13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

Investigation of a turbulent spot using time-resolved tomographic PIV
Andreas Schröder1, Reinhard Geisler1, Gerrit E. Elsinga², Fulvio Scarano²,
Uwe Dierksheide³
1: Deutsches Zentrum für Luft- und Raumfahrt, Institut f. Aerodynamik und Strömungstechnik,
Bunsenstrasse 10, 37073 Göttingen, Germany, emails: andreas.schroeder@dlr.de, reinhard.geisler@dlr.de
2: Delft University of Technology, Department of Aerospace Engineering, Delft, The Netherlands
emails: g.e.elsinga@tudelft.nl, f.scarano@tudelft.nl
3: La Vision GmbH, Anna-Vandenhoeck-Ring 19, 37081 Göttingen, Germany, email: udierksheide@lavision.de

Abstract The formation and development of a turbulent spot in a laminar boundary layer flow is governed
by the self-organization of generic substructures like hairpin-like vortices and spanwise alternating wall
bounded low- and high-speed streaks which effectively produce new turbulent flow structures out of the
oncoming laminar flow reaching the spot at the rear edge. Although the main substructures of a spot are
identified and the exchange topologies in wall normal directions inside the spot are depicted roughly by
means of dual plane stereo PIV (Schröder and Kompenhans 2004) the principle growth mechanism of the
turbulent spot itself is still not fully understood. The analysis of this growth process would also help to
understand the function of very similar structures for the turbulent exchange in fully developed turbulent
boundary layer flows.
In this feasibility study the tomographic PIV technique (Elsinga et al. 2005) has been applied to time
resolved PIV recordings. Four high speed CMOS cameras are imaging tracer particles which were
illuminated in a volume inside a boundary layer flow at 5 kHz by using two high repetitive Nd:YAG pulse
lasers. The instantaneously acquired single particle images of these cameras have been used for a three
dimensional tomographic reconstruction of the light intensity distribution of the particle images in a volume
of voxels (volume elements) virtually representing the measurement volume. Each of two subsequently
acquired and reconstructed particle image distributions are cross-correlated in small interrogation volumes
using iterative multi-grid schemes with volume-deformation in order to determine a time series of
instantaneous 3D-3C velocity vector fields.
The measurement volume with a size of ~ 34 x 19 x 30 mm³ was located near the wall in a flat plate
boundary layer flow with zero pressure gradients and downstream of a local disturbance source. At a free
stream velocity of U = 7 m/s a turbulent spot grows downstream inside a laminar flat plate boundary layer
flow after introducing a short initial flow injection and convects through the measurement volume. The time
resolved tomographic PIV method enables capturing the spatio-temporal development of the complete flow
structures and in particular the rapid formation process of hairpin-like vortices at the trailing-edge of the
spot. In comparison an experiment with a wire-tripped flat plate turbulent boundary layer flow has been
performed in order to reveal the differences of both flow types. The measurement method offers the
possibility to determine the complete time dependent three-dimensional velocity gradient- tensor within the
measurement volume. The 3D vorticity operator has been applied to the dataset in order to identify the three
dimensional development of the vortical structures inside the turbulent spot, which enables the analysis of
the role of coherent structures for flow exchange mechanisms in such wall bounded turbulent flows.

