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Preface

In 2003 the German Research Foundation established a new priority programme
on the subject of “Imaging Measurement Methods for Flow Analysis” (SPP 1147).
This research programme was based on the fact that experimental flow analysis,
in addition to theory and numerics, has always played a predominant part both in
flow research and in other areas of industrial practice. At the time, however, com-
parisons with numerical tools (such as Computational Fluid Dynamics), which were
increasingly used in research and practical applications, soon made it clear that there
are relatively few experimental procedures which can keep up with state-of-the-art
numerical methods in respect of their informative value, e.g. with regard to visual-
spatial analysis or the dynamics of flow fields. The priority programme “Imaging
Measurement Methods for Flow Analysis” was to help close this development gap.
Hence the project was to focus on the investigation of efficient measurement meth-
ods to analyse complex spatial flow fields. Specific cooperations with computer
sciences and especially measurement physics were to advance flow measurement
techniques to a widely renowned key technology, exceeding the classical fields of
fluid mechanics by a long chalk.

The SSP-Research Programme, which was funded over a period of six years, was
roughly divided into the subject areas of field measurement methods, surface mea-
surement methods as well as flow measurement techniques based on micro elec-
tromechanical sensors (MEMS). These sub-areas were investigated by interdisci-
plinary research groups from the fields of flow mechanics (including users from
applied engineering sciences), measurement physics and computer sciences (in the
latter case involving methods for digital imaging and analysis). The objective of the
individual tasks was to arrive at a meaningful “image” of the flow field, making it
possible, for instance, to recognize coherencies in the physical flow and to assess
model representations.

The articles on the individual projects combined in this book aim to provide a
comprehensive overview of the research activities in the years 2003 to 2009. All
papers submitted were thoroughly screened at first and subsequently presented to
the Editor General of the NNFM series of publications. The editors wish to express
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their gratitude to all authors concerned, the reviewers listed below as well as Prof. W.
Schröder, the NNFM-Editor responsible, for their great and congenial collaboration.

Last but not least everyone involved would like to thank the German Research
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André Berthe, Daniel Kondermann, Christoph Garbe, Klaus Affeld,
Bernd Jähne, Ulrich Kertzscher

Laser Doppler Field Sensor for Two Dimensional Flow Measurements
in Three Velocity Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Andreas Voigt, Christoph Skupsch, Jörg König, Katsuaki Shirai,
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Jürgen Kompenhans, Gerrit E. Elsinga, Fulvio Scarano,
Christian Poelma, Jerry Westerweel, Bernhard Wieneke,
Dirk Michaelis

Time-Resolved Two- and Three-Dimensional Measurements of
Transitional Separation Bubbles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Sebastian Burgmann, Wolfgang Schröder
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Lars Büttner
Technische Universität Dresden,
Department of Electrical
Engineering and Information
Technology, Laboratory of
Measurement and Test
Techniques, Helmholtzstraße 18,
01062 Dresden, Germany,
lars.buettner@tu-dresden.de

Jürgen Czarske
Technische Universität Dresden,
Department of Electrical
Engineering and Information
Technology, Laboratory of
Measurement and Test Techniques,



List of Contributors XV

Helmholtzstraße 18, 01062
Dresden, Germany,
juergen.czarske@
tu-dresden.de

Antonio Delgado
Institute of Fluid Mechanics,
Technical Faculty,
Friedrich-Alexander University
Erlangen-Nuremberg,
Cauerstraße 4, 91058
Erlangen, Germany,
antonio.delgado@
lstm.uni-erlangen.de

Cornelia Denz
University of Münster,
Institute of Applied Physics,
Corrensstraße 2/4,
48149 Münster,
Germany,
denz@uni-muenster.de

Christoph Dobriloff
Institute of Aeronautics and Astronau-
tics, Berlin
University of Technology,
Marchstraße 12-14,
10587 Berlin,
Germany,
christoph.dobriloff@
tu-berlin.de

Jan Domhardt
Institute of Aeronautics
and Astronautics, Berlin
University of Technology,
Marchstraße 12-14,
10587 Berlin,
Germany,
jan.domhardt@
ilr.tu-berlin.de

Michael Eggert
Physikalisch-Technische
Bundesanstalt, Department of
Gas Flow, Bundesallee 100,

38116 Braunschweig,
Germany,
michael.eggert@ptb.de

Gerrit E. Elsinga
Department of Aerospace
Engineering, Delft University of
Technology, P.O. Box 5058,
2600 GB Delft, The Netherlands

Thomas Ertl
Institut für Visualisierung und Interak-
tive Systeme,
Universität Stuttgart,
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Strömungstechnik, Deutsches
Zentrum für Luft- und
Raumfahrt e.V. (DLR), Bunsen-
straße 10, 37073 Göttingen,
Germany,
Reinhard.Geisler@dlr.de

Joachim Georgii
Technische Universität München,
Informatik 15 (Computer Graphik &
Visualisierung), Boltzmannstraße
3, 85748 Garching bei
München, Germany,
georgii@in.tum.de

Erik Goldhahn
Institute of Turbomachinery and
Fluid Dynamics, Leibniz
University Hannover,
Appelstraße 9,
30167 Hannover, Germany,
goldhahn@
tfd.uni-hannover.de

Rainer Hain
Universität der Bundeswehr München,
Institut für Strömungsmechanik und
Aerodynamik LRT-7,
Werner-Heisenberg-Weg 39,
85577 Neubiberg,
rainer.hain@unibw.de

Wolfgang Heidrich
Department of Computer
Science, University of
British Columbia,
2366 Main Mall,
Vancouver, BC, V6T 1Z4,

Canada,
heidrich@cs.ubc.ca

Florian Herbst
Institute of Turbomachinery
and Fluid Dynamics, Leibniz
University Hannover,
Appelstraße 9, 30167 Hannover,
Germany,
herbst@tfd.uni-hannover.de

Frank Holtmann
University of Münster,
Institute of Applied Physics,
Corrensstraße 2/4,
48149 Münster, Germany,
frank.holtmann@
uni-muenster.de

Markus Holzner
Institute of Environmental
Engineering, Swiss Federal
Institute of Technology,
Wolfgang-Pauli-Strasse 15,
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8093 Zürich, Switzerland

Clemens Kirmse
TU Bergakademie Freiberg, Institut für
Mechanik und Fluiddynamik,
Lampadiusstraße 4,
09596 Freiberg, Germany,
Clemens.Kirmse@
imfd.tu-freiberg.de

Jens Kitzhofer
TU Bergakademie Freiberg,
Institut für Mechanik und
Fluiddynamik, Lampadiusstraße 4,
09596 Freiberg, Germany,
Jens.Kitzhofer@
imfd.tu-freiberg.de

Jürgen Kompenhans
Institut für Aerodynamik und
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17–19, 52066 Aachen,
Germany,
Robert.Rank@
eonerc.rwth-aachen.de



XX List of Contributors

Christian Resagk
Faculty of Mechanical Engineering,
Ilmenau University of Technology,
P.O. Box 100565, 98684 Ilmenau,
Germany

Matthias Reyer
Institute of Aeronautics
and Astronautics, Berlin
University of Technology,
Marchstraße 12–14, 10587 Berlin,
Germany,
matthias.reyer@
ilr.tu-berlin.de

Ulrich Rist
Institut für Aerodynamik und
Gasdynamik, Universität Stuttgart,
Pfaffenwaldring 21, 70569 Stuttgart,
Germany,
Ulrich.Rist@
iag.uni-stuttgart.de

Markus Röhl
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“Otto-von-Guericke” Universität
Magdeburg, ISUT/ LSS,
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Principles of a Volumetric Velocity Measurement
Technique Based on Optical Aberrations

Rainer Hain, Christian J. Kähler, and Rolf Radespiel

Abstract. In this contribution, a simple and robust three dimensional measurement
technique for the determination of all velocity components is presented. As opposed
to other techniques, only a single camera is required in order to calculate the par-
ticle positions in physical space. This is possible because the depth position of the
particles is encoded using an optical aberration or wavefront distortion, called astig-
matism. The astigmatism causes the particle images to have ellipse-like shapes. The
length of the semi-major axis and the semi-minor axis depends on the depth wise
position of the particle. It will be shown that this effect is well suited for extracting
the particle positions. In the first section, an introduction is given and the measure-
ment principle is shown in detail. Subsequently, the validation of the technique is
illustrated by means of synthetically generated images. Finally, experimental results
are presented and a conclusion is drawn.

