The-Box (STB) originally introduced by 
Schanz et al. [6]. 
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2 Experimental Setup 

The experiment was carried out at the Volkswagen proving ground in Ehra-Lessien in 
August and September 2021. A tunnel-like construction was built of eight 20-foot 
shipping containers and a truss arrangement for a roof. The tunnel had a total length 
of 14 m and a width of 9.17 m and a height of 5 m and was placed at a straight track 
with a total length of 950 m, see Figure 1. The investigated vehicle was a 
Volkswagen up! with a frontal surface area of 2.07 m2, leading to a tunnel blockage 
ratio of 4.5 %. For the reduction of light reflections, thus erroneous image data, the 
car was prepared with black matt foil, see Figure 2. 

 

Figure 1: Experimental Setup at test track 

For the presented wake analysis two Photron SA-X2 cameras (Camera 1 & 2 in Figure 
1) were placed at the tunnel entrance, with a distance of 7.6 m to the light sheet. The 
cameras have a sensor size of 1024x1024 px2, maximum acquisition frequency of 
10 kHz, 12-bit digital output and 20 µm pixel pitch. They were equipped with 
Scheimpflug-Adaptors V3 from LaVision and Nikon Nikkor lenses with a focal length 
of f= 60 mm and the lens aperture was set to f# = 4.0. The light sheet had a thickness 
of approximately 4 cm and was realized by the use of two high speed lasers 
Quantronix Hawk Pro & Quantronix Hawk II (Nd:YAG, 6 mJ pulser energy at 6 kHz, 
wavelength of 532 nm) and corresponding light sheet optics; positioned on each side 
of the road, in the longitudinal middle of the tunnel. 
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The tunnel volume was seeded with neutrally buoyant helium-filled soap bubbles 
(HFSB) with a diameter of 300 µm, produced by fourteen 20-nozzle LaVision seeding 
arrays and a 204-nozzle-generator seeding rake from TU Delft, producing in total up 
to 18 millions bubbles per second. The seeding rakes were placed on X95-beams on 
each side of the track, allowing a quick repositioning depending on the ambient flow 
conditions. Helium, soap liquid and air were provided and controlled by one fluid 
supply unit (FSU) from LaVision for each seeding rake. Two curtains were installed 
at the entrance and exit of the tunnel in order to accumulate a large number of particles 
inside the tunnel and depending on the wind conditions one curtain was closed during 
the seeding time of approx. 5 minutes before each measurement run. 

 

Figure 2: Test vehicle Volkswagen up! – stationary positioned in light sheet. 

In order to reduce the influence of ambient flow the experiments were conducted 
during the night times. The cameras were installed each day on the mounts and a 
geometrical pinhole calibration was performed using a custom 3D-calibration plate 
(size:1440 x 1440 mm2, 324 markers, 8 mm marker diameter, 80 mm spacing, 18 
markers in y & x, 20 mm plane-to-plane distance), resulting in a RMS fit of 0.0342 
and 0.0386 for cameras 1 & 2 and an image resolution of 0.38 pixel/mm. 

The calibration and image acquisition was performed by LaVisions DaVis 10.2.0 and 
a Programmable Timing Unit (PTU-X) controlled the timing of the lasers and the 
cameras. The start of the measurement was triggered by photo electric barrier which 
was placed before the entrance of the tunnel. Time-resolved data was acquired at 
6000 Hz resulting in a longitudinal shift of ∆x = 5.55 mm between consecutive frames 
at a vehicle velocity of u = 33.33 m/s (120 km/h). A constant vehicle speed for all 
measurements was realized by the vehicles cruise control and a digital GPS-
speedometer, to accurately set the cruise control speed once each day. The whole flow 
field around the car was captured during the passage through the tunnel, with 
approximately 10 m before and 20 m behind the car. After each run the data was 
transferred from internal camera memory to the computer while the car resumed to 
the starting position and the tunnel volume was seeded with HFSB again.  
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The raw images were processed with several processing steps, in order to reduce 
background reflections. First a background subtraction of an average of 100 images 
from the freestream in front of the car is performed, second step was a geometric 
masking for the image region below the light sheet and third step a sliding minimum 
subtraction over a filter length of L=5 pixels. The flow field quantification was 
performed by the two approaches: Particle Image Velocimetry (PIV) and a 2 Camera 
Shake-The-Box (STB) [6]. 