1. INTRODUCTION
Turbulent spots are small patches of turbulent flow which appear naturally within laminar
boundary layer (BL) flows around and beyond the critical Reynolds number. These spots are often
initiated by non-linear disturbances of the laminar BL flow at a local position and are growing
downstream in stream- and span-wise directions and, after a span-wise merging, they develop to a
fully turbulent boundary-layer, Emmons (1951). Former research on artificially generated turbulent
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spots utilized mostly point measurement methods and visualization techniques. The latter show the
presence of hairpin structures evolving at the trailing edge of the spot, Matsui (1980), and wavy
streaks, Gad-el-Hak et al. (1981). Models of unsteady events of the coherent substructures based on
hot wire anemometry, like sweeps and ejections, were restricted to only one dimension in space
applying Taylor’s hypothesis. Some basic features of the spot have been measured and described as
there are spreading angle, shape, altitude, growth rates and linear instability events in the vicinity of
the spot, Cantwell et al. (1977), Wygnanski et al. (1982). Other results were achieved by
conditional averaging, which gave valuable quantities of the overall structure and also of the
convection velocity and inclination angle (about 45°) of the substructures, Sankaran et al. (1987). It
has been found out that the growth characteristics and shape of the spot in flat-plate BL flows are
depending on Reynolds number, pressure gradients, surface roughness, free-stream turbulence level
and disturbance amplitude and form e.g. Gostelow et al. (1996). Recent numerical simulations of
turbulent spots and of cascades of evolving hairpin vortices reach a certain level of accuracy and
spatial resolution and confirm experimental data-sets and visualization descriptions substantially,
Singer (1996), Tufo et al. (1999). Nevertheless, the dominant substructures of the turbulent spot
seem to remain self-similar in all cases and have been recognized as low- and high speed streaks
and hairpin vortices very similar to those in fully developed turbulent BLs but more orderly
(Schröder und Kompenhans 2004). Very similar results have been found applying the time-resolved
Stereo PIV technique to turbulent spots, so called puffs, in a pipe flow (van Doorne et al. 2003),
where the ensemble of substructures also consists of a Reynolds number limited number of streaks
near the wall and hairpin-like vortices organizing the turbulent exchange. The lack of quantitative
information about the spatial topology of the substructures of the spot as the main carriers of the
turbulent mixing process was also removed by PIV experiments in conjunction with liquid crystal
thermography, Sabatino and Smith (2002), providing deeper insight into the heat transfer
characteristics of the spot corresponding to the known generic substructure topologies.
To summarize very shortly the results from former investigations: The turbulent spot has the
average shape of an arrowhead with the tip pointing downstream (see sketch in Figure 1) and its
thickness develops like a turbulent BL. Hairpin-like vortices evolve at the trailing-edge (TE) and
increase the region of the turbulent spot in stream- and span-wise direction. These vortices with an
inclination angle of about 45° to the wall form the spot and convect downstream with
approximately 75% U∞ depending on the distance from the wall. The average TE convection
velocity is ca. 62% U∞ and the leading-edge (LE) velocity ca. 87% U∞. An overhang region
characterizes the LE of the spot consisting of the convecting, dissipating and stretched vortex heads
above a laminar layer. Typically stream-wise streaks appear in the near-wall region and persist
behind the TE of the spot. A region of higher velocity, the s.c. “calmed region”, with an adverse
pressure gradient (Coles and Savas (1980)) is following the spot. The turbulent mixing inside the
spot due to the (instantaneous) negative Reynolds stresses u’v’, the so called Q-2- and Q-4-events,
is connected to a staggered pattern of hairpin-like vortices, see idealized mixer-model of trailingedge substructure formation of the spot from Schröder and Kompenhans (2004). Schröder (2001)
concluded an interpretation of spatial distributions of space-time correlations of the single Reynolds
stress elements calculated for different planes parallel to the wall that the initial process for the
formation of hairpin vortices seems to be a Q4-event which was deflected by a downstream flow
structure and transformed into a Q-3 event, which then interacts with a wall-near low speed streak.
This assumption has to be proven with a fully 3D-3C and time resolved measurement technique.
The turbulent spot consists of complex hairpin-like vortical substructures which develop
explosively when the “calmed” laminar flow upstream reaches the trailing-edge of the spot. Inside
the spot these substructures interact and govern the turbulent mixing process, which is obviously
very similar to those in fully turbulent boundary layer flows. In the last decades considerable
experimental and numerical work on coherent structures in wall bounded turbulent flows has been
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carried out. A focus for a direct comparison of the results of the present work will be the spatiotemporal models of coherent flow structures in turbulent wall bounded flows, which have been
developed partly by using the PIV techniques (for example Robinson (1991), Meinhart (1994),
Schoppa & Hussain (1997), Kähler (2004)).
Since almost two decades the non-intrusive optical measurement technique PIV enables the
determination of instantaneous velocity vector fields in a plane of the flow. Important results of
experimental investigations and statistical approaches of turbulent flow structures have been
generated by means of PIV. Extensions of PIV towards space and/or time resolution have been
realized during that time and their applications to turbulent flows emphasized the role of coherent
flow structures for this research field (e.g. Kähler 2004). However, the desired step towards a fully
3D-3C and time-resolved extension of PIV for investigations of turbulent flows in wind tunnels was
up to now mainly hampered by technical restrictions.