1 Introduction

The measurement of the three velocity components in a volume is of interest for
many fluid mechanics investigations. Therefore, different techniques with differ-
ent advantages and drawbacks have been developed in recent years. One of these
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methods is the particle tracking velocimetry, which allows the determination of the
velocities of single particles [14]. A drawback of this method is the large number of
cameras which is required to determine the particle positions in physical space un-
ambiguously and the limited depth of focus which restricts the measurement volume
depth. Another technique is the scanning particle image velocimetry [4, 9], where
the volume is scanned with thin light sheets in order to determine the velocities in
these sheets. Occasionally the in-plane velocities are measured and the third veloc-
ity component is calculated by means of mass conservation. Due to the recording
of many planes, the temporal sampling of the volume is reduced, which is why this
method is only applicable to flows with large time scales (10 scanning sheets re-
duce the temporal resolution for the volume at least by a factor of 10). A benefit of
this approach is the use of a light sheet as opposed to the other three dimensional
methods which require volume illumination. Another method for the determination
of the three velocity components in a volume is holographic PIV [2, 8, 11]. This
method requires a record carrier with high capacity. Using an analog medium leads
to the problem of a complicated recording and evaluation process. The application
of a digital camera chip restricts the measurement volume size significantly because
of the limiting pixel number. A relatively new approach is tomographic PIV [5, 6],
where a reconstruction of the measurement volume by means of tomographic al-
gorithms is done. Similar to PTV, 4 cameras are usually required to acquire the
positions of the particles in space reliable and with sufficient accuracy. However,
multiple camera systems are expensive and frequently not applicable due to lim-
ited optical access or problems associated with the calibration. Willert and Gharib
[15] proposed a concept which solved most of the drawbacks of the discussed meth-
ods. Their approach is based on a single camera with a modified three hole-aperture
which makes it possible to obtain three particle images from a single particle. The
depth position of the particle can thus be gathered from the distances between the
three images. Unfortunately, the modification of the aperture and the required laser
power are drawbacks of this technique. In order to overcome these problems, the
so called V3V system was developed by TSI, see [13]. Instead of an aperture with
three holes, three separate cameras are used.

The 3D3C time-resolved measurement technique presented here requires a sin-
gle camera as well, but no modification of the aperture is necessary [7]. A similar
approach was applied to microfluidics in the past by [10, 12]. They put a cylindrical
lens in the optical path which leads to a distortion of the particle images in depen-
dence on their position in depth direction. This principle was also used by [1] to
measure flow velocities in larger volumes. The effect caused by a cylindrical lens
is similar to an optical aberration called astigmatism [3]. In Fig. 1(a) the principle
path of rays is shown under the consideration of this effect. If a point light source P
is not placed on the optical axis of a lens, there is no focal point in the image plane.
Instead of one focal point, two focal lines with orthogonal orientations appear. Be-
tween these focal lines, the point light source produces an ellipse-like image. The
size and shape of the particle image can be used to determine the three dimensional
position of the particle in physical space.
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(a) Astigmatism (b) Principle of the experimental
setup

Fig. 1 Astigmatism using a single lens and applied experimental setup

2 Measurement Principle

The astigmatism mentioned earlier hardly occurs if objectives are used because op-
tical aberrations are corrected for in such a way that the aberrations are below the
resolution limit of the CCD / CMOS sensors. The larger the distance of the light
rays from the optical axis, the larger the optical aberrations. In order to obtain a
well defined astigmatism, the specific setup shown in Fig. 1(b) is applied. A single
camera mounted on a Scheimpflug adapter is aligned to the measurement volume at
angle α . This angle leads in a combination with the refraction indices n1, n2 and n3

to astigmatism. Three exemplary images are shown in Fig. 2 to illustrate the effect.
Only a thin light sheet was used to illuminate the particles in this case. The light
sheet was traversed about 6mm towards the camera from image 1 to image 3. In the
first recording, the particle images have an ellipse like shape with a small width and
a large height. In the second image the width and height of the particle images are
nearly equal and at the third position, the width of the particle images is much larger
than their height. When the whole volume is illuminated, the positions of the parti-
cles in depth-direction can be determined by means of their orientation and shape.

Fig. 2 Dependence of the particle image shape on the position in the measurement volume
(only a thin sheet in the measurement volume is illuminated)
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To estimate the positions of the particles in physical space, the following steps are
required:

1. Calibration of the measurement volume by means of a traversed grid (similar to
stereo PIV or other 3D3C Techniques)

2. Calibration by means of thin light sheets to determine the particle shape depen-
dence on the position of the particle in the light sheet

3. Reconstruction of the particle position in physical space by means of the par-
ticle position on the chip, the particle shape, and the calibrations mentioned
above.

2.1 Measurement Volume Size

The measurement volume size in the x− and y−directions (defined in Fig. 1(b)) is
mainly specified by the focal length of the objective and the distance of the objec-
tive from the measurement volume. The depth of the measurement volume depends
on the angle α , the refraction indices n1, n2 and n3, and the thickness of the glass
plate. Furthermore, the distance di from the center of the measurement volume to
the glass plate influences the measurement volume depth. If the glass plate is ne-
glected (n1 = n2), the measurement volume depth assumes the size which is shown
in Fig. 3. The calculation of this depth is done in the following way: A ray starts in
the x− z−plane with angle α0 from an arbitrarily positioned point light source near
the measurement volume. Because intersections of rays must be calculated later,
four additional rays are generated. Two rays (A1 and A2) are generated by rotating
the initial ray around ±dα0 in the x− z−plane. Two additional rays (B1 and B2) are
generated by rotating the initial ray around ±dα0 in the plane which is produced by
the y−axis and the initial ray. The four rays are refracted at the intersection plane
of water-air. Now the intersection points of the refracted rays A1, A2 and B1, B2

are determined for dα0 → 0. By means of this method, two virtual particle posi-
tions whose distance in the z−direction is assumed to be the measurement volume
depth are calculated. The mid-point between the virtual particle positions in the
z−direction is di.

Fig. 3 The dependence of
the measurement volume
depth on the angle α and
the distance di of the center
of the measurement volume
to the boundary (n1 = 1.33,
n2 = n3 = 1.0)
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2.2 Calibration of the Measurement Volume

The measurement volume is viewed at the angle α leading to the distortion of the
grid which is aligned parallel to the light sheet. In addition, the distortion depends on
the position in the measurement volume. For this reason it is necessary to make a 3D
calibration to convert the coordinates in the image plane to coordinates in physical
space:

f (x[m]) = f (x[px],y[px],z[m])
f (y[m]) = f (x[px],y[px],z[m]) (1)

f (z[m]) = f (x[px],y[px],z[m])

A grid is placed in the measurement volume and recorded at several positions. The
intersections of the grid lines are determined by means of cross correlation of the
calibration images with an artificially generated cross. The line thickness of the
cross in the x− and y−directions is entered manually for each calibration position
because the astigmatism causes a different line width and height for each position
of calibration target in z−position.

2.3 Particle Image Fitting

The fitting of the particle images is essential for the presented measurement tech-
nique because the particle position is directly associated with the particle image
shape. In Fig. 4 the measurement uncertainty in the z−direction is shown as a func-
tion of the particle z−position and the uncertainty in determining the particle image
width and height. The measurement volume depth is assumed to be 1 and the uncer-
tainty is the standard deviation given in percent of the measurements volume depth.
The calculation was done for particle images with width and height between 1px
and 20px depending on the z−position of the particle. Applying a larger range, the
measurement error is reduced.

Fig. 4 Dependence of the
measurement uncertainty in
the z−direction in percent
of the measurement volume
depth on the z−position and
the uncertainty in determin-
ing the particle image width
and height (particle image
width and height vary be-
tween 1px and 20px in de-
pendence on the z−position)
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The setup causes a wave front deformation which results in the distorted particle
images. The size of the particle images in the x− and y−directions depends on
the light intensity which is scattered by a particle. However, if the particle image
intensity distribution is assumed to be 2D Gaussian, the particle image width and
height defined by the e−2 intensity do not depend on the intensity of a particle in
physical space. The scattered light intensity of a particle depends strongly on the
particle size, the index of defraction, the stability of the laser, and the position of the
particle in the light sheet. Due to the fact that the particle image intensity distribution
is not a 2D Gauss function and the particle image width and height therefore depend
on the particle intensity, the particle shape is defined here by the ratio of the particle
image width to the particle image height. This ratio is nearly independent from the
intensity of the scattered light of a particle.

