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measurement in air flows in a measurement volume that is 
two orders of magnitude larger than that of conventional 
tomographic PIV.

Volumetric and surface pressure measurements have 
become possible from tomographic particle image veloci-
metry (PIV) measurements as reviewed in van Oudheus-
den (2013). The appealing aspect of the approach is that it 
avoids the requirement of instrumentation of wind-tunnel 
models using pressure transducers. Pressure-sensitive paint 
(PSP; Bitter et al. 2012) offers similar advantages being less 
intrusive; however, its use in the low-speed regime is ham-
pered by the low sensitivity of PSP. A recent study, based 
on a numerically simulated experiment, has compared sev-
eral existing methods that obtain pressure-from-PIV data 
(Blinde et al. 2016). Results were fairly equivalent, which 
indicates the maturity of pressure-from-PIV techniques. 
On the other hand, all studies involving pressure-from-PIV 
in air have dealt with a fairly limited size of the measure-
ment volume of a few cubic centimeters, mostly due to the 
low intensity of the light scattered by micron-size tracers 
for tomographic PIV, even when a multi-pass light ampli-
fication system is employed (Ghaemi and Scarano 2010). 
For example, despite the use of this system by Ghaemi and 
Scarano (2013) for pressure extraction from time-resolved 
tomographic PIV, only a 1.6 ×  0.6 ×  2.4  cm3 measure-
ment volume was achieved in a turbulent boundary layer at 
10 m/s. The advantage of tomographic PIV with such small 
measurement volumes is the relatively good spatial resolu-
tion that it offers. However, very few time-resolved tomo-
graphic PIV experiments, mainly in water, are reported in 
the literature where both the region of interest (typically 
rotational) and an irrotational region are included in the 
measurement volume (e.g. Jeon et  al. 2016). Due to the 

Abstract  The instantaneous volumetric pressure in the 
near-wake of a truncated cylinder is measured by use of 
tomographic particle tracking velocimetry (PTV) using 
helium-filled soap bubbles (HFSB) as tracers. The meas-
urement volume is several orders of magnitude larger 
than that reported in tomographic experiments dealing 
with pressure from particle image velocimetry (PIV). The 
near-wake of a truncated cylinder installed on a flat plate 
(ReD = 3.5 × 104) features both wall-bounded turbulence 
and large-scale unsteady flow separation. The instanta-
neous pressure is calculated from the time-resolved 3D 
velocity distribution by invoking the momentum equation. 
The experiments are conducted simultaneously with sur-
face pressure measurements intended for validation of the 
technique. The study shows that time-averaged pressure 
and root-mean-squared pressure fluctuations can be accu-
rately measured both in the fluid domain and at the solid 
surface by large-scale tomographic PTV with HFSB as 
tracers, with significant reduction in manufacturing com-
plexity for the wind-tunnel model and circumventing the 
need to install pressure taps or transducers. The measure-
ment over a large volume eases the extension toward the 
free-stream regime, providing a reliable boundary condi-
tion for the solution of the Poisson equation for pressure. 
The work demonstrates, in the case of the flow past a trun-
cated cylinder, the use of HFSB tracer particles for pressure 
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limited measurement volume size especially for measure-
ments in air flows, it is typically not possible to include an 
irrotational region in the measurement domain. As a result, 
boundary conditions for the pressure Poisson equation may 
need to be imposed in rotational or turbulent regions (e.g. 
Pröbsting et  al. 2013). Applying reliable boundary con-
ditions is of importance for the accuracy of the solution 
(van Oudheusden 2013), which limits the applicability of 
today’s pressure-from-PIV techniques to large-scale and 
industry-relevant wind-tunnel experiments.

Recent advances of tomographic PIV using helium-filled 
soap bubbles (HFSB) as tracers have shown that the meas-
urement volume can be significantly increased for velocity 
measurements in air (Kühn et al. 2011). The application in 
wind tunnels is possible (Scarano et al. 2015), but remains 
hampered by the limited seeding concentration due to limi-
tations on tracer particle generation (Caridi et  al. 2015). 
The limited tracer particle seeding concentration motivates 
the use of particle tracking techniques for processing of the 
time-resolved and volumetric data, as recent studies (e.g. 
Schanz et  al. 2016; Schneiders and Scarano 2016) have 
showed increased spatial resolution in such cases. The spa-
tial resolution of the instantaneous velocity fields becomes 
on the order of the inter-particle distance. Furthermore, sta-
tistics of the flow field are obtained by ensemble averaging 
the PTV results, and hence, spatial resolution of the statis-
tics can be increased by increasing the observation time at 
constant seeding concentration (Kähler et al. 2012).