For the PIV-approach a total of 100 images of the non-disturbed freestream flow in 
front of the car were used the perform a planar self-calibration [7]. Vector calculation 
was subsequently performed with the sliding sum of correlation approach 
Sciacchitano et al. [8], followed by universal outlier detection [9] and linear 
interpolation to fill empty spaces. 

A distinct marker on the car allowed the lateral correction of the vector fields of each 
run since the car passed the test section in slightly different y-position. Finally, a total 
of 22 PIV runs were averaged. 

As a LPT approach, the STB-algorithm has widely been used to deliver time-resolved 
3D velocity fields of experimental setups with a high seeding density of up to 
N = 0.2 particle per pixel with multi camera configurations of usually 4 to 8 cameras. 
In this work a 2-Camera STB-evaluation could be applied due to the relatively small 
light sheet thickness. Thus, the disadvantages of a low seeding density for a cross-
correlation approach were beneficial for this 2-Camera LPT-evaluation, leading to 
good particle reconstruction and very little ghost particles. A volume self-calibration 
[10] of 1000 images of the far wake was performed for each run, followed by a multi-
pass STB for the whole wake of the car.  

Particle fields of in total 52 runs were merged into one particle set, considering the 
lateral correction of the cars coordinate systems of each run similar to PIV averaging. 
The relatively sparse particle concentration of a single run 
Csingle = 0.000306 particles/voxel could be increased to Cavg = 0.0132 particles/voxel 
for all runs.  A total of 14.7 million particle tracks are then averaged in a Gaussian 
weighted bins of 32 x 32 x 32 mm3 resulting in one vector field for each time step, 
which were afterwards merged into a single 3D velocity field considering the 
longitudinal separation of ∆x= 5.55 mm for each time step. A single particle field in 
the wake and resulting bin averaged 3D-velocity field are illustrated in Figure 3. 
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Figure 3: Single particle field in the wake color coded by velocity magnitude (top); 
resulting bin averaged 3D velocity field in the wake (bottom) 

3 Results 

The averaged flow field results are normalized to the vehicle speed of 33.33 m/s and 
the coordinate system is normalized to the vehicles height with the origin at the 
back/ground position of the car.  The flow field of the PTV-evaluation in y-plane 
y/H = 0, thus corresponding to the symmetry plane is shown on Figure 4. The near-
wake topology is dominated by a distinct recirculation core (A), located around 
z/H = 0.25, fed by the high velocity under the car and in good accordance to square-
back vehicle results from Pavia et al. [11]. The low pressure region in the wake with 
negative streamwise velocity is present up to x/H = 0.7 illustrated by the stagnation 
point S. Further downstream streamlines coming from the top meet those coming from 
the bottom at around x/H = 1.1.  A distinct upwash from the bottom of the car is clearly 
noted at the near wake x/H = 0.5 and are comparable to investigation from Ahmed 
[12] and the analyzed wake structure of an estate back car model.  
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Figure 4: Non-dimensional, ensemble-averaged streamwise velocity in y/H = 0 

plane in the wake of the Volkswagen up! from PTV-Data 

 
Wake slices of the y/z-plane of the LPT and the PIV approach are illustrated in Figure 
5. Below of z/H = 0.1 no particles were captured and the average signal to noise ratio 
was below 1.5 and thus no valid data is available close to the ground. The PIV results 
are limited at the negative y/H direction at y/H < 0.9 due to less available runs where 
sufficient seeding was present in this region. 
The low pressure region at x/H = 0.34 with a negative normalized velocity match the 
results of Placzek [13]. It can be noted, that the in the near wake the area of negative 
streamwise velocity from PIV data is slightly larger compared to the results from the 
LPT approach. As mentioned before the seeding density in the near wake is relatively 
low, thus a single particle influences the cross-correlation calculation of a single time 
step significantly, leading to an overall lower velocity after averaging all PIV runs. 
Moving further downstream the beforementioned upwash meets the flow from over 
the car leading to an overall downwash. At z/H = 0.65 two counter rotating vortices 
are generated by the upwash in the wake. Because of the pressure difference between 
the flow coming from the sides and over the rear window, the shear layer rolls up 
about the side edge of the curved surface and forms the C-pillar vortices. The upper 
vortices start to shrink further downstream and two counter-rotating trailing vortices 
are formed at the bottom of the flow field at z/H = 0.3. The PIV as well as the LPT-
approach resolve those flow phenomena equally good.   
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Figure 5: Non-dimensional, ensemble-averaged streamwise velocity slice in the y/z-
Plane in the wake of the Volkswagen up! from LPT-Data (left) and PIV-data (right) 

at a) x/H = 0.34, b) x/H = 0.68, c) x/H = 1.36 
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4 Conclusion 