The determination of the particle image width and height is performed in the fol-
lowing way: First, the pixels which might belong to a particle image are determined
by means of a median filter. Then, the segmentation takes place (see Fig. 6) where
neighboring pixels are assigned to particle images. In the next step, the pixels of a
particle image in a rectangular area around the particle image are applied to fit a 2D
Gauss function:

f (x,y) = a1 · exp

(
−8.0 · (a2 − x)2

a3
−8.0 · (a4 − y)2

a5

)
+ a6 (2)

The fitting is done by means of a Gauss-Newton method. In order to get a result
for the fitting coefficients which does not depend on the initially-chosen rectangular
pixel area, 4 iterations are done. In each iteration the width and height of the area
are chosen at twice the width and height of the particle image (width =

√
a3, height

=
√

a5). A reconstructed particle image is shown in Fig. 6. Actually, the particle im-
ages do not have a gaussian intensity distribution which often leads to the problem
that the fitting does not work very well (lock in of the fitting-function to the pixels
with a high intensity), see Fig. 5 on the left hand side. Therefore, the autocorrelation
of the particle image with the rectangle determined earlier is performed. Again, four
iterations for the adaption of the rectangle are done. The correlation peak is much
smoother than the intensity distribution of the particle image that makes the estima-
tion of the particle image width and height easier, see Fig. 5 on the right hand side.
So far, the particle image width is assumed to be the width of the normalized corre-
lation peak at a correlation amplitude of 0.5. The particle image height is determined
in a similar way.

A drawback of the autocorrelation method is that one gets only the particle image
width and height so that the particle position is given by the parameters a2 and a4

from the Gaussian fit. The reconstructed particle image is shown in Fig. 6. The
z−positions of the two particles are similar because only a thin light-sheet was used
for the illumination. The Gaussian fit leads to a ratio of the particle image width
to the particle image height of 3.55 for the upper, and 2.95 for the lower particle
image. By applying the approach with the autocorrelation, one gets ratios of 3.35
and 2.92, which is in much better agreement. The ratio 3.35 leads to a z-position of
14.527mm and the ratio 2.92 leads to a z-position of 14.145mm.
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Fig. 5 Original particle image (left hand side) and autocorrelation plane (right hand side)

Fig. 6 Original particle image, segmented particle image, reconstructed particle image with
parameters from a Gaussian fit (width/height upper particle = 3.55; width/height lower
particle = 2.95) and reconstructed particle image with parameters from autocorrelation
(width/height upper particle = 3.35; width/height lower particle = 2.92)

2.4 Calibration with Particle Images

Due to the astigmatism, the particle image shape depends on the positions of the
particles in the depth direction (z), as pointed out before. In addition, the particle
image shape varies in the x− and y−directions. For this reason, a calibration

f (x[px],y[px],shape) = z[m] (3)

is necessary which maps the particle position and shape unambiguously. Therefore,
the measurement volume is scanned with light sheets which are as thin as possible
and many images are recorded at every light sheet position. The particle images
are extracted and fitted as mentioned in section 2.3, and for each particle image the
shape parameter is calculated. This is done for the whole volume. With these ex-
tracted particle images the coefficients of the 4th order rational calibration function
are determined by means of the Levenberg-Marquardt method.

3 Validation

In order to validate the presented measurement technique, a simulation software for
the generation of synthetic images was developed. Due to the implementation of
the ray tracing technique, the software allows the simulation of astigmatism. The
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Fig. 7 Comparison of the
exact and the reconstructed
particle positions
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generation of calibration grids is also possible so that the whole measurement pro-
cedure can be emulated. In Fig. 7 a result of the synthetic simulation is shown.
The black points indicate the exact particle positions which are known due to the
simulation. The blue triangles are the particle positions which have been calcu-
lated by means of the method presented. It can be seen that the agreement between
these positions is quite good. Presently, the error (RMS) of the particle locations is
2.6 · 10−5 m. In the experimental setup the particle positions are not known. How-
ever, examinations on the accuracy can still be done. The calibration with particle
images mentioned in section 2.4 is applied to experimentally recorded images in
the following. In this experiment the angle α was 30◦ and the measurement volume
depth δ z = 15mm. In Fig. 8 on the left-hand side the particle images extracted from
the calibration recordings are shown. The x− and y−positions in the image coordi-
nate system and the exact z−position in physical space are known. The contour color

Fig. 8 The dependence of the axis ratio on the particle position (left-hand side) and the
deviation of the calculated z-positions to the exact z-positions (right-hand side)
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Fig. 9 PDF of the deviations
in z-direction shown in Fig.
8 on the right-hand side
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indicates the axis ratio (particle image width / particle image height). This data is
used to calculate the coefficients of the calibration function for the particle images.
The z−position can now be reconstructed by means of the positions x [px], y [px]
and the axis ratio. This is given in Fig. 8 on the right-hand side where the contour
color indicates the deviation of the calculated z−position to the exact z−position.
The PDF of this field is shown in Fig. 9. Without any postprocessing, the standard
deviation in the z−direction is 0.81mm (5.4% of the measurement volume depth).
It can be seen that there is a clear peak at the position of 0mm deviation in the
z−direction which means that the presented method is free of systematic errors.

4 Determination of the Flow Velocity

In the last sections the determination of the particle positions in physical space by
means of astigmatism has been explained. However, the goal of the presented tech-
nique is the determination of the three velocity components in a volume. There are
mainly two possibilities to do this. One possibility is a three dimensional correlation,
similar to the PIV interrogation. Similar to tomographic PIV, interrogation volumes
must be applied for the evaluation. Another possibility for the determination of the
particle displacements is the application of a particle tracking algorithm. The un-
certainty in the displacement determination will be larger than for the correlation
approach but the spatial resolution will be much better. Further investigations will
show the advantages and drawbacks of each method.

5 Conclusion and Outlook

The principle of a measurement technique for the determination of all three velocity
components in a three dimensional volume with only a single camera was shown.
This is of interest for many applications with limited optical access like 3D-μ-PIV
or the internal flow of a motor. μ-PIV requires a different calibration approach than
the one with thin light-sheets described here, because the minimum thickness of
light-sheets is limited. Therefore, particles aligned on a target will be moved by
means of a micro-positioning system.
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Further benefits of the measurement technique are the alignment and the calibra-
tion which are very easy with a single camera. The measurement uncertainty of the
particle position in depth direction is approximately 5.4% of the measurement vol-
ume depth so far. In the future, more suitable functions for fitting the particle images
will be examined to increase the accuracy. It is assumed that this leads to an uncer-
tainty in the z−direction of approximately 2%. In addition, a postprocessing will be
applied once the displacement of the particles is determined. It is assumed that this
will eliminate particles whose z−positions have been found to be inaccurate.

Acknowledgements. The authors greatly acknowledge the support from the German Re-
search Foundation (DFG) in the priority program 1147.
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The Wall-PIV Measurement Technique for Near
Wall Flow Fields in Biofluid Mechanics

André Berthe, Daniel Kondermann, Christoph Garbe, Klaus Affeld, Bernd Jähne,
and Ulrich Kertzscher

Abstract. This chapter describes the development of a new time resolved 3D PIV
technique for near wall flow field measurements. This measurement technique,
called wall-PIV, is based on Beer-Lambert’s law. It substitutes the classical PIV laser
sheet by a diffuse, monochromatic full-field illumination that is limited to the near
wall region by an absorbing molecular dye in the fluid. Aimed range of applications
is the investigation of flow fields next to one- or two dimensionally curved, possi-
bly flexing surfaces. The three dimensional three component flow estimation uses a
new optical flow algorithm, based on particle trajectories. Results of the measure-
ment technique’s application on a displacement pediatric blood pump are presented.

1 Introduction

The time resolved measurement of three dimensional flow fields next to non-plane
surfaces is of great interest in biofluid mechanics. Many medical issues, such as
thrombotic events and atherosclerosis, depend on shear stresses and shear rates near
vaulted walls [18]. Hereby we define a vaulted wall as a wall with two main non-zero
curvatures. The investigation of flow fields and shear stresses near vaulted walls is
non-trivial. Moreover, biological surfaces and some parts of artificial organs are of-
ten moving. Among others, the development of the wall-PIV technique aims for the
full-field investigation of shear stresses at membranes of displacement pumps. The
movement of the membranes with up to 2 Hz requires the application of a measure-
ment technique that can capture instantaneously and non-contacting the flow field
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in the near wall region. Thereby many well established point and field measurement
techniques are of limited use. Today, there are several 3D measurement techniques
and shear stress measurement techniques. A brief overview of them is given in sec-
tion 2. Then, in section 3 the measurement technique including the used algorithm of
flow estimation is described. Following, section 4 shows an error estimation for this
approach. To distinguish between aberrations of measurements and aberrations of the
flow estimation, artificial data sets and experiments with known analytical solution
and known particle position, called “single particle experiments” were established
(see section 5). Concluding, section 6 shows results of an experiment on a pediatric
blood pump.

2 Flow and Shear Stress Measurement Techniques

Some medical measurement techniques as magnetic resonance imaging (MRI) and
echocardiography allow the three dimensional measurement of flow fields. How-
ever, their spatial and temporal resolutions are not yet sufficient for the investigation
of near wall flow fields. First tests to access near wall flows and wall shear stresses
using MRI showed clearly the current limitations of this technique [19].