In the present study, an experiment is realized where the 
time-averaged pressure and root-mean-squared (rms) pres-
sure fluctuations are characterized. The instantaneous pres-
sure distribution as well as its frequency spectra is extracted 
and compared with reference measurements obtained with 
surface pressure transducers. The flow past a truncated cyl-
inder installed on a flat plate is considered, which exhibits 
pressure fluctuations due to both wall-bounded turbulence 
and large-scale unsteady separation. This configuration 
was considered in a variety of studies, reviewed in Sumner 
(2013), and is relevant for applications within the field of 
aerodynamics (e.g. car side mirror or aircraft landing gear), 
which involve issues related to flow-induced vibration and 
aero-acoustics noise. The measurement of the instantane-
ous surface pressure in this flow case was proven to be a 
challenge, with recent studies employing wind-tunnel mod-
els equipped with up to 179 simultaneously operated pres-
sure taps (Dobriloff and Nitsche 2009).

The experiment is conducted in a low-speed wind tun-
nel with 40 ×  40-cm2 cross section. A cylinder of 10-cm 
diameter, D, and equal height, h, is installed on a flat plate. 
Measurements are conducted at a Reynolds number based 
on the cylinder diameter of ReD = 3.5 × 104 (free-stream 
velocity of 5 m/s). A tripping device past the leading edge 
of the ground plate forces laminar to turbulent transition. A 

tripping element was placed 10 cm downstream of the lead-
ing edge and 50 cm upstream of the cylinder. The boundary 
layer thickness, δ99, at the cylinder mounting location (with 
the cylinder removed) is 1.5 cm. The literature shows that 
the local relative boundary thickness to the cylinder height 
(δ99/h = 0.15) and the aspect ratio of the cylinder (h/D = 1) 
play an important role in the wake development. The 
boundary layer in the current experiment is classified as a 
thin boundary layer (Bourgeois et al. 2011; Sumner 2013, 
and references therein). For details regarding the wake 
development, the reader is referred to the aforementioned 
literature. The near-wake of the cylinder is captured within 
a measurement volume of 20 × 17 × 18 cm3 (6 L). In com-
parison, for measurements over a truncated cylinder with a 
diameter of 6 cm and a height of 13 cm, Hain et al. (2008) 
focused on the flow region on the top of the cylinder with 
a volume of 8 × 8 × 1 cm3 (0.06 L) in a water tunnel with 
a low-repetition rate tomographic PIV system. Figure 1 left 
illustrates the measurement volume (shaded green) in the 
test section. The test section channel is cut-out in the fig-
ure to illustrate the cylinder and the measurement volume. 
Achieving this measurement domain was only possible 
using HFSB as tracers, with a diameter of approximately 
300 μm and in the neutrally buoyant regime. Scarano et al. 
(2015) report a relaxation time τHFSB for the HFSB tracer 
particles of below 50 μs. With a typical vorticity magnitude 
peak value of ωp = 1000 Hz measured in the present exper-
iment, the turnover time of the vortices is approximated at 
1/ωp = 1 ms. Using this time scale, the Stokes number of 
the tracers is Stk = τHFSB/τflow ≤ 0.05, which is below the 
threshold of 0.1 reported by Tropea et al. (2007) for accu-
rate tracking fidelity. In addition, with a typical Lagrangian 
acceleration, a, of 300 m/s2 in the present flow (evaluated 
from the particle tracking results), the slip velocity is on the 
order of uslip ≈ τ × a = 15 mm/s, which is 0.3 % of the 
free-stream velocity.

Three sequences of 2000 single-frame images are 
acquired at 2 kHz to obtain a time-resolved measurement. 
An example of a recorded particle image by one of the 
cameras is given in Fig. 1, right. Gaussian smoothing with 
a 3 ×  3 pixel kernel was applied to the image for clarity 
of the visualization. In the supplementary material attached 
to this paper, a movie of a sequence of particle images is 
given. The particle density was approximately 0.7 bubbles 
per cm3, and the resulting particle image source density 
equals 0.008 particles per pixel (ppp). The recorded images 
were preprocessed using a time-minimum subtraction filter 
and subsequently Gaussian smoothing with a 3 ×  3 pixel 
kernel. The particle images are reconstructed using 6 itera-
tions of the FastMART algorithm in the LaVision Davis 8.2 
software package. The SNR of the reconstruction, calcu-
lated from the averaged z-intensity, profile is in the order of 
100, significantly larger than values for tomographic PIV 
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experiments (2–5) due to the low seeding concentration 
and large amount of light scattered by the HFSB. Further 
details of the measurement setup are given in Table 1.

