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Abstract

Unsteady three-dimensional flow phenomena must be investigated and well understood to be able
to design devices to control such complex flow phenomena in order to achieve the desired beha-
vior of the flow and to assess their performance, even in harsh industrial environments. Experi-
mental investigations for flow control research require measurement techniques capable to re-
solve the flow field with high spatial and temporal resolution to be able to perceive the relevant
phenomena. Particle Image Velocimetry (PIV), providing access to the unsteady flow velocity field,
is a measurement technique which is readily available commercially today. This explains why PIV
is widely used for flow control research. A number of standard configurations exist, which, with
increasing complexity, allow capturing flow velocity data instantaneously in geometrical ar-
rangements extending from planes to volumes and in temporal arrangements extending from
snapshots to temporarily well resolved data. With increasing complexity these PIV systems re-
quire advancing expertise of the user and growing investment costs. Using typical problems of
flow control research, three different standard PIV systems will be characterized briefly. It is
possible to upgrade a PIV system from a simple planar to a “high end” tomographic PIV system
over a period of time, if sufficient PIV expertise can be built up and budget for additional invest-
ments becomes available.
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1. Introduction

Flow control involves passive or active devices to affect a beneficial change in wall-bounded or free shear flows
[1]. Active control (see [2] and [3] for example), where the actuator is located in a region sensitive to the phe-
nomenon to be controlled, is of increasing interest. Research and development activities requiring flow control
technology employ theoretical, experimental and numerical methods. As far as experimental methods are con-
cerned, there is the need to be able to capture the structures of the flow field instantaneously to understand and
assess flow control phenomena.

Since two decades technological progress at lasers, video techniques, optoelectronics, computers and evalua-
tion algorithms allows to extract quantitative information from images of flows. Continuous improvement of
such image based measurement techniques and decreasing costs of equipment enabled many research groups to
exploit these techniques for obtaining 2-dimensional or even 3-dimensional data mainly for fundamental re-
search. Since a decade ago many image based measurement techniques have found interest in industrial applica-
tions and are even used as a matter of routine when trying to improve the understanding of complex flow phe-
nomena. In particular, Particle Image Velocimetry (PIV), which allows determining the velocity information at
many locations within an unsteady flow field simultaneously by two times illuminating small tracer particles in
the flow within a few microseconds, has found widespread use by researchers at universities and in industry.
The fundamental principles of the PIV technique are explained in textbooks [4] [5] in detail, the present state-of-
the-art can be found in journals or conference proceedings.

Scientists investigating flow control phenomena are primarily interested in understanding and assessment of
devices and methodologies to control the behavior of unsteady, three-dimensional flows, being wall-bounded or
free shear flows, which requires temporally and spatially well resolved qualitative and quantitative information
of the flow volume under consideration. In case of flow control involving flexible or moving walls the know-
ledge of the shape and deformation of the walls is needed in addition. All data must be acquired non-intrusively
so that no interference of the flow field by the measurement is to occur. The availability of such high quality
experimental data does not only provide insight into the fluid mechanical phenomena involved in controlling the
flow but also supports the validation of the results of numerical calculations.

In summary, the most important features of an appropriate measurement technique to study flow control phe-
nomena in fluid mechanics or aerodynamics can be described as follows:

1) Application in air and water flows with periodic, repetitive or chaotic behavior.

2) Application in boundary layer flows, shear flows, wakes, vortical flows, channel/pipe flows, cylinders, jets,
ribs to enhance mixing, etc.

3) Non-intrusive methods, no interference of measurement with flow control phenomena to occur.

4) Instantaneous velocity data, captured simultaneously everywhere in the observation field.

5) Resolution of small as well as of large scale structures depending on phenomenon of interest.

6) Stimulation of the flow field on extremely short length and time scales (e.g. by MEMS) near the critical
flow regimes, where flow instabilities magnify quickly, requires high spatial and temporal resolution of velocity
data to be able to study the development of the essential structures within the flow field (delaying/advancing of
transition, suppressing/enhancing turbulence, preventing/ provoking separation [1]).

7) Triggering of velocity measurement relative to the operation cycle of the actuators for active flow control.