In the following we will only consider field methods, that can measure instanta-
neously a whole flow field. Most of these techniques are reviewed in [6, 17]. How-
ever, only few of them have the potential to be used at vaulted walls. The most
promising techniques for the instantaneous, time resolved measurement of three di-
mensional flow fields are based on PIV.

Holographic PIV seems to provide a high potential for the assessment of near
wall flows. This technique is based on a hologram, storing particle positions ob-
tained from the interference pattern of a reference light beam and reflected light of
the recorded particles. Reference beam and scattered light have to be recorded at a
small angle, so that numerical aperture and depth resolution are limited [11]. Fur-
thermore, until now high resolutions urge the use of holographic films what leads to
huge processing times. The development of measurement and computer hardware
might enhance the potential and solve the limitations of this technique in the future.

Defocusing digital PIV (DDPIV) and 3D PTV are based on particle identification
on recordings of multiple directions. Limitations of these techniques are given by
the alignment of the optical axes and the particle density. According to Hill et al.
(2008) the seeding density of DDPIV can be higher than in PTV [10]. Inherent limi-
tation of the setup, sold by TSI Inc. (Shoreview, USA) as “Volumetric 3-component
velocimetry”, is the direct transfer of the camera’s alignment to the particle’s align-
ment. This requires a plane flow phantom surface, aligned normal to the camera-
setups center-line. Providing these conditions, the technique should be tested for a
part of the described applications in biofluid mechanics.

Tomographic PIV uses the same camera setup with an expanded laser sheet and
typically four cameras. According to Elsinga et al. (2006) the technique allows ap-
proximately 10 times higher particle densities than 3D PTV. This results from the
fact, that the technique does not identify single particles. Instead, a three dimensional
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light intensity distribution is reconstructed by a tomography algorithm and a 3D cross-
correlation is applied on the voxels of the reconstructed volume [6]. A new challenge
of this approach is the appearance of so called “ghost-particles”. This kind of errors
depends strongly on the number of cameras and the particle diameter (see [22] for
details). A further problem of this technique are high processing times of about thirty
minutes to one hour for one volume (see [24, 1]).

3 Wall-PIV

The measurement principle of wall-PIV is similar to that of PIV: The displacement
of tracer particles in an illuminated thin region of the fluid is recorded. Subsequently
the velocity of the fluid is estimated by, depending on the flow estimation algorithm,
the displacement of particles (particle tracking), the displacement of speckles (cross-
correlation) or the displacement of image gray values (optical flow). In PIV the
classical algorithm is cross-correlation, allowing higher particle densities than PTV.
The application of optical flow algorithms is relatively new to PIV. For wall-PIV all
three kinds of algorithms have been tested (see subsection 3.2).

3.1 Wall-PIV Setup

The major difference between PIV and wall-PIV is the kind of illumination: In most
PIV setups (ignoring e.g. micro-PIV), the flow is illuminated by a laser sheet. The
thickness of this light sheet for applications with cross-sections of several tenths of
millimeters is approximately 0.5 to 1.0 mm. As a light sheet can not be aligned to a
vaulted surface, the transparent flow phantom is fully illuminated from the outside
with a diffuse monochromatic light placed next to the camera. To limit the depth of
view of particles to approximately 0.3 mm, a molecular dye with a high absorbance
for the immited wavelength of light is added to the fluid, a further key difference
from PIV. The depth of light penetration and thereby the depth of view can be ad-
justed by varying either the incoming light intensity or the concentration of the dye.

When monochromatic light with the light intensity I0 penetrates a fluid, the in-
tensity will be decreased by absorption on the way through the fluid (see sketch of
Fig. 1). Assuming an incidence of light at a particle at a distance R from the surface
of the wall, the reduced light intensity is given by Ip, which can be calculated with
the Beer-Lambert’s law (1).

Ip = I0 · exp(−ε · c ·R) (1)

In equation 1, ε is the molar absorption coefficient of the dyed fluid and c is the
concentration of the dye.

Assuming total reflection of the light on the particle, the reflected light passes the
same distance R through the fluid again. The intensity is reduced to the intensity I,
given by equation (2).

I = Ip · exp(−ε · c ·R) = I0 · exp(−2 · ε · c ·R) (2)
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Fig. 1 Illustration of the
method used in wall-PIV:
On the left a sketch of part
of the fluid flow and the
apparatus used. It shows
the illuminated region of
the fluid and three tracer
particles A, B and C with the
corresponding distances R.
On the right a representation
of an image recorded by the
camera with the correspond-
ing particle intensities IA,
IB, and IC

Neglecting the absorption of light by the transparent flow phantom and the exterior
air, the gray value, recorded by the camera is proportional to the light intensity
I. Thereby, it is possible to use the recorded gray value of the particle as depth
information. Including the gray values and the displacement of a recorded particle,
we obtain principally all three components and all three coordinates. In section 4 the
causes of variations between theoretical and recorded values, as well as the resulting
calibration techniques are discussed.

3.2 Flow Estimation Algorithm

A straightforward approach to obtain a 3D near wall flow field by the gray values of
recorded particles is their separation in several layers. Following, a 3D-2C flow field
can be calculated by a cross-correlation for every layer [4]. However, the image data
contains enough information to calculate the whole 3D-3C flow field.

In the field of optical flow (OF) estimation, techniques based on the Brightness
Constancy Constrained Equation (BCCE) assume that a pixel intensity remains con-
stant along its trajectory of motion:

(I(x,y,t)− I(x,y,t + 1))2 = 0 (3)

This quadratic penalization of the discrepancy of this model is then linearized by
first order Taylor Expansion, yielding the traditional BCCE:

d�p = [Ix, Iy, It ] · [u1,u2,1]� = 0. (4)

Partial derivatives are denoted by subscripts, I is the image and (u1,u2) the flow to
be estimated. Basic methods using this constraint have been proposed in local [21]
and global [12] optimization frameworks. A more recent application of OF in the
PIV community is e.g. [23]. Whenever particles are large and slow and/or dense
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enough, such BCCE-based flow estimation techniques can be applied (for details
see e.g. [23]).

To adapt the standard BCCE to our needs, we made use of its extension pro-
posed in [9], which incorporates models of brightness changes to obtain the so-
called Brightness Change Constrained Equation for exponential decay:

d�p = [κ , Ix, Iy, It ] · [I,u1,u2,1]� = 0. (5)

The additional unknown κ is the constant of exponential decay and thus directly
related to the depth of the particle image through Beer-Lambert’s law. As described
above, the flows measured by our method are two dimensional projections of inher-
ently three dimensional flows. Hence, spatial motion models can not assist in the
finding of correct motion estimates. Global techniques make assumption of spatial
motion models by means of regularization, rendering these approaches infeasible
for our needs. Therefore we limited ourselves to the study of local approaches.

To this end, we developed a method to deal with our new BCCE [14, 15]. To-
gether with advanced preprocessing techniques [14] this method can be used to
directly measure wall shear rates from wall-PIV images.

The faster the motion of particles, the more difficult the estimation of the flow of
the particle images by OF algorithms becomes and conventional OF techniques fail.
Furthermore, the computation of image derivative approximations can not easily
be estimated for small particle images. Therefore, we firstly did not linearize the
BCCE as in equation 4. Secondly, instead of formulating a spatial motion model,
we formulated a purely temporal motion model based on trajectories by means of
unsupervised learning techniques as detailed in [20]. As the used trajectories are
only of limited length (between 5 and 19 time steps), the trained model is on the
one hand sufficient to represent a large number of flows, which have not yet been
observed but on the other hand captures important properties of the training data.
Hence, the trajectory motion model alleviates the nonlinear optimization by limiting
the search space to a statistically meaningful subset of all possible motions.

4 Error Estimation

First of all, the particles ability to follow the flow has to be investigated. One practi-
cable approach is the calculation of the Stokes number, that should be much smaller
than 1. Calculations based on the definition of Subramanian and Brady (2006) com-
plied with this criterion for investigated flows [25].

In wall-PIV the depth position of a tracer particle, moving with its center of mass,
is obtained from the reflection on its surface. This has to be included by adding the
particle’s radius to the distance of its surface to the wall. Consequently, variations
of the particle’s diameter lead to falsified shear rates. The relative error of shear rate
calculations is given in [2].