It will be shown that the data-set achieved by time-resolved tomographic PIV in the presented work
gives valuable insight into the four-dimensional flow organization and exchange mechanisms of
turbulent structures inside a turbulent spot. A first view at these data demonstrates that the degree of
complexity of the flow structures, more or less expected for a 4D representation of instantaneous
velocity vector volumes, exceeds the imagination of topologies based on existing models of
coherent structures. For comparison a wire-tripped turbulent BL flow has been measured at the
same free stream velocity. The results will highlight some of the differences of both turbulent flow
types, which are caused by the differences of local and global by-pass transition scenarios. Beside
instantaneous 3D-3C velocity vector fields, 3D vorticity iso-contour surfaces visualize the single
vortical substructures and their flow motions exemplary.
2. EXPERIMENTAL SET-UP
A turbulent spot produced by a local non-linear disturbance in a laminar flat-plate boundary
layer flow is a special bypass transition scenario. The scenario shows an increasing area of turbulent
flow in a self-similar arrowhead shape downstream of the disturbance event (see Figure 1).

Fig. 1. Development of a turbulent spot in a laminar boundary layer ( grey> threshold rms-value)
The laminar flat plate boundary layer flow was generated at the open test section of the 1m-wind
tunnel of the DLR, Göttingen at a free stream velocity of 7 m/s with zero pressure gradient and an
elliptic leading edge. With a short 1 ms local flow injection at (Rex )½ = 300 an intense initial
disturbance has been introduced into the laminar boundary layer flow. The response of a 6 µsec
long TTL input signal after amplification is shown in Figure 2. This voltage peak signal with ~ 1.5
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ms duration fed a pressure chamber loudspeaker (2 x 60 W) which produces a short pressure wave
passing via a plastic tube to the disturbance source. The flow injection through a slit of 0.5 x 2 mm²
in x-z-direction was perpendicular to the surface and initializes flow structures which lead to the
formation of a turbulent spot. Downstream of this local disturbance the spot grows in span- and
streamwise directions while convecting downstream as depicted in sketch of Figure 1. After a time
difference of T ≈ 70 ms after the flow injection the LE and of T ≈ 90 ms the TE of the spot passes
through the measurement volume, which was a box of 34 x 19 x 30 mm³ in x-y and z-directions
around (Rex )½ ≈ 450 illuminated by laser light pulses at 4 and 5 kHz.

Fig. 2. Photo of a digital oscilloscope display with inverse trigger signal input (blue) and amplifier
output (purple) (left) for introducing a initial disturbance of the laminar BL flow by a vertical flow
injection through a flush mounted slit downstream of the elliptical leading edge(right).
A seeding particle generator with an array of Laskin nozzles was filled with olive oil for the
production of tracer particles which were introduced downstream of the test section for optimal
distribution. As proper light illumination of the whole volume was anticipated as the main problem
for this experiment different strategies for capturing sufficient particle light were followed:
1) The seeding device was cooled in a refrigerator in order to decrease the viscosity of the olive oil,
which results in slightly bigger tracer particles ~1.5 µm.
2) Two coated and highly reflective dielectric mirrors with 50 x 30 mm² in x-y-direction have been
mounted nearly parallel close to the surface of the flat plate on both spanwise sides outside of the
free stream of the open test section. The collimated laser beam of about 20 mm diameter in cross
section was directed in an angle close to 90° to these mirror surfaces. The light was reflected back
and forth through the measurement volume in order to make an optimal use of the provided light
energy (see sketch in Figure 3)
3) The scattered light from the illuminated seeding particles has been recorded in an angular “inone-time forward and backward” scattering configuration with four Photron APX-RS CMOS
cameras (applying the Scheimpflug condition between the image plane, lens plane and the midobject-plane) (see Figure 4).
Making use of two diode pumped double cavity Nd:YAG high repetition rate laser from Lee Laser
Inc. with a total pulse energy of 21 mJ per pulse at 4 kHz and 5 kHz either the described
measurement volume has been illuminated. The lower limit of the illuminated volume was realized
by the lower mirror edge parallel to the flat plate at y = 1 mm. For a straight upper cut of the light
volume an appropriate faceplate has been mounted parallel to the plate at y = 20 mm.