PIV having become a mature technique, scientists interested in flow control problems are rather end users
than developers of the PIV technique. As such, when designing a flow control experiment and selecting a PIV
system, very often they may not be aware of all implications provided by the selected equipment on the data
which can be measured.

The main features of the PIV technique to be observed when dealing with flow control are:

1) Instantaneous measurement: a large flow field can be captured simultaneously within a few microseconds.

2) Imaging systems with different magnification allow observing small as well as large scale structures.

3) In principle the velocity field is captured within a (laser) plane (2D). Nowadays, also 3D (tomographic)
techniques are available, which, however, require higher experimental effort.

4) The performance of the PIV system is determined by the selection of the kind of illumination system (cw
lasers, pulse lasers, flash lamps, LED illuminators), cameras (temporal and spatial resolution) and the number of
illumination and camera systems available.

5) Depending on the PIV set-up, two (2C) or three (3C, stereo configuration) components of the velocity vector
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can be measured.

6) PIV works non-intrusively, but requires tracer particles to determine the flow velocity. These tracer par-
ticles must follow the flow faithfully. Thus, in water flows, bigger particles can be utilized, which scatter more
light than the particles of a diameter of 1 um, which are usually used in air flows. This means that experimental
requirements (and costs) are more relaxed for PIV applications in water than in air.

7) Depending on the light source utilized some minimum time delay is required between two successive PIV
measurements (recording frequency of standard Nd:YAG laser based PIV systems: 10 - 20 Hz (~snapshots); re-
cording frequency of high-speed PIV systems: 1 - 5 kHz, which may allow a temporally resolved measurement,
depending on flow phenomena). It must be pointed out that standard PIV systems are more powerful and allow
to illuminate a larger observation field.

8) Employing appropriate hard- and software [6] the triggering of a PIV recording relative to an external
event is possible.

The explanations given above make clear that there does not exist a “one fits to all” PIV system. Figure 1
(see [4] for further explanations) summarizes the most essential features of PIV systems with respect to their
spatial and temporal resolution. Today’s CCD cameras offer a somewhat higher number of pixels and repetition
rate; however the basic relations explained in Figure 1 are still valid. Recently, some special devices and ar-
rangements, based on profound knowledge of optics, allow experienced users to extend the size of the observa-
tion area above those figures as given in Figure 1.

Based on the considerations made above and as example for the potential of image based measurement tech-
niques applied to flow control, an overview of the measurement of flow velocities employing different configu-
rations of PIV systems will be given next. The performance of PIV systems such as planar PIV, stereoscopic
PIV, tomographic PIV and corresponding modifications utilizing high-speed cameras for recording to achieve
the required temporal resolution will be presented and their application to flow control research will be de-
scribed briefly. For each configuration topics such as required equipment, complexity of operation, information
to be gained, operational problems etc. will be discussed based on the experiences made at such applications for
fundamental research or within industrial projects by the Department of Experimental Methods of the Institute
of Aerodynamics and Flow Technology of the German Aerospace Center [7] or together with partners, respec-
tively.

2. PIV Systems
2.1. Two Component-Two Dimensional PIV System (2C-2D PIV)

The development of PIV started in the 1980s with 2C-2D PIV systems, i.e. one camera, one illumination source,
and a planar illumination (light-sheet). The focus of the scientific work concentrated on seeding problems, par-
ticle scattering, following behavior of tracer particles, development of evaluation algorithms, accuracy etc. The
PIV plane was arranged in direction of the main flow, in order that the tracer particles do not leave the light-
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Figure 1. Schematic overview over present variants of the PIV method with their typical spatial and
temporal resolution. The symbols present the measurable three-component velocity vectors for each
method in their spatial and temporal arrangement [4].
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sheet in between the two illuminations, which would not allow obtaining P1V data. A small misalignment of the
light-sheet plane and the main flow direction would lead to measurement errors. Also it was recognized that un-
der certain imaging conditions so-called perspective errors will occur. With the development of robust stereo
PIV systems, i.e. two cameras and a planar illumination (see Chapter 2.2) such problems could be avoided and
stereo PIV became the standard PIV configuration for the investigation of complex flow phenomena.