In section 3.1 a total reflection of light at the tracer particle was assumed. For
the used wavelength silver has a reflectance r of about 0.9. Introducing this into the
calculation of the particle distance R from equation 2, we obtain equation 6:
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R =
−1

2 · ε · c · ln(r · I
I0

) =
−1

2 · ε · c · (ln(
I
I0

)+ ln(r)) (6)

We can conclude, that the partial reflectance would lead to a fix offset for all depth
estimates. The same would result from a faulty value for the incoming light inten-
sity I0. Calibrating the measurement technique with a particle at depth zero and
compensating light fluctuations based on a calibration target incorporated in the im-
age sequences can cancel out this source of aberrations. In cases where the intensity
I0 can not be assumed constant over the whole ROI or can not be accessed in the
flow phantom, two monochromatic wavelength λ1 and λ2 can be used instead of
one. This bi-chromatic approach allows the reference to the ratio

I0,1
I0,2

instead of a

reference to the absolute values [15]. When using flow phantoms from materials
with non-selective absorbance, the ratio, and thereby the used reference value, is
not changed by different material thickness.

Uncertainties in particle depth caused by sensor noise are proportional to the
uncertainty of the recorded gray value. The resulting resolution of depth of wall-
PIV can be estimated with 60 layers for a 8 bit camera with 5 % signal to noise
ratio [15].

5 Experimental Validation

Experimental validation of a flow measurement technique requires the exact knowl-
edge of a flow under investigation. Exact analytical solutions of the Navier Stokes
equations are rare [13]. The wall-PIV technique was first validated on a rectangu-
lar duct [4], showing a good agreement between theoretical and experimental data.
Another validation was realized on a falling film, providing reliable depth estima-
tions for the near wall region as well [15]. However, both investigated flows did not
provide a proof for the ability to measure all three components of the flow. Exact
analytical solutions for a fully 3D-3C flow exist, but are unfortunately not appli-
cable experimentally [7]. Therefore no such solutions can be used to gain insight
in the quality of wall-PIV as 3D-3C measurement technique. Experiments on a u-
shaped duct with backward facing step compared wall-PIV results to classical PIV
and computational fluid dynamics [4, 16]. However, aberrations between the result-
ing flow fields can not be easily assigned to a source of aberration. To overcome this
limitation, artificial traversals of particles have been used. The basic idea of a par-
ticle traversal is to realize a known particle movement under realistic measurement
conditions. The depth traversal of several particles on a glass support showed good
results for the wall-PIV technique’s depth measurement abilities under two different
hardware configurations [4, 15]. The depth resolution of this approach is limited due
to its mechanical accuracy (the support has to stay exactly plane-parallel to the wall)
and adhesive forces can occur between the supporting media and the wall. Therefore
the technique was developed to “single particle setups” for further calibrations and
multi-directional movements [3]. In a single particle setup, one particle is attached
to a glass capillary. The diameter of the capillary is inferior to that of the particle,
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Fig. 2 Detail of the single
particle setup: The particle p
is connected by the capillary
at the milling cutter, repre-
senting a three dimensional
traversal system t. Immited
light i enters the reservoir
filled by the bottom through
a glass window g. After
transversal of the fluid f the
reflected light r is captured
by a camera

Fig. 3 Flow estimation on
a horizontally and vertically
traversed particle. Markers
show the estimated flow, the
solid line shows the particle
traversal. 0 200 400 600 800 1000
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so that the support is hidden from the bottom. Attaching the capillary at a traverse
system, the particle can be moved three dimensionally with the given accuracy of
the system. For the presented experiments we used a high precision milling cutter
(at the Fachgebiet Micro- und Feingerätetechnik, TU Berlin), allowing a traversal
accuracy up to 100 nm in all three directions. A systematic sketch of the setup is
shown in Fig. 2. Further details of the setup are given in [3]. Figure 3 shows a flow
estimation on a horizontally and vertically traversed particle. As flow estimation
algorithm we used the trajectory approach of section 3.2. The horizontal traversal
was of 1000 μm, the vertical traversal was of 150 μm. The average error for the
horizontal movement was 0.0453 px with a standard deviation of 0.0359 px.

6 Experiments

The flow at the back of a pediatric displacement blood pump model with a stroke
volume of 10 ml was investigated. Optical diffractions at the inner surface of the
pump were avoided by a replacement of the polyurethane pump wall by a silicone
block with identical refractive index as the used test fluid. The inner shape of the sil-
icone block was identical to that of the original wall, the outer wall of the transparent
silicone was plane. To avoid mechanical deformation, the silicon was surrounded by
a glass housing.

The inflow of the pump was connected to a reservoir of a size of 250 mm x
250 mm, so that the change in the fluid level during the pumping caused a negligi-
ble pressure variation of less than 1 %. The outflow was connected to a windkessel
(see Fig. 4), allowing the adjustment of the pressure curve to biological conditions.
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Fig. 4 Mock circulation
used during the investi-
gation of a displacement
pump. Pressure variations at
the inflow i were below 1 %
because of the size of the
reservoir r. Pressure mea-
surements between inflow
and outflow o, at the wind-
kessel and at the drive line d
as well as the flow rate at the
outflow were registered by a
data acquisition board. The
windkessel was adjusted by
the air pressure and a throt-
tle t. Addition of particles
can be effected by a particle
reservoir pr

Pressure measurements at the windkessel were realized with a pressure sensor capa-
ble of measuring 0–300 mbar (SensorTechnics, Puchheim, Germany). The flow rate
was measured using a ultrasonic flow meter T106 (Transonic Systems Inc., Ithaca,
USA). A differential pressure sensor 24PC (Honeywell Inc., Minnesota, USA) was
mounted between inflow and outflow duct. The displacement pump was actuated by
a Linmot (NTI AG, Spreitenbach, Switzerland) driven pneumatic system. The sys-
tole (pump ejection phase) was set to 200 ms and the diastole (pump filling phase)
to 300 ms.

Images were taken with 2080 frames per second (fps) with an image size of
1280x1048 pixels with a Redlake MotionPro X-3 (Imaging Solutions GmbH, Enin-
gen, Deutschland). A fixed focal lens of 50 mm, 1:0.95 was used at f 2.8.

Illumination was realized with two light panels. Each of them assembling 104
3 W Luxeon LED (Philips Lumileds, San Jose, USA); 48 with a wavelength of
λ1 = 617 nm and 56 with a wavelength of λ2 = 627 nm. By a trigger impulse the
illumination changed between both wavelengths.

Camera, light sources, pneumatic system and sampling rate of the sensors (10
data points per image) were triggered by a PCI 1200 data acquisition board (Na-
tional Instruments, Austin, USA). The same board was used to acquire the sensor
data sets. LabView 8.0 (National Instruments, Austin, USA) was used for system
control and data acquisition.

We used silver coated hollow ceramic spheres with a diameter of 71 to 75 μm
(Potters Industries Inc., Carlstadt, USA).

The used fluid was a mixture of distilled water and glycerin with 37.5 vol-%
glycerin (CVH, Hannover, Germany) with a viscosity of 3.5 mm2/s . The viscos-
ity corresponds to that of blood with determined viscosities between 2.5 mm2/s to
5.6 mm2/s (see [5, 8] for the viscosity of blood).
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Fig. 5 Velocity field estimate
for the pediatric blood pump
with a stroke volume of 10 ml.
The motion vectors indicated
direction of the flow, whereas
color denotes vector mag-
nitude. Please note that the
mixture of long and short vec-
tors is due to particle images
moving in different depths
of the projected real volume,
showing that spatial regular-
ization techniques of standard
OF algorithms would fail in
this context

The fluid was dyed with the food coloring dye patent blue V with a concentration
of 0.3 mg/l. A phase averaged flow field over four pump cycles is shown in Fig. 5.
The flow corresponds to the flow phase 0.025 s before start of the systole (ejection
phase). We can see, that a vortex fills the whole pump body, providing a good wash
out of the pump. Colors of the vectors indicate different vector magnitudes, cou-
pled to different particle depth. The presented data provides a starting point for the
calculation of wall shear stresses.
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Laser Doppler Field Sensor for Two  
Dimensional Flow Measurements in Three 
Velocity Components 

Andreas Voigt, Christoph Skupsch, Jörg König, Katsuaki Shirai, Lars Büttner, 
and Jürgen Czarske 

1 

Abstract. The laser Doppler field sensor presented in this paper is suited for high 
resolution flow velocity field imaging on the micro scale without use of a camera. 
The field sensor is constructed by the superposition of two laser Doppler velocity 
profile sensors. The profile sensor is based on the principle of Laser Doppler 
Anemometry (LDA). However, instead of one parallel fringe system one divergent 
and one convergent fringe system are employed. Utilizing a total number of four 
fringe systems the field sensor can determine the tracer particle position two-
dimensionally in the measurement volume. The spatial resolution and velocity ac-
curacy are increased compared to conventional LDA by more than one order of 
magnitude. Since no camera is used, the resolution of the sensor is not influenced 
by pixel size effects. Two-dimensional velocity field measurements of an injection 
nozzle flow and of a micro channel flow with quadratic cross section are presented.  