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Flow direction

Fig. 3: Sketch of the optical setup which enables the optimal usage of the laser pulse energy of only
21 mJ per pulse for illumination of the PIV measurement volume
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Fig. 4: Experimental set-up at a flat plate boundary layer flow at a free stream velocity of U = 7
m/s consisting of four Photron APX-RS CMOS cameras enabling time resolved tomographic PIV
measurements of turbulent spots at the open test section of the 1m-wind tunnel of DLR Göttingen
This light beam shaping technique enables the illumination of a sufficient amount of the 1-2 µm
diameter tracer particles inside the measurement volume with only 21 mJ pulse energy so that a
recording rate of 5 kHz was possible enabling to avoid application of frame straddling technique for
the PIV recording. The spatial resolution of the cameras was restricted by the frame rate. At 4 kHz a
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resolution of 896 x 860 pixel² and at 5 kHz 800 x 768 pixel² could be captured by each camera. For
the spot measurements only 300 images each were taken at 5 kHz corresponding to a measurement
time of 60 ms, during that the convection of the spot through the measurement volume occurred.
The experimental set-up at the open test section of the 1m-wind tunnel at DLR Götttingen consists
of a flat glass plate with an elliptic leading edge, a pressure chamber loudspeaker and an orifice for
disturbing the BL by pulsed flow injection, four CMOS cameras in angular viewing configuration,
dielectric mirrors for light volume shaping (see Figure 4), a high-repetitive double cavity laser and
a seeding generator device. The synchronization with the pulsed event and the camera recording is
realized using the Programmable Timing Unit (PTU version 9) from Lavision. The trigger scheme
for the synchronization of the disturbance pulse event (~1 Hz) with the laser pulses and the camera
frames is depicted in Figure 5. By using inverted signals of 5 kHz TTL-signals from a signal
generator for the camera triggering the laser pulses were located exactly in the middle of each
camera frame.

Fig. 5. Trigger scheme of the used time-resolved tomographic PIV system
The data recording, volume calibration and calculation of the 3D-3C vector fields were performed
by using DaVis 7.3 software from LaVision. The three-dimensional particle light intensity
distribution was reconstructed by means of the tomographic algorithm MART (multiplicative
algebraic reconstruction technique) specialized for PIV signals returning a 3-D array of voxels
representing the measurement volume where the intensity is digitally stored (Elsinga et al. 2005).
The relation between image projections coordinates and the physical space in the reconstructed
volume is established by a calibration procedure common to stereo PIV. Each camera records
images of a calibration target at several positions in depth through the volume. The calibration
procedure returns the viewing directions and field of view. The tomographic reconstruction relies
on accurate triangulation of the views from the different cameras. In particular to successfully
reconstruct particle images the accuracy requirement for the calibration is a fraction of the particle
image size. In order to reduce the noise of the volume cross-correlation scheme the disparity for the
single camera views should not exceed 0.4 voxels for the possibility to achieve cross-correlation
coefficients higher than 0.56 assuming particle image size of 3 pixels (Elsinga et al 2006).
Before reconstruction of the particle image intensity distributions inside the voxel matrix
representing the measurement volume could be calculated some image preprocessing steps have
been applied to the single camera images. In order to reduce the local inhomogeneities of light
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intensities caused by the specific illumination technique (stripes and boundary effects) background
and sliding minimum images have been subtracted and a Gaussian smoothing of the particle images
has been applied. Subtracting background light also reduces reconstruction noise as it does not
correspond to any particle. The reconstructed image distribution in the volume has been analyzed
with an iterative multi-grid volume deformation scheme reaching a final 48³ voxels (2 x 2 x 2 mm³)
interrogation box size with 75 % overlap yielding the instantaneous three-dimensional velocity field
over a grid of approximately 46 x 24 x 41 (42 x 22 x 52) measurement points covering a box of 32
x 16 x 27 ( 34 x 18 x 35) mm³ in x-y-z-directions for the spot and tripped turbulent BL respectively,
while the vector plane closest to wall is at y = 2 mm for all cases. The possibility of reconstructing a
volume of ~50% thickness in y-direction relative to the x-z-extensions with a particle density of
~0.03 to 0.1 particles per pixel is a very promising value for this technique. This step to a fully 3D3C and time resolved PIV measurement technique shall demonstrate the applicability of optical
measurement techniques as an important tool and complementary data source to CFD for the
understanding of wall bounded turbulence at high Reynolds numbers and more in general of
complex and unsteady phenomena in fluid mechanics.