Particles are identified in the reconstructed objects by 
peak finding of peak intensity values in a 5 × 5 × 5 vox 
(1.3 × 1.3 × 1.3 mm3) neighborhood. Approximately 10−5 
particles per voxel (ppv) are present. Sub-voxel accuracy 
of particle location is obtained by fitting of a 3D Gauss-
ian through the peak intensity distribution. The identified 
particles have a typical radius (standard deviation of the 
Gaussian peak fit) of σx = σy = 0.4 and σz = 0.6 vox. The 
elongation of the particles in depth direction is expected 
for tomographic reconstructions (Elsinga et al. 2006), and 
positional error on the particle position can potentially be 
reduced using novel reconstruction techniques (e.g. itera-
tive particle reconstruction, IPR; Wieneke 2013) and parti-
cle tracking algorithms (e.g. ‘Shake-the-Box’; Schanz et al. 
2016). A particle tracking algorithm based on Malik et al. 
(1993) is used to build the trajectory of individual particles. 
A five-snapshot track length is employed, through which 

a third order polynomial is fitted. The time derivative of 
each polynomial yields velocity at the particle locations. 
A visualization of the instantaneous particle trajectories is 
given in Fig. 2, left, where the tracks are colored by veloc-
ity magnitude. Low-speed particles (blue) are visible in 
the wake region and high-speed particles (red) in the outer 
flow. Velocity is subsequently calculated on a computa-
tional grid (200 × 170 × 180 mm3) by the adaptive Gauss-
ian windowing (AGW; Agüí and Jiménez 1987) technique. 
The standard deviation of the Gaussians was set to the aver-
age inter-particle distance of 6 mm, and 75 % overlap was 
used. The AGW interpolator acts as a Gaussian weighted 
sliding average filter. The recent study by Schneiders and 
Scarano (2016) shows that a better recovery of the magni-
tude of the turbulent velocity fluctuations can be obtained 
using more advanced and computationally expensive inter-
polators that incorporate constraints from flow physics 
(e.g. ‘VIC+’: Schneiders and Scarano 2016; ‘FlowFit’: 
Gesemann et al. 2016). However, the AGW technique was 
chosen in the present study for its computational efficiency 

Fig. 1   Schematic of the setup in the test section, with measurement volume shaded in green and channel cut-out for clarity (left) and an example 
of one of the instantaneous images captured (right)

Table 1   Tomographic 
measurement setup Measurement volume 20 × 17 × 18 cm3 (6 L)

Seeding Helium-filled soap bubbles (HFSB)

300-μm diameter

Illumination Quantronix Darwin-Duo Nd:YLF laser

Pulse energy 2 × 25 mJ at 1 kHz

Recording devices 4 × Photron FastCAM SA1

CMOS, 1024 × 1024 pixels, 12-bit, 20-μm pixel size

Imaging f = 105-mm Nikon objectives (aperture f/16)

Acquisition frequency 2000 Hz (single-frame mode)

Number of frames recorded 3 × 2000
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and established position in the community. It should be 
remarked that with more advanced techniques potentially 
lower modulation of the velocity fields and pressure gra-
dient fields could be obtained, thus enhancing the spatial 
resolution of the instantaneous pressure fields shown later 
in this manuscript.

Instantaneous pressure, p, is calculated by solving the 
Poisson equation for pressure (see e.g. van Oudheusden 
2013),

with von Neumann (pressure gradient) boundary conditions 
from the momentum equation on all volume boundaries 
except the top side, where a Dirichlet boundary condition 
calculated from the Bernoulli equation is specified. It is 
verified that the flow at the upper boundary of the meas-
urement is irrotational by visualizing the vorticity distribu-
tion. The velocity material derivative is evaluated using the 
Lagrangian technique by Pröbsting et al. (2013).