1   Introduction 

The evaluation of small scale flows is of vital importance both for fundamental and 
applied fluid mechanics. An example of fundamental research is the resolution of 
free shear flows which exhibit no dominant flow direction. One example of applied 
research is the measurement of nozzle flows, especially of injection nozzles or mi-
cro nozzles used for the positioning of satellites. The vast field of microfluidics in-
cludes the in-vivo measurements of blood flows and the associated determination 
of wall shear stress for the research on arteriosclerosis. Lab-on-a-chip technologies 
offer flow dimensions in the 10 µm range and are especially promi-sing when it 
comes to the analysis of biochemical substances (micro total analysis system, 
µTAS). Mixing processes on the microscale have to be analyzed in detail since, on 
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the microscale, undisturbed flow behavior is always laminar, and mixing can hence 
only be achieved by flow perturbation. A special challenge for microflow sensors is 
the measurement of flow rates. Precise flow rate measurement is especially impor-
tant for applications such as high-performance liquid chromatography and medical 
dosing. All the flow structures mentioned require analysis with high spatial resolu-
tion, high velocity accuracy and, in most cases, in more than one spatial dimension 
and velocity component. 

Laser Doppler Anemometry (LDA) is a quasi point-wise technique and suffers 
from the limitation of the spatial resolution given by the size of the measurement 
volume. In addition the velocity accuracy is limited by the non-parallelity of the 
fringe system stemming from the divergence of the utilized Gaussian beams which 
becomes higher by stronger focusing. For small sizes of the measurement volume 
needed for microfluidics the velocity uncertainty exceeds 2 % [1]. Micro particle 
image velocity (µPIV) facilitates two dimensional two velocity component flow 
measurements with sub-micrometer spatial resolution. However the velocity accu-
racy is only around 3 % [2] and the resolution is limited by diffraction effects and 
pixel size. In addition a short working distance is needed. Conventional µPIV  
provides only limited information in the direction of the optical access. 

Doppler Fourier domain optical coherence tomography (OCT) can be applied 
to microflow measurements. It has been used to measure the velocity profile in a 
microchannel of 340 µm width [3]. However, the proposed OCT method has two 
drawbacks. Firstly, only the velocity in the direction of the optical axis can be 
measured. Furthermore the maximum measurable velocity is limited to a value of 
about 2.5 mm/s due to the uncorrelated phase relation of signals stemming from 
different depths. 

Various approaches have been proposed to overcome the limitations posed by 
LDA to reduce the size of the measurement volume without deteriorating velocity 
accuracy. One approach developed in the course of this project is based on the use 
of quasi divergence free Bessel beams instead of the conventionally used Gaussian 
beams achieving an increase of the spatial resolution by a factor of ten compared 
to a conventional LDA with the same fringe curvature [5].  

The laser Doppler velocity profile sensor is an enhanced LDA method which is 
based on the use of two fringe systems and provides flow resolution with spatial 
resolution in the µm-range in the axial dimension and velocity accuracy in the or-
der of 10-4 in the lateral component. In the course of this project the profile sensor 
was used for the precise determination of the natural gas flow rate at the German 
national gas standard (Chapter 2). An advanced burst signal processing scheme 
based on frequency-time analysis was developed, which allows for the determina-
tion of the axial velocity component and lateral accelerations (Chapter 3). The la-
ser Doppler velocity field sensor for two dimensional flow field imaging in three 
velocity components consists of two combined profile sensors. So far it has been 
applied for the measurement of an injection nozzle flow at velocities of up to 
25 m/s and for the analysis of a microflow in a channel with quadratic cross  
section of 80 µm x 80 µm (Chapter 4) where velocities smaller than 1 mm/s were 
obtained. 
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2   Velocity Profile Sensor 

The laser Doppler velocity profile sensor is based on the principle of laser Dop-
pler anemometry. However instead of one parallel fringe system two fringe sys-
tems – one diverging, one converging – are utilized [4]. To distinguish the two 
fringe systems, frequency division multiplexing (FDM) or wavelength division 
multiplexing (WDM) can be applied. A particle passing the measurement volume 
emits two burst signals from which the lateral velocity vx and the axial particle 
position z in the measurement can be obtained by frequency evaluation. In order 
to determine the spatial resolution in real flow conditions a WDM profile sensor 
was applied to measure the velocity profile of a quasi one-dimensional micro-
channel water flow with channel dimensions 100 µm x 2 mm along the short di-
mension [15]. By a parabolic fit, according to the expected behavior due to the 
laminar flow characteristic, the spatial resolution in this measurement could be 
determined as 3.5 µm. 

A frequency multiplexing based laser Doppler velocity profile sensor with a fi-
ber coupled passive measurement head was specially developed for the measure-
ment of the flow rate of high pressure (50 bar) natural gas [6-10]. The results of 
the measurement at the flow rate test facility which is operated by the E.ON Ruhr-
gas AG in collaboration with the PTB (Physikalisch-Technische Bundesanstalt) 
are shown in Figures 1a and 1b. As can be seen the measured degree of turbulence 
in the inner part of the flow is a factor of 20 lower for the profile sensor compared 
to the measurement with a conventional LDA. The higher value of the conven-
tional LDA arises from the measurement uncertainty due to the fringe spacing 
variation (see Introduction) and does not correspond to real flow turbulence. The 
measurement is a significant progress, since the turbulence profile is directly used 
to calculate the flow rate uncertainty.  The volume flow rate was determined from 
the measured data by a fitting algorithm corresponding to the theoretically ex-
pected tanh behavior. This yielded a value of Q=(153.80±1.00) m3/s compared to 
a value of Q=(154.32±0.42)  m3/s determined by a critical nozzle scale which was 
calibrated by the piston prover primary flow rate standard. 

  

Fig. 1a Velocity profile of the natural gas 
flow 

Fig. 1b Turbulence profile of the natural gas 
flow 
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3   Measurement of Inclined Trajectories and Accelerated 
Particles 

The divergent fringes of the profile sensor entail a chirped burst signal for a par-
ticle that passes the measurement volume at an inclined angle. By evaluation of 
the chirp of the two burst signals both acceleration and axial velocity of a parti-
cle can be determined. Therefore a signal processing scheme had to be found to 
obtain the instantaneous burst frequency f(t) [11-14]. A combined fast Fourier 
transform (FFT)/quadrature demodulation technique (QDT) was developed 
which is especially suited for signals of low SNR. Firstly the Fourier trans-
formed burst signal is filtered by an adaptive bandpass corresponding to the sig-
nal bandwidth. The inverse transform of the single-sided spectrum yields a low-
noise analytic signal from which the instantaneous phase is determined. The 
time-resolved frequency is then obtained by differentiation. From the instanta-
neous frequencies of the burst signals corresponding to the two fringe systems 
the particle position z0 in the center of the measurement volume, the lateral ve-
locity vx, the axial velocity vz and the acceleration ax of the particle can be  
determined. 

The efficiency of the signal processing scheme was evaluated by simulated 
noisy model bursts under variation of the burst parameters z0, vx, vz, ax with dif-
ferent SNR values. The processing proved to operate close to the minimally 
achievable uncertainty, deviating by less than a factor of 2 from the Cramer Rao 
lower bound. For typical conditions of 20 fringes with a spacing of 3 µm, a slope 
of the calibration curve of 0.67 mm-1 and an SNR of 10 dB the signal processing 
permits a spatial resolution of 0.9 µm, a lateral velocity uncertainty of 3·10-4, an 
axial velocity uncertainty of 4 % (relative to the total particle velocity) and an ac-
celeration uncertainty of 3·10-3 m/s2 (at a particle velocity of 1 cm/s).  

To test the measurement of lateral acceleration and the lateral velocity compo-
nent a test stand was developed consisting of a pinhole with a diameter of 2 µm 
mounted to an electro-dynamically driven harmonic oscillator (loudspeaker). A 
reference triangulation sensor with a resolution of 0.5 µm was used to monitor the 
time-dependent position of the moving object. Figure 2a shows the results of the 
experiment for a tilt angle of 42°. The angle determined by measurement 
amounted to 45° with a standard deviation of 1.5°, a value that is in the range one 
would expect from theory. The profile sensor measurement uncertainty of 
0.11 m/s2 was consistent with the value determined by simulation and the results 
were within the uncertainty band of the triangulation sensor. 

As an application a stagnation flow in front of a cylinder of 80 µm diameter 
was measured (Figure 2b), where a considerable variation of the lateral accelera-
tion and the axial velocity was exhibited. These experiments imply the feasibility 
of the sensor for turbulent flows with acceleration as in transport and mixing pro-
cesses. The signal processing algorithm is necessary for the extension of the laser 
Doppler velocity field sensor for three velocity component measurements. 
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Fig. 2a Acceleration measurement of the 
harmonic oscillator 

Fig. 2b Acceleration measurement of the stag-
nation flow 

4   Velocity Field Sensor 

The laser Doppler velocity field sensor [15-25] is an extension of the profile sen-
sor principle and is constructed by combining two profile sensors, such that their 
optical axes are orthogonal and their measurement volumes overlap (Figure 3). 