The shape and role of coherent substructures for the growth and turbulent mixing of the spot was
the focus of this investigation as for the first time complete 3D topologies in a time series are
available. Fortunately the huge data-set provides al lot of information about the variety of flow
topologies inside the spot and the tripped boundary layer flow. A quick look into the data already
indicates that the complexity of the coherent flow structures governing the turbulent exchange is of
higher degree than it would have been expected on the basis of available models. The substructures
of the spot have been identified as hairpin-like vortices arising at the rear of the spot, but with a
more complex flow topology than in the given model. Because of the local disturbance source
centreline symmetry was somehow forced and therefore the spatial configuration of the
substructures inside a spot is denser, but also more orderly, than for the tripped BL case.
Interpretation of all results of the 4D instantaneous velocity vector volumes will take a long time,
but after all it will enable to assess the well known models describing average coherent structures,
like hairpin-vortices, streaks, sweeps, and ejections etc.., which shall connect and govern the
turbulence producing Q2- and Q4-events in a relatively simple topology. Conditional averaging of
the whole 3D velocity structure neighbouring to a given spatial event of fluid mechanical
significance will help to construct new models of the generic coherent (sub-) structures in such
flows. Additionally some important aspects of Lagrangian fluid dynamics of the turbulent flow can
be investigated with this data or new tomographic time-resolved PIV data captured in appropriate
experiments in future.
3. RESULTS
3.1 Instantaneous 3D-3C(t) velocity vector fields
Because nowadays the processing time for a single instantaneous velocity vector volume as
described above takes about 30 min on a four times dual-core 64 bit PC for reconstruction and
iterative volume cross-correlation only a limited number of images could be calculated up to now.
The processing time will be accelerated tremendously in the near future as most of the information
stored inside the voxel matrix does not contribute to the cross-correlation and can be set to zero
after reconstruction (private communication, Scarano 2006).
Nevertheless the 4D data with 45264 and 48048 instantaneous velocity vectors for each volume
measured with 5 kHz and 4 kHz resp. provide already all important information about the flow
structures, which was desired often in former investigations of wall bounded turbulent flows. The
number of spurious vectors was less than 3 % for the shown cases. For the single instantaneous
velocity vector plots an uncertainty of about ~4 % has to be accepted, because in this feasibility
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study a sub-pixel accuracy of the peak detection of ~0.2 pixels is always present. Further
improvements have to be done in order to enhance the accuracy from this very promising starting
point.
Two first results of 3-D 3-C (t) velocity vector fields achieved by the time-resolved tomographic
PIV measurements inside the LE region of the turbulent spot are shown in Figure 6. The flow
structures are quantitatively visualized by the iso-surfaces of the 3D vorticity and two of 17
instantaneous velocity vector fields at y = 3 and 9.5 mm. For the presentation of the 3D rot
derivative iso-contour surfaces a 3 x 3 x 3 vector smoothing of the results was necessary, in order to
avoid displaying artificial noise. The x-axis is directed stream-wise, the y-axis wall-normal and the
z-axis span-wise, the corresponding velocity components are Vx , Vy and Vz. The two shown
instantaneous velocity vector volumes of the same spot were measured in a volume between y = 1.7
mm and 15 mm and with a time-separation of t = 600 µs. A velocity of 6.6 m/s has been subtracted
from Vx for visibility reasons. The upper velocity vector volume was captured at T = 72 ms and the
lower at T = 72.6 ms. Note that each 200 µsec such a 3-D 3-C velocity vector volume has been
captured. The convection of hairpin-like or arch substructures can be registered and they are
convecting downstream. These arches of vorticity include a volume of negative relative Vx velocity
between their vortex columns. Connected to this structure a positive Vy velocity as indicated in the
color coding of the vectors (red/purple) shown at the upper x-z-plane vector field is noticeable, so
we can assume Q2 events at this position. As this vector volume shows the region at the LE of the
spot, the vorticity maxima are located at quite high elevations (y = 5-6 mm) confirming the
overhang characteristics measured in former investigations. Upstream of the hairpin-like arch on
the left and directly upstream of the red-purple region of positive Vy, a significant separation line
can be seen (especially in Fig. 6 b)), where a Q4 event region with negative Vy (blue vectors) and
positive relative Vx velocity is located. This flow moves down to the position indicated by the
lower vector field and is deflected to the sides at the low speed streak close to the wall. This
scenario is also visible upstream of the big vortex column at the right hand side.