Today the use of 2C-2D PIV systems, which are the simplest, easy to use and cheapest ones, is only recom-
mended if:

1) The flow field is nearly two-dimensional.

2) The object to be investigated allows only one viewing direction (e.g. due to restrictions by walls).

3) The PIV measurement shall serve to obtain an overview of an unknown flow field (location and size of
structures, range of spatial and temporal scales etc.) before a more complex and costly investigation will start.

4) The PIV measurement shall check the seeding quality, tracer behavior, functionality of PIV system, e.g.
with respect to triggering to an external event, functionality of external devices (structural performance of PIV
set-up (due to vibration, noise), model vibrations, operated model movements, actuators etc.).

If due to lack of equipment a 2C-2D PIV system must be used for research the above mentioned problems
involved in the use of such an arrangement should be minimized for the experiment and their remaining impli-
cations on the results must be discussed in the publication.

The required knowledge of optics, lasers, image processing, video technique etc. as well as the complexity of
the hard- and software of PIV systems increase from 2C-2D systems to stereo and tomographic systems, requir-
ing advancing expertise and growing investment. Thus, for persons starting to use the PIV technique it is rec-
ommended to begin with a 2C-2D PIV system in order to familiarize themselves with the technique and to un-
derstand its fundamental principles, to characterize and optimize the flow facility and the seeding with tracer
particles, the light-sheet optics and the imaging system, to avoid background light or light scattering from sur-
faces, to learn the laser safety procedures, to develop a reliable calibration procedure for the whole system, to
check and optimize the internal triggering of the PIV system and its connection to external events, to get familiar
with the evaluation software and the post processing of the data and to check the accuracy of the obtained data
and to validate them.

The use of a 2C-2D PIV system will be described next taking a generic aeroelastic experiment [8] to explore
the flutter of a thin plate under unsteady aeroelastic forces as an example. In a later stage the control of flutter
may also be a topic of research activities. The present objectives were to set-up an experimental system to
measure the velocity of the flow field and the deformation (location and acceleration) of the thin plate simulta-
neously and time resolved to study the interactions among inertial, elastic and aerodynamic forces acting on the
structure. For measurement of the deformation of the thin plate the Image Pattern Correlation Technique IPCT
[9] was utilized. IPCT observes the movements of a random dot pattern imprinted on the surface of the thin plate
to determine the deformation of the plate. In order to assess the performance of the combined PIV and IPCT
high-speed measurements it was considered to be sufficient to use a 2C-2D-T PIV system to reduce the com-
plexity of the set-up. This is justified by the fact, that the flow is nearly two-dimensional. The PIV system con-
sisted of a diode-pumped Nd:YAG laser (20 mJ per pulse at 5 kHz) and a 4 megapixel high-speed CMOS cam-
era with 5 kHz framing rate at reduced resolution (1344 x 688 pix). The observation area was 66 x 130 cm?, the
spatial resolution 0.6 x 0.6 mm?. DEHS tracer particles of 1 um diameter were used for seeding the flow. The
IPCT system consisted of two CMOS cameras in Scheimpflug mounts and two LED illuminators developed at
DLR [10]. Figure 2 shows a sketch of the experimental set-up with two high-speed cameras to determine the
deformation of the fluttering plate and a third high-speed camera (not depicted here) to observe the flow field to
determine the velocity within the marked rectangular field of view. The measurement plane is illuminated from
two directions using overlapping light sheets to prevent shadowing effects by the plate. For further technical de-
tails, such as illumination optics and triggering see [8]. As examples of the quality of results, which can be ob-
tained, one instantaneous velocity vector field (Figure 3) and one instantaneous surface of the fluttering plate
(Figure 4) are presented. Now, the data obtained with this experimental set-up of limited complexity allow to
calculate local and integral elastic forces from position measurements derived from single-shot IPCT data, to
calculate local and integral inertia forces from the time derivative of the surface velocity and respective mass
distribution, to calculate the aerodynamic forces by integration of the pressure term in the Navier-Stokes-Equa-
tion by assuming 2D-flow, and, finally, to compare the calculated forces with respect to the 2D-flow assumption,
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Figure 2. Experimental set-up: High-speed PIV system and high-speed
IPCT system with thin plate.
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Figure 3. Instantaneous velocity field for one flutter case.

noise sources etc. Once this approach has proven to be successful, more complex experimental set-ups may be
used (tomographic PIV).