The intersection region of the two ellipsoidal profile sensor measurement vo-
lumes yields a quasi-rectangular measurement volume where the size is deter-
mined by the widths of profile sensor measurement areas. The light detection 
unit(s) can be freely positioned depending on optical access and the optimization 
of the detected scattered light. Each particle passing the measurement volume 
emits four burst signals from which the positions x and y and the velocity vz are 
determined. The enhanced signal processing scheme allows for the determination 
of the lateral velocities vx and vy and the acceleration az as well. 

 
Fig. 3 Set-up of the field sensor 
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Fig. 4 Mean velocity profile of the injection nozzle flow 

As a first complex application the velocity flow field of an injection nozzle 
driven by air pressure was analyzed with a field sensor based on combined FDM 
and WDM [15]. To enhance the resolution of the sensor a 2-dimensional calibra-
tion is necessary in order to correct for wave front aberration effects. So far a  
spatial resolution of 4 µm (x-direction) and 16 µm (y-direction) and a velocity ac-
curacy of 10-3 have been shown in the calibration process; however, these values 
can be improved by an improved calibration method. The spatially resolved mean 
velocity profile is shown in Figure 4 with the middle of the nozzle being in the 
lower right corner. The maximum velocity amounted to 25 m/s with a velocity de-
cline of about 3 m/s over the measured area. This experiment shows the feasibility 
of the field sensor for turbulent high velocity flows. 

Due to the high spatial resolution, velocity accuracy and the information about 
the direction of optical access the laser Doppler field sensor is expected to be 
highly suitable for investigations of microchannel flows. Because of the high ve-
locity accuracy one possible area of application is the precise determination of 
flow rates. Therefore a field sensor based on the WDM technique was developed 
to fit the requirements of microfluidics. WDM was chosen for channel separation 
since it facilitates the use of photodetectors with small bandwidth and hence high 
sensitivity with low noise equivalent power. Two profile sensors were constructed 
with an average fringe spacing of 1.82 µm and 2.28 µm respectively. One sensor 
used laser diodes at 654 nm and 784 nm with a power of 100 mW, the other one a 
frequency doubled Nd:YAG laser at 532 nm with a power of 150 mW and a laser 
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diode at 830 nm with a power of 120 mW. The working distance amounted to 
5 cm. Thus a measurement field of 50 µm x 150 µm was obtained, corresponding 
to typical microchannel dimensions. Two demultiplexing units, incorporating a to-
tal of  2 dichroic mirrors, 2 optical shortpasses, one longpass and one bandpass fil-
ter, were built to separate the scattering light of the four wavelengths onto four 
separate detectors with optical cross-coupling below 3 %. 

A microchannel with a nominal cross section of 80 µm x 80 µm was manufac-
tured from polydimethylsiloxane (PDMS). The applied bonding technique yielded 
a channel in solid PDMS without glue at interfaces. The channel was stabilized by 
a polycarbonate carrier. In order to minimize reflexes from interfaces and un-
wanted refraction effects a 54.3:45.7 water-glycerin mixture was used as a fluid to 
achieve the matching condition with the refractive index of PDMS (n=1.41). This 
yielded a fluid viscosity of about 5 mPas. The flow was driven by hydrostatic 
pressure with a height difference of 890 mm, corresponding to a maximum flow 
velocity of 10.5 cm/s in the channel center. Due to the low Reynolds number of 
Re ≈ 10-3 the flow was perfectly laminar. Monodisperse polystyrene particles with 
a density of 1.05 g/cm3 and a diameter of 1.3 µm were used as tracers. Figure 5a 
shows the measured mean velocity profile for the channel with the center of the 
channel being on the upper side. Figure 5b depicts the curve fitted by a quadratic 
order fit. According to the figures about half of the flow profile was acquired. By 
integration the flow rate through the measurement area was determined as (163 ± 
1.3) nl (statistical error) while the total flow rate through the channel was deter-
mined as 347 nl/s by precise weighing after a long time measurement. 

  
 

Fig. 5a Measured velocity profile of the 
microchannel 

Fig. 5b Quadratic order fit of the velocity 
profile 

5   Conclusion and Outlook 

In this paper we proposed a laser Doppler velocity profile sensor for two dimen-
sional flow velocity field measurements in three velocity components which con-
sists of two laser Doppler profile sensors whose measurement volumes overlap. 
To determine the particle velocity components along the axes of the profile sen-
sors a signal processing scheme was developed operating near the Cramer Rao 
lower bound. The field sensor facilitates measurements with a spatial resolution in 
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the µm-range and a velocity accuracy in the order of 10-4…10-3 for the main ve-
locity component. The high-speed turbulent velocity flow field of an air pressure 
driven injection nozzle was measured. The field sensor was further applied for the 
measurement of the velocity field of an 80 µm x 80 µm microchannel flow.  

In contrast to the OCT method proposed in [3] the velocities the field sensor can 
measure are only limited by the bandwidth of the detector where values above 
25 m/s have been achieved, while only values below 2.5 mm/s were achieved by 
OCT. Furthermore the OCT system measures only the velocity component along 
the optical axis while the field sensor can measure in all three velocity components. 

The field sensor offers velocity resolution more than one order of magnitude 
higher than µPIV and is not limited by diffraction effects and pixel size. The 
working distance in the cm range is high compared to µPIV, where typical values 
are in the mm range and lower. The dynamic range of the field sensor is only li-
mited by the bandwidth of the detectors and can hence span several orders of 
magnitude whereas PIV measurements are typically limited to a dynamic range of 
about one or two orders of magnitude. The computational effort is much lower for 
the field sensor since signal processing only involves the determination of the fre-
quencies of four burst signals, whereas the correlation of multiple image segments 
is necessary for PIV methods. Since the measurement area spanned by the field 
sensor can be aligned in the cross section of the flow channel the field sensor has 
high potential for flow rate measurements.  

Microchannels with different geometries are under preparation which will ex-
hibit flow structures with non-zero components of the lateral velocity components 
of the field sensor and acceleration. Another challenge is the analysis of the micro-
flow of non-Newtonian fluids, especially the determination of the wall shear stress 
behavior compared to Newtonian fluids. The field sensor will also provide helpful 
information for two-dimensional spatial and temporal correlation measurements.  
Set-ups of the field sensor with an up-scaled measurement field can provide flow 
rate measurements of injection nozzle flows without traversing. 
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Array Doppler Global Velocimeter with Laser
Frequency Modulation for Turbulent Flow
Analysis – Sensor Investigation and Application

Andreas Fischer, Lars Büttner, Jürgen Czarske, Michael Eggert, and Harald Müller

Abstract. Velocity field measurement results of a Doppler global velocimeter
(DGV) using sinusoidal laser frequency modulation are presented. Contrary to con-
ventional DGV systems, which suffer from low temporal resolutions of several sec-
onds, the novel DGV system allows measurement rates up to 100 kHz. The high
temporal resolution is afforded by using a fibre-coupled detector array, which has
a higher bandwidth than conventionally applied cameras. Additionally, low uncer-
tainties can be achieved in contrast to conventional DGV since no second reference
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detector unit is necessary. The optimised set-up is capable of acquiring turbulence
spectra simultaneously at multiple points. The measurement data from the wake of
a cylinder agrees well with comparison measurements using hot-wire anemometry
and correctly yields the Kármán vortex frequency. With the novel DGV, turbulence
spectra up to about 10 kHz were resolved. Further measurement results illustrate
the high potential of the described technique for non-invasive, temporally resolved,
imaging flow inspection e.g. in turbomachines.

1 Introduction

Velocity field measurements are challenging, if low uncertainty and high temporal
and spatial resolution are required. For this purpose, we describe, characterise and
apply a novel Doppler global velocimeter using a sinusoidal frequency modulation
(FM-DGV), which is capable of acquiring two-dimensionally and synchronously
turbulence spectra for e.g. turbulence analysis or correlation studies. Contrary to hot-
wire anemometry, where also high measurement rates up to a few 100 kHz can be
achieved, it is non-invasive and an imaging measurement technique. In comparison
with laser Doppler anemometry, the statistical particle arrival does not complicate
spectra calculations, since multiple particle scattering allows temporal equidistant
acquisition of flow velocities. On the other hand, high seeding concentrations are
necessary for Doppler global techniques in order to achieve strong scattering sig-
nals and consequently low measurement uncertainty. The article begins with a de-
scription of the measurement principle and its advantages compared to conventional
DGV. Subsequently, the measurement capabilities of the system are characterised.
Selected measurement results are presented in the next section, which finally demon-
strate the potential of the designed FM-DGV system for turbulent flow analysis.