Time-averaged pressure, p̄, is evaluated using the 
Reynolds-averaged approach outlined in van Oudheusden 
(2013),

The instantaneous velocity fields are limited in spatial 
resolution by the tracer particle concentration. To obtain 
the time-averaged velocity field and the turbulence sta-
tistics at a higher spatial resolution, all instantaneous and 
scattered velocity vectors found from the PTV procedure 
are ensemble averaged in Gaussian interrogation windows 
with standard deviation σ  =  5  mm. An overlap of the 
Gaussian windows of 75  % overlap is used. The result-
ing time-averaged flow field shows two counter-rotating 
tip vortices emerging from the truncated cylinder (Fig. 2, 
right). This vortex pair is expected in the time-averaged 
field (Sumner 2013), but it should be remarked that the 

(1)∇
2p = ∇ ·

(

−ρ
Du

Dt
+ µ∇2

u

)

,

(2)∇
2p̄ = −ρ∇ · (ū · ∇)ū− ρ∇ · ∇ ·

(

u
′
u
′
)

.

literature (Hain et al. 2008; Bourgeois et al. 2011; among 
others) shows that the instantaneous velocity fields do 
not show one single vortex pair but a more complex flow 
field.

The simultaneous measurement of the surface pressure 
fluctuations with surface pressure transducers provides 
a ground truth to estimate the accuracy of the proposed 
measurements. The instantaneous and time-averaged meas-
urements are taken using, respectively, a LinearX M51 
microphone and a Mensor (type 2101). The installation of 
the microphones is sketched in Fig. 3. Both transducers are 
mounted under a 0.4-mm-diameter pinhole. The acquisition 
frequency of the microphones is set to 10 kHz, and the cali-
bration-corrected frequency response is ±1 dB in the range 
10 Hz–40 kHz. The length of the microphones (10.8  cm) 
indicates potential difficulty when instrumenting wind-tun-
nel models, which shows again the relevance of pressure-
from-PIV approaches. The synchronization between micro-
phone and tomographic PIV measurements is obtained 
recording the laser trigger signal on an additional channel 
of the data acquisition system. For the time-averaged pres-
sure measurements, the Mensor signal is recorded at 10 Hz 
for a duration of 2 min.

Fig. 2   Visualization of particle 
tracks (color coded by velocity 
magnitude, left). Isosurfaces 
of time-averaged streamwise 
vorticity and pressure in the 
separated region (right)

Fig. 3   Schematic of the microphone installation for reference meas-
urements of instantaneous pressure. The isometric view (right) is cut-
out in the figure
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The surface pressure is mapped on an array of 263 
measurement positions obtained with pressure transduc-
ers. These measurements are obtained by moving the cyl-
inder relative to 20 sensors arranged on a grid with steps of 
17 mm and 13.5 mm in streamwise and spanwise directions, 
respectively. The measurement encompasses the stagna-
tion region ahead of the cylinder area and the wake (Fig. 4, 
left). The results illustrate the expected pressure increase 
near the stagnation point and a lower pressure region in the 
cylinder wake. Two pressure minima are found in the wake 
of the cylinder, which are attributed to the presence of an 
arch-vortex in the time-averaged flow field (Pattenden et al. 
2005). The results obtained from the tomographic experi-
ment are shown in Fig. 4, right. The measurements cover 
the wake region, and the spatial distribution of pressure 
follows closely the distribution obtained with the surface 
pressure transducers and reproduces both the two pressure 
minima and the maximum after reattachment. The pressure 
reconstruction by large-scale tomographic PTV in addition 
provides pressure in the full measurement volume. Fig-
ure 2, right shows an arch-shaped low-pressure region (blue 
isosurface) in the near-wake, which is consistent with the 
two minima in the surface pressure observed above.

A quantitative comparison is made extracting two 
streamwise profiles. Figure 5 shows the mean surface pres-
sure along the centerline z =  0  mm (left) and along the 
line at z = 53.3 mm (right). The position of these lines is 
indicated in Fig. 3, right (dashed red lines). The minimum 

pressure (p − p∞ = −12 Pa) is reached at approximately 
x = 100 mm. On both profiles, a good agreement is found 
between the two measurements, with a discrepancy in the 
order of 0.5 Pa.