Fig. 6 a)
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Fig. 6 b)
Fig. 6. Two instantaneous 3D-3C velocity vector volumes at the leading edge region of the same
turbulent spot with a time separation of t = 600 µs. 3D iso-vorticity and two 3C velocity vector
planes at y = 3 mm and 9.5 mm with color coded v velocity (u -6.6 m/s, centerline at z = -4 mm).
In figure 7 a series of three velocity vector volumes with a time difference of 400 µs in between
shall demonstrate the explosive growth of a Q2 event and related arch or hairpin-like structure at
the TE of the turbulent spot. The pre-process for the rapid growing of this new turbulence
producing structure is a deflected Q4 event, which interacts with the downstream flow structures of
the spot with much lower velocities. This process is visible in the related part of the vector volume
(not shown here). This blockage for the Q4 flow results in a deflection and change of the relative
flow direction: The Q4 event with high velocities transforms into a slightly spanwise directed Q 3
event and hitting the near-wall region. At this position only a Q2 event can help to “satisfy the
continuity equation”. The fluid rapidly shoots upwards against the relative flow velocity while
convecting downstream and the precondition for the start of a new similar process is given. The
effect of the rapid growth of Q2 events has also been shown by Schröder and Kompenhans (2004)
by means of multi-plane stereo PIV, but the number of time steps per measurement plane was
limited to two, so that the whole complex process could not be fully described nor understood. This
scenario has been recognized also at other TE’s of spots in the tomographic PIV data-set and can be
found in a more complex distribution also inside the centre of the spot structure.
In figure 8 such a complex distribution of the instantaneous flow inside of a turbulent spot
represented by two 3C -velocity vector planes and 3D vorticity iso-surfaces can be seen. Besides
some known arch or hairpin-like vortex structures the interaction of spanwise tilted Q3 flow located
mostly in between the columns of the arches (see vortex structure at downstream position) with the
neighboring near-wall region resulting in a strong upwards motion of the fluid indicated by
red/purple vectors is visible. The upwards fluid is governed by an upstream one-handed vortex
column towards a Q2 event above a low speed streak. Further upstream along this streak a vorticity
structure very similar to a hairpin model is quite prominent, but this does not produce any Q2 event.
It includes also relative negative Vx velocities, but with big parts of Q3 events. However, these
structures will have to be analyzed in more detail in future work.
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U = 7 m/s
Q3 (deflected Q4)

Rapid growth of Q2

Fig. 7. Three instantaneous 3D-3C- velocity vector fields at y = 5.6, 6.1 and 6.6 mm of the same
turbulent spot at T = 87.4 (top), 87.8 (centre) and 88.2 ms (bottom) after initial disturbance
showing rapid growth of Q2 events or hairpin-like vortices at the TE (uref = u -6.6 m/s, Vy color c.)
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Fig.8. Instantaneous 3D-3C- velocity vector volume with 3D vorticity iso-surfaces and two vector
planes at y = 5.6 and 8.0 mm in the centre of a turbulent spot at T = 79 ms (uref = u -6.6 m/s)
The next results with the focus on the structures found in a wire tripped flat plate turbulent BL flow
shall be presented. The measurement volume consists of 42 x 22 x 52 instantaneous velocity vectors
each (>48000 vectors). The frame rate was 4 kHz and the cross-correlation of the reconstructed
particle image volumes has been calculated without using frame straddling that means
instantaneous velocity vector volumes representing time steps of 250 µs each.