2 Measurement Principle

The schematic arrangement of a DGV system using sinusoidal laser frequency mod-
ulation (FM-DGV) is illustrated in figure 1 for 2d1c-measurements. The beam of a
narrow band laser with the sinusoidally modulated frequency

fL(t) = fc + fh cos(2π fmt), (1)

is expanded to a light sheet, which illuminates the measurement region in the flow.
The modulation frequency is fm, the stabilised laser centre frequency is fc and the
modulation amplitude is fh. Due to the flow velocity and the occurring Doppler ef-
fect, the scattering on seeding particles causes a shift in frequency of the scattered
light. The average Doppler shift frequency fD indicates the velocity component
along the direction (o− i), with o as observation direction and i as light incident
direction (see fig. 1). For 2d3c-measurements, e.g. two further observation direc-
tions are required. An additional scanning of the light sheet plane would provide
3d3c-measurements, but is not considered here further.
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Measuring the scattered light through a molecular absorption cell, here with a
photodetector array, allows to determine the Doppler shift in a plane as follows:
Because of the laser frequency modulation, each photodetector element will receive
a power modulated signal as illustrated in fig. 2, which varies with respect to the
Doppler shifted laser centre frequency. The given transmission curve was measured
at a 5 cm long cell filled with caesium gas. The non-symmetry of it corresponds to
the weighted superposition of three absorption lines [5]. The output signal of one
detector element can be described by the relation

s(t) = g · τ( fL(t)+ fD) ·Ps(t), (2)

with g as detector sensitivity [V/W], τ as spectral transmission of the absorption cell
and Ps(t) as scattered light power [W] falling onto the active area of the photode-
tector. In order to describe the measurement principle, the scattered light power is
initially assumed to be constant during one measurement cycle: Ps(t) = P0. The first
and second order harmonic amplitudes A1, A2 of the sampled output signal of each
detector can be estimated according the discrete Fourier transform by

Ak =
2
N

N−1

∑
n=0

s(n/ fa) · cos(2πkn fm/ fa), k = 1,2, (3)

with fa as sampling rate and N as number of samples. For additive white Gaussian
noise, these estimations are efficient [5]. The temporal resolution T = N/ fa is al-
ways set to integer multiples of the modulation period Tm = 1/ fm, so that no leakage
effect of the discrete Fourier transform occurs [10].

As can be seen from fig. 3a, both amplitudes are sensitive to velocity dependent
changes in the laser centre frequency. In order to eliminate the additional sensitivity
concerning the scattered light power P0, both harmonic amplitudes are divided:

q = A1/A2. (4)
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The quotient q, which is shown in fig. 3b w.r.t. the laser centre frequency, finally
serves as measurement quantity. As a rule of thumb, the unambiguous measurement
range approximately equals the Full-Width-Half-Maximum (FWHM) of the trans-
mission curve and amounts here ±420 MHz [3]. This corresponds e.g. to ±250 m/s
for a laser wavelength of c/ fc = 852.1 nm (in air) and i⊥ o. The measurement range
can be enhanced, e.g. by choosing a different observation direction.

In comparison with conventional DGV, the laser frequency modulation allows to
omit the beam splitter and so-called reference detector unit formeasuring the scattered
light intensity [4]. Hence, image misalignment errors and beam splitting errors do not
occur, which can amount up to 5 m/s and 7 m/s, respectively [2]. Furthermore, the
principle inherent use of a frequency modulation enables self calibration procedures.

3 Measurement System

In this section, the set-up of our measurement system is described and calibration re-
sults are presented. In order to understand the system capabilities for turbulent flow
analysis, its spatial and the temporal resolution as well as the achievable uncertainty
is discussed subsequently.

3.1 General Set-Up and Calibration

Adapted to the molecular resonance of caesium gas, we use a DFB diode laser
emitting at 852.1 nm wavelength, which can be fast modulated in frequency up
to several GHz by altering the diode current. The modulation frequency is cho-
sen to fm = 100 kHz as a trade-off between high temporal resolution and negligible
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disturbance by fluctuations of the scattered light [10]. The diode laser has a narrow
line width of <3 MHz, and thus can resolve the spectral transmission of the used
caesium cell well. The laser centre frequency is on the one hand stabilised according
[6] and on the other hand monitored by evaluating the amplitude ratio qr of the refer-
ence photo detector signal. This signal results from a small portion of the unshifted
laser light, that is passed though a reference absorption cell and is evaluated ana-
logue to the general signal processing scheme. By subtracting qr from the measured
amplitude ratios of the Doppler shifted detector signals, the statistical uncertainty of
the laser centre frequency corresponds to about 0.02 m/s.

The caesium absorption cell is filled with caesium gas, about 5 cm long and
2.5 cm in diameter. The cell body and the cold finger are temperature stabilised
separately at 45 ◦C and 25 ◦C, respectively, which stabilises the cell transmission
behaviour. The separate temperature control allows precise and stable settings of the
transmission curve. It further guarantees, that no caesium condenses at the windows,
which would create unpredictable disturbances. A model, which describes and ex-
plains the spectral transmission is derived in [5]. The estimated velocity uncertainty
due to the remaining temperature fluctuations is about 0.1 m/s.

The detector unit consists of 25 fibre-coupled avalanche photo diodes (APD)
with optimum band width and low noise. The application of fibres provides flexible
alignment of the measurement points in the light sheet plane. As an example, a
fibre holder for 2D (5×5) or 1D (25×1) was built. The detector output signals are
captured with a multi-channel data acquisition system. With the current memory,
measurements up to 8 s can be performed at once yielding a sufficient maximum
frequency resolution of 0.125 Hz for turbulence analysis.

For system calibration, a rotating glass disc is usually applied as calibration
object. With known position and known rotation frequency, a velocity value can
be assigned to the measured harmonic amplitude ratios for each channel. The
calibration results of all 25 channels are shown in fig. 4 together with a cal-
culated calibration curve from the signal model. Both coincide and show non-
linear behaviour. The possibility of extrapolating the calibration curve by model
based predictions is useful e.g. for measuring high flow velocities in turboma-
chines, for which a calibration might be difficult to achieve. Low calibration un-
certainty is achieved, e.g. by a using separate polynomial fit curves with the
order of three for each channel. The deviation between the measured values is
lower than 0.09 m/s and thus lower than the errors due to the absorption cell
stability.

3.2 Spatial Resolution

The lateral resolution is set by the fibres’ aperture (400 μm) and the optical image
magnification (0.43) to ≈ 930 μm. Since the depth of focus is currently 1.3 cm, the
longitudinal resolution is given by the smaller light sheet width. It was adjusted to
about 1 mm, which equals the lateral resolution.
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3.3 Temporal Resolution

Since at least one period of the frequency modulation is necessary for determining
the harmonic amplitudes, the current maximum temporal resolution T follows from
the choice of the modulation frequency according

T ≥ 1/ fm (5)

and is currently 10 μs [10]. Hence, turbulence spectra can be acquired up to 50 kHz.
However, in many applications lower temporal resolutions are sufficient, which low-
ers the amount of data being processed. Using e.g. seeding particles consisting of
DEHS with 1 μm diameter, a possibly required slip smaller than 1% is estimated to
occur up to 6.7 kHz [1].

In order to measure continuously up to 8 s long, the signal processing is accom-
plished afterwards off-line. If real-time conditions have to be fulfilled, the harmonic
amplitudes can alternatively be determined using lock-in techniques by a signal pre-
processing before the sampling. This approach was already successfully tested and
applied [9], but is not considered here.

3.4 Velocity Uncertainty

The measurement uncertainty has been widely studied. A comparison between the
capabilities of FM-DGV and conventional DGV is contained in [3, 5, 7, 8, 12].
Regarding thermal, dark current and shot noise, the achievable measurement un-
certainty of FM-DGV and conventional DGV was shown to be approximately
equal. However, the elimination of image misalignment errors, beam splitting errors
and ambient light influence provides lower uncertainties with FM-DGV as already
mentioned. The publications above also contain the calculation of the minimum
achievable measurement uncertainty for all DGV systems using laser frequency
modulation by deriving a general signal model and applying the theory of Cramér
and Rao. This allows e.g. uncertainty predictions for challenging measurement
tasks, comparisons between the different DGV approaches and system optimisa-
tions concerning the hardware, system parameters or the signal processing. For in-
stance, the optimum laser centre frequency fc + fD was found to be close to the
transmission minimum of the absorption cell for FM-DGV. The optimum amplitude
of the frequency modulation fh is approximately half the FWHM of the transmission
curve.

Furthermore, the disturbing effect of scattered light fluctuations due to the the
particle scattering behaviour and the imaging process was intensively investigated in
[10]. Since this disturbance can be lowered by