Finally, some information shall be provided on the resources needed to perform such an experiment. The cost
of this PIV related equipment (high-speed PIV system requiring high-speed lasers and high-speed cameras) is
about 160% of that of a standard (snapshot) 2C-2D PIV system. In order to perform the experiment a man power
of about 12 person months was required. The researcher responsible for the PIV experiment should have already
carried out several complex PIV measurements, which will require an experience of about 24 person months.

2.2. Three Component-Two Dimensional (Stereo) PIV System with Temporal
Resolution (3C-2D-T PIV)

To upgrade a PIV system from a 2C to a 3C system, in addition, a second camera is needed, two Scheimpflug
mounts to keep the images of the tracer particles in focus for an oblique arrangement of the cameras and 3C PIV
evaluation software. If the 2C-2D PIV system has been optimized as described in chapter 2.1 and can be operated
routinely, then—in particular—the following topics need to be addressed for operation of a 3C-2D PIV system:
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Figure 4. Instantaneous surface of thin plate for one flutter case.

1) Operation of Scheimpflug mounts (one or more axes)

2) More complex calibration of the arrangement of measurement plane, light-sheet plane, Scheimpflug
mounts, and cameras. As data obtained by two cameras need to be combined to calculate the third velocity
component, misalignments will lead to artifacts (e.g. distortion of the shape of vortices). Thus, such calibration
algorithms need to be well understood and calibration procedures need to be well trained as any mistake during
calibration cannot be recovered later.

3) Understanding of scattering behavior of the tracer particles. With two cameras the first one is located in
forward and the second one in backward scattering direction in most cases, which leads to different level of in-
tensity of the scattered light.

4) Robust construction of recording set-up, to minimize effects of vibrations such as defocusing or individual
movement of each of the two cameras, which would deteriorate the 3C results. Today to some limit the re-ar-
rangement of PIV recordings captured by vibrating cameras can be done by software after the measurement.

5) Measurements in planes perpendicular to the main flow direction require the possibility to modify the
light-sheet optics in order that the plane of the first and the second illumination can be displaced.

If these problems have been solved the 3C-2D PIV system can be routinely used for fundamental research and
industrial development. The huge number of data possible to capture with such a system will require fast evalua-
tion algorithms, fast computers and big data storage.

One possible upgrade of a single 3C-2D PIV system would be to operate two 3C-2D PIV systems simulta-
neously, to

1) Extend the observation areas (placing the systems side by side)

2) Image with different magnification for each of the systems to be able to resolve large and small scale spa-
tial structures simultaneously

3) Place the two systems in the same or in a slightly displaced plane to follow the spatial and temporal evolu-
tion of structures (for application in air, this usually requires to make use of differently polarized light for illu-
mination to be able to separate the light scattered by the tracer particles for each illumination)

The upgrade for two 3C-2D PIV systems would require a doubling of the components (laser, cameras,
Scheimpflug mounts) and more or less a doubling of cost.

Standard 3C-2D PIV systems for air flows use Nd:YAG lasers for illumination (pulses of 200 mJ to 400 mJ at
10 ns pulse width and /4 = 532 nm). These lasers allow illuminating quite a large area of the flow but do not al-
low taking recordings with a frequency of more than 10 or 15 Hz (“snhapshots”, see Figure 1). Velocity vector
maps taken with such a temporal resolution can either be analyzed statistically or—in case of repetitive or peri-
odic events—the method of conditional sampling can be applied.
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However, for many fluid mechanical problems including flow control research a higher temporal resolution is
desired to be able to follow the temporal behavior of individual structures. This can be done with some limita-
tions by upgrading to a 3C-2D-T PIV system. Such a system requires the purchase of a special laser and special
cameras with higher repetition rate (up to a few kHz). The disadvantage of such a 3C-2D-T PIV system is that
the laser power is less and, thus, only a much smaller observation area can be covered than with a standard
3C-2D PIV system (compare Figure 1). This means, for general demands, both, a 3C-2D standard PIV system
and a 3C-2D-T PIV system should be available for a research group investigating flow control problems.