The measurement and assessment of instantaneous pres-
sure fluctuations by tomographic PIV have shown to pose 
a formidable challenge within a number of experiments 
(de Kat and van Oudheusden 2012; Ghaemi and Scarano 
2013; Pröbsting et  al. 2013). The rms fluctuations of the 
surface pressure estimated with tomographic PTV are com-
pared here to the results obtained with the surface-mounted 
microphone. Two profiles along z are illustrated in Fig. 6. 
Two peaks of pressure fluctuations correspond to the shear 
layer locations. Comparing the profiles at x  =  100 and 
150  mm, the amplitude of the rms fluctuations decreases 
and the distribution becomes flatter moving downstream. 
The comparison of tomographic PTV results and that 
obtained with the microphone show that the former slightly 
overestimates by about 0.5 Pa the rms fluctuations in mini-
mum region at the symmetry plane. Some discrepancy is 
also observed at the edge of the domain (marked by the 
dashed black line).

A relevant aspect of unsteady pressure measurements 
relates to the frequency content of the fluctuations. In this 
respect, tomographic PTV offers the potential of a field 
measurement that can be further analyzed in modes using 
proper orthogonal decomposition (POD) or dynamic mode 
decomposition (DMD). The time-resolved measurement of 

Fig. 4   Time-averaged surface 
pressure; surface pressure trans-
ducer measurements (left) and 
tomographic PTV with HFSB 
tracers (right). The dashed red 
lines correspond to the profiles 
plotted in Fig. 5. Colorbar 
values above p − p∞ = 5 Pa are 
saturated and shown in dark red 
for clarity

Fig. 5   Time-averaged surface 
pressure along z = 0 mm (left) 
and z = 53.3 mm (right). 
The cylinder is centered at 
x = 0 mm as shown in Fig. 4
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the surface pressure at a point is used to evaluate its power 
spectral density (Fig. 6, right). The spectrum is calculated 
using Welch’s method using 0.25  s Hamming windows. 
No signal processing has been applied to the signals, other 
than the anti-alias filter within the pressure transducer 
acquisition system which has negligible effects because of 
the relatively high acquisition frequency. A broad peak is 
seen around 15 Hz, and the spectrum obtained with tomo-
graphic PTV follows that measured by the microphone 
with good agreement up to 50 Hz. For higher frequencies, 

the measurement error seems to dominate the PTV result, 
which “peels off” the reference data and remains approxi-
mately constant. The errors in the present measurement 
are considered to be dominated by the low seeding con-
centration and consequently too limited spatial resolution 
to resolve small-scale structures and fluctuations. When 
the signals are band-pass filtered between 10 and 100 Hz, 
the cross-correlation peak between the microphone and 
tomographic PTV results is approximately 0.6. This value 
corresponds to that reported in other studies that evaluate 

Fig. 6   Surface RMS pressure fluctuations at x = 100 mm (left) and x = 150 mm (middle) and power spectral density of surface pressure fluctua-
tions at x = 100 mm and z = 30 mm (right)

Fig. 7   Time series of instantaneous pressure in the plane z = 50 mm. The in-plane velocity vectors are subsampled for clarity
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pressure-from-PIV (de Kat and van Oudheusden 2012; 
Ghaemi and Scarano 2013; Pröbsting et al. 2013).

Finally, the instantaneous pressure visualization in the 
flow field and at the solid surface offers the opportunity to 
correlate the pressure fluctuations to the activity of large-
scale coherent structures in the flow. Figure  7 shows a 
short sample of a sequence, where the pressure spatiotem-
poral evolution in a plane (z = 50 mm) is displayed along 
with the velocity field that visualizes vortex shedding. The 
supplementary material added to the manuscript shows a 
video animation of the pressure spatiotemporal evolution. 
As mentioned above, the time-resolved flow field does not 
simplify to two counter-rotating tip vortices shown in the 
time-averaged flow field. For detailed understanding of the 
flow field in the near-wake, the reader is referred to Bour-
geois et  al. (2011) and the references within the review 
paper by Sumner (2013).

In conclusion, the present study shows the use of large-
scale tomographic PTV with HFSB tracers for the evalu-
ation of the time-averaged and instantaneous volumetric 
pressure distribution. The measurement domain is more 
than two orders of magnitude larger than that obtained with 
tomographic PIV using conventional tracers. Despite the 
relatively low concentration of the tracers, the tomographic 
PTV approach reconstructs the velocity and pressure fields, 
yielding a highly accurate mean pressure distribution and 
rms fluctuations with reasonable accuracy. The HFSB 
tracer particles have demonstrated their use for measure-
ment of pressure in a large measurement volume of 6 L, in 
the case of the flow past a surface-mounted truncated cylin-
der at ReD = 3.5 × 104.
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