The large-scale Stereo-PIV setup Ring of Fire is adapted to automotive applications 
to investigate flow topologies under real driving condition. The wake flow of a square 
back Volkswagen up! is investigated by means of the sliding-sum of correlation 
approach and furthermore two-camera lagrangian particle tracking was implemented 
on the same data. Results prove the capability of the Ring of Fire concept to resolve 
the flow topology of car aerodynamics at high speeds. LPT was successfully applied 
due to the small light sheet thickness and relative sparse seeding density. In particular 
the recirculation in the near wake with a strong upwash is noted and vortices formed 
by the flow reattachment at the C-Pillar and counter-rotation ground vortices are 
resolved equally good by both evaluation approaches. Ambient flow conditions had a 
big influence on the available seeding concentration as well distribution within the 
test section. For future investigations this could be improved by a longer tunnel and 
industrial air curtains at the entrance and exit of the tunnel. For a more efficient use 
of the large amount of generated seeding particles the authors recommend for future 
experiments the LPT-approach with volumetric illumination and a multi-camera 
setup. The capability of pressure field calculation from three-dimensional time 
resolved LPT-data from these experiments will be discussed in future work.  
 
The results, opinions and conclusions expressed in this publication are not necessarily 
those of Volkswagen Aktiengesellschaft.  

Contribution: 13th FKFS-Conference - Vehicle Aerodynamics and Thermal Management | 11 - 12 October 2023 | Stuttgart



5 Bibliography 

[1] Sciacchitano, A.; Caridi, G.C.A and Scarano F. (2015) A quantitative flow 
visualization technique for on-site sport aerodynamics optimization. 
Procedia Engineering 112:412–417. ’The Impact of Technology on Sport 
VI’ 7th Asia-Pacific Congress on Sports Technology, APCST2015 

[2] Terra, W.; Sciacchitano, A. and Scarano F. (2017) Aerodynamic drag of a 
transiting sphere by large-scale tomographic-piv. Experiments in Fluids 
58:1–14 

[3] Spoelstra, A. (2022) Ring of fire as a novel approach to study cycling 
aerodynamics. Ph.D. thesis. Delft University of Technology 

[4] Terra, W.; Spoelstra, A. and Sciacchitano, A. (2023): Aerodynamic 
benefits of drafting in speed skating: Estimates from in-field skater’s 
wakes and wind tunnel measurements. Journal of Wind Engineering and 
Industrial Aerodynamics 233:105329 

[5] Spoelstra, A.; de Martino Norante, L.; Terra, W.; Sciacchitano, A. and 
Scarano, F. (2019) On-site cycling drag analysis with the ring of fire. 
Experiments in Fluids 60:1–16 

[6] Schanz, D.; Gesemann, S. and Schröder, A. (2016): Shake-The-Box: 
Lagrangian particle tracking at high particle image densities. Experiments 
in Fluids 57, 70 (2016) 

[7] Wieneke, B. (2005): Stereo-piv using self-calibration on particle images. 
Experiments in Fluids 39:267–280 

[8] Sciacchitano, A.; Scarano, F. and Wieneke, B. (2012): Multi-frame 
pyramid correlation for time-resolved PIV. Experiments in Fluids 
53:1087–1105 

[9] Westerweel, J. and Scarano, F. (2005): Universal outlier detection for 
PIV data. Experiments in Fluids 39:1096–1100 

[10] Wieneke, B. (2005): Volume self-calibration for 3D particle image 
velocimetry. Experiments in Fluids 45:549–556 

[11] Pavia, G.; Passmore, M.A.; Varney, M. and Hodgson, G. (2020) Salient 
three-dimensional features of the turbulent wake of a simplified square-
back vehicle. Journal of Fluid Mechanics 888 

[12] Ahmed, S.R. (1981): Wake structure of typical automobile shapes. Journal 
of Fluids Engineering 103:162–169 

[13] Placzek, R. (2018) Active Flow Control for Drag Reduction of a Square-
back Car Model. Ph.D. thesis. Technische Universität Braunschweig 

Contribution: 13th FKFS-Conference - Vehicle Aerodynamics and Thermal Management | 11 - 12 October 2023 | Stuttgart