To illustrate the potential of PIV for flow control research an application with two 3C-2D-T PIV systems has
been selected. The scientific problem to be investigated was to characterize pulsed and continuous jet actuators
in a turbulent boundary layer [11] [12]. The test aimed at generating an aerodynamic data base useful for the
characterization of (unsteady) vortical structures in the wake of a jet actuator row and at comparing the effi-
ciency of continuous and pulsed jet vortex generators. The objective was to study the flow field behind the actu-
ators and further downstream where the effect of the actuators could be identified and assessed. The data set
should also be used for the validation of CFD tools or simplified models for jet vortex generators. In a joint
measurement campaign of the French and German research organizations for aerodynamics and aeronautics,
ONERA and DLR, each having available a high-speed PIV system, it was possible to combine both systems to
capture the velocity data in both areas of interest simultaneously (see Figure 5 and Figure 6), which would not
have been possible with a single system.

The observation area having a size of 78 mm x 40 mm, the flow velocity being in the range of 15 m/s to 30
m/s, the pulse frequencies of the jets being 50 Hz and 100 Hz, and olive oil droplets of a diameter of 1 um as
tracer particles, two high-speed PIV systems with two oscillators each supplying two consecutive pulses at 1
kHz with about 20 mJ per pulse were used. Combination of a frequency-doubled Nd:YLF laser (at A = 527 nm)
and a Nd:YAG laser (at A = 532 nm) did not provide problems. The layout of the trigger electronics and the tim-
ing diagram are presented in Figure 7 and Figure 8.

The time interval between each of the two light pulses has been adjusted in the frame straddling mode ac-
cording to the measured flow dynamics between z = 30 us and 80 ps. For the recording of PIV images, high-
speed CMOS cameras (1024 x 1024 pix @ 3 kHz with 10 bits, reduced to 1024 x 768 pix @ 4 kHz) with 8 GB

Cc2
C1 DLR
DLR

ONERA
mirror 7

Flow 6 | N
Jet/s.éenerator N

7 N

, .
c1 . DLR N
mirror

ONERA .7

Figure 5. Sketch of the set-up of two 3C-2D-T PIV systems at the test
section of the turbulent boundary layer wind tunnel at ONERA, Lille,
including the jet actuator row.
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Figure 6. Two synchronized 3C-2D-T PIV systems at the
SCL wind tunnel at ONERA, Lille, and support and
valves of the (pulsed) jet actuator row. Flow from right to
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Figure 7. Trigger electronics scheme for synchronization of two high-speed stereo PIV systems
and valves of the pulsed jet actuator row.
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Figure 8. Timing diagram of the trigger events for synchronization of high-speed cameras and two-laser
systems and initiating the valves of the pulsed jet actuator row.
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memory on-board have been used. This resulted in a spatial resolution of 1.11 x 1.11 mm?.

Due to a favorable coupling of the image acquisition with the pulse frequency of the jet actuator row (at 50
Hz or 100 Hz) and in order to avoid light pulse interferences of one 3C-2D-T PIV system on the respective im-
ages of the other system a camera framing rate of 4 kHz was chosen in order to reach an alternating PIV acquisi-
tion frequency of 1 kHz for each system: i.e. both systems acquired double-images at 1 kHz with a phase shift of
500 psec in between the acquisition of the two high-speed PIV systems.

In order to obtain a proper light-sheet for flow velocity measurements perpendicular to the mean flow, the
light beam emitted by each laser passes through a set of spherical and cylindrical lenses. The light-sheets are di-
rected towards the measurement areas through window glass at the test section walls by means of mirrors and
had an average thickness of ~2 mm within the fields of view. The DLR system was mounted on a displacement
bench to allow an easy translation of the whole optical arrangement between the different measurement planes.

Calibration of both stereo camera systems has been achieved by using a 2 mm thick transparent glass target
with regular grid lines printed on one side placed in the respective light-sheet plane and attached to the wall. Af-
ter mapping of the particle images a disparity correction procedure has been applied in order to correct for the
errors in positioning the calibration target and induced by the refractive index changes of the oblique viewing
through the glass target from one camera side.