The average flow velocity of 70 velocity vector volumes has been determined and subtracted from
each single realization. Four instantaneous velocity fluctuation vector volumes, with respect to this
non-converged average profile, with a time separation of 500 µs each are represented in figure 9 by
3D iso-vorticity contour surfaces and two 3C-velocity vector fields in x-y-planes with 2.5 mm
distance. Again we found the representative arch structure with negative V’x velocities included. A
strong Q2 event region is located directly downstream of this vortex structure, also visible in related
3D vorticity structures, while a Q4 event region is located directly upstream. Following the flow
development through time the negative V’x in between the mentioned arch turns into a Q3 event
and together with the deflected Q4 event upstream the flow motion results in a new Q2 event and
the related vortex pair slightly shifted to the left side of the upstream region. Another young arch
structure following the path of the downstream one and here almost the same velocity distribution
can be found up- and downstream of this structure. Of course this observation is based only on a
few velocity vector volumes, but the similarities found in this investigation can guide future work.
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Fig. 8. Time series of instantaneous iso-vorticity surfaces and two x-y-planes of 3C fluctuation
velocity vector fields with t = 500 µsec shift each in a tripped turbulent boundary layer, Vy color c.
Thus, this explanation for this particular growth mechanism of Q2 events found in a tripped
turbulent boundary layer flow and also at the TE of the spot have to be analyzed in more detail and
with proper statistical evidence, before it could provide something like a model. Here only
snapshots of a huge variety of different flow exchange mechanisms can be described. Two other
snapshots of instantaneous fluctuation velocity vector volumes are presented in figure 9. This figure
should train the spatial sense for the imagination for only one of many possible flow structures
which are apart from known models. The connection of 3D vorticity and Q2 events is not given
necessarily, although the events with high values seem to be generally near vortex structures. After
averaging over 4000 samples of two time series of velocity vector volumes, corresponding to 192 x
106 vectors for a measurement time of only 1 sec (!) duration, a smooth average and rms vector
volume can be the starting point for many investigations in future. The fluctuation components,
vorticity, Reynolds stress events and the elements of the velocity gradient tensor can be time-spacecorrelated in the whole volume. Conditional averaging around special flow events can provide
generic models. Joint probability density functions can provide further statistical material and basic
work on Langrangian fluid dynamics can be performed on this data-set. In future new equipment
and new evaluation algorithms will allow even better insight in the flow topologies presented in 4D
PIV data. A close cooperation with CFD people for comparison of this data with numerical
simulations is required. Time resolved tomographic PIV can provide validation data for codes in
order to improve the used turbulence models, which is of high interest for the development of
design tools for every technique involved in fluid mechanics.
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Fig. 9. Instantaneous 3C fluctuation velocity vector volume of a tripped turbulent BL represented
by iso-vorticity (top) and iso-Q2 (bottom) contour surfaces and a x-z-plane at y =9 mm, U = 7 m/s
4. CONCLUSIONS
The recently developed tomographic PIV technique has been applied to time-resolved particle
images for an investigation of the sub-structures inside artificially excited turbulent spots in a
laminar flat plate boundary layer flow and of coherent flow structures in a tripped turbulent
boundary layer flow. Four high speed CMOS cameras are imaging tracer particles which were
illuminated by two high repetitive pulse lasers in a volume inside a boundary layer flow at 4 and 5
kHz. The instantaneously acquired single particle images of these cameras have been used for a
three dimensional tomographic reconstruction of the light intensity distribution of the particle
images in a volume of voxels virtually representing the measurement volume. Each of two
subsequently acquired and reconstructed particle image distributions are cross-correlated in small
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interrogation volumes using iterative multi-grid schemes with volume-deformation in order to
determine a time series of instantaneous 3D-3C velocity vector fields.
The measured series of 4D instantaneous velocity vector volumes give valuable insight into the
complete flow topologies of these turbulent wall-bounded flow types. The complexity of the fluid
exchange inside the turbulent flow is of high degree. Nevertheless some consistent and frequently
appearing flow structures can be identified and related to the known models (arch- or hairpinvortices, streaks etc.). Future analysis of the huge amount of data and following experiments will
enable to build new models for the coherent flow topologies inside turbulent flows and provide
valuable data for the validation of numerical codes.
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