More details about the set-up, in particular a discussion of the timing diagram of the triggering of actuators,
lasers, and cameras can be found in [11] [12]. Utilizing the two 3C-2D-T PIV systems it was possible to simul-
taneously observe the flow velocity field behind the jet generators and in different planes downstream of the ac-
tuators simultaneously and in selectable phase relation to the pulsed jets.

As an example for the quality of the results achieved, for U_ =30 m/s, a jet pulse frequency of f = 100 Hz
and a jet/velocity ratio VR =UJ./U°c =2 the instantaneous 3-C velocity vector fields at all measured planes at
the same phase position of the jet pulse cycle are presented in Figure 9 (z = 0 at middle of five actuator posi-
tions). A turbulent boundary layer profile is visible with large coherent areas of u-velocity fluctuations typical
for the outer part of the boundary layer above the logarithmic region. The wakes of the pulsed jets are affecting
the region below y = 10 mm and are still quite significant at this phase position for the two downstream planes
although the velocity fluctuations from the TBL flow is almost of the same amplitude. In the same phase posi-
tion, the first two planes are already dominated by the passive phase of the jets and the re-organized TBL flow is
represented with no direct jet wake interaction. More results and further discussion are provided in [11] [12].

The cost of the PIV related equipment (two high-speed PIV system requiring high-speed lasers and high-
speed cameras) is about 330% of that of a standard (snapshot) 2C-2D PIV system. In order to perform this expe-
riment a man power of about 18 person months was required. The researcher responsible for the PIV experiment
should have already carried out several complex PIV measurements, which will require an experience of about
36 person months.

2.3. Three Component-Three Dimensional PIV System with Temporal Resolution
(3C-3D-T PI1V), Tomographic PIV System

After two decades of development of planar PIV new ideas [13] allowed to address the ultimate goal, i.e. to be
able to measure the flow velocity (3C) in a volume (3D) of the flow in a feasible manner and with high accuracy.
PIV images of the flow volume taken with several cameras under different observation angles are used to recon-
struct the grey level distribution with the tracer particles tomographically. Next, 3D correlation allows deter-
mining the instantaneous flow velocity in the observation volume. Intense development work of quite a few re-
search groups allowed to solve most of the problems involved in the use of the new technique (for an overview
see [14]). Today tomographic PIV has been developed far enough to be used in complex applications of funda-
mental research, including flow control.

As compared with a 3C-2D PIV system tomographic PIV requires at least two additional cameras and
Scheimpflug mounts, for the “snap-shot” PIV system as well as for the high-speed PIV system. Also more com-
plex evaluation software for reconstruction of the grey level distribution in the flow volume, 3D cross correla-
tion, and calibration of the multi-camera system is required. PC clusters are used to be able to evaluate the huge
amount of data within a reasonable time. As indicated in Figure 1, the size of the observation volume for tomo-
graphic PIV is limited due to the limited laser power available and the limited depth of field. For the same ob-
servation volume/area the spatial resolution of a 3C-3D PIV system will be less than that of a 3C-2D PIV system.
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Figure 9. Instantaneous velocity vector fields out of a 1 kHz time series at all investigated
planes at U,, = 30 m/s and 100 Hz jet pulse frequency (measured at the same phase posi-
tion).

In addition to the capabilities mentioned above a user of a tomographic PIV system should have long-term
knowledge and experience in setting up complex illumination and imaging arrangements. Calibration procedures
are quite sophisticated. As no immediate on-line evaluation as for 2C-2D or 3C-2D PIV is possible, all steps
performed during the measurement (illumination, imaging, recording, calibration etc.) must be done with great
care in order to obtain high-quality results. Improvement of the quality of the data after the measurement is
usually not possible. In many cases tomographic PIVV measurements are carried out in cooperation between re-
search groups due to the costs (and availability) of the required equipment.

Next, the investigation of vortex-generators within a turbulent boundary layer flow shall be taken as example
of the application of a 3C-3D-T PIV system [15]. The measurements have been performed together with TU
Delft in their water tunnel. The flow generated by an array of vortex-generators (Figure 10), which are located
at four different distances (from 106 mm to 1010 mm) upstream of the measurement volume has been observed
in a volume of 63 mm x 68 mm x 20 mm using a high-speed Nd:YLF laser at 2 x 25 mJ/pulse at 1 kHz repeti-
tion rate and 6 CMOS high-speed cameras (Figure 11). The laser beam is expanded and limited by a rectangular
aperture to form a collimated top-hat volume light sheet and enters the water tunnel from above. A flat window
in the bottom of a small box immersed in the water surface ensures a smooth transition of the air-water interface.
Light is scattered by 56 pm polyamide particles submerged in water. The same tomographic set-up has been
used for the investigation of a turbulent boundary layer [16], where it has been described in detail.

Data is recorded in a time series of 2048 images at 1 kHz making a total observation time of 2 seconds. The
final interrogation window size is 32° voxels (corresponding volume 2.7 x 2.7 x 2.7 mm®). The velocity vector
data are analyzed as averaged as well as instantaneous data. An example (Figure 12) shows the time-averaged
momentum exchange towards the plate being increased (blue) behind the central vortex-generator pair and de-
creased between the vortex-generator pairs (red). The counter-rotating vortices are visualized by iso-surfaces of
vorticity. In the time-resolved results (example Figure 13) the motion and development of flow structures can
be analyzed. The contour plot of the (instantaneous) wall-normal velocity is depicted in two selected planes
again while flow structures are visualized by iso-surfaces of the swirl (lambda 2). Individual flow structures and
their contribution to the flow properties can be identified and can be used as an indicator for flow control effi-
ciency in the device optimization process.

This example shows that tomographic PIV provides the most complete information on the tree-dimensional
velocity field of all three PIV systems discussed in this paper. However, as explained before, to operate a tomo-
graphic PIV system with optimum performance requires advanced knowledge of the PIV technology as well as
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Figure 10. Vortex-generator array.
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Figure 11. Six CMOS cameras operating at 1 kHz framing rates in a solid angle view
at TU Delft water tunnel. The measurement volume of 63 x 15 x 68 mm?® was located
in a flat plate TBL flow 2.09 m downstream of the leading edge (see sketch left).
Photography of set-up and laser illumination of particles at TU Delft water tunnel
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Figure 12. Averaged flow field behind the vortex-generator array.
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Figure 13. Time-resolved flow field behind the vortex-generator array. Motion and development of the flow structures can
be traced from frame to frame (here: 1/6 of actual recording rate for better visibility).

quite a lot of equipment and investment. In order to perform this experiment a man power of about 18 person
months was required. The researcher responsible for the PIV experiment should have already carried out several
tomographic PIV measurements, which will require an experience of about 48 person months

The cost of the PIV related equipment (high-speed PIV system requiring one high-speed laser and six high-
speed cameras) is about 400% of that of a standard (snapshot) 2C-2D PIV system.

3. Conclusions

PIV has become an indispensable tool for the investigation of complex unsteady flow fields. For its application
to flow control research, different experimental arrangements are available with increasing complexity. The ap-
plication of tomographic PIV will allow obtaining temporally resolved instantaneous flow fields in a volume of
the flow in phase relation to the actuators controlling the flow. The flow control researcher as end user of the
PIV technique should select for his investigations that system with the least complexity which will solve his
problem. Due to the amount of equipment and experience needed for operation of complex PIV systems cooper-
ation among research groups should be looked for.

One idea for future flow control research work is to use simple and fast PIV systems as sensors for flow con-
trol [17]. The use of versatile LED illuminator systems [10] will allow more complex triggering systems for ap-
plications where LED light sources are strong enough for illumination.

Also efforts will be made to apply PIV and other image based measurement techniques (PSP (Pressure Sensi-
tive Paint) for measurement of surface pressure, TSP (Temperature Sensitive Paint) for measurement of transi-
tion, IPCT (Image Pattern Correlation Technique) for measurement of model surface, MAT (Microphone Array
Technique) for measurement of radiated noise etc.) in parallel during the same experiment to obtain a more
complete description of the flow field by determining several physical quantities simultaneously for investiga-
tion of flow control, transition control, deformation (flutter) control and noise control phenomena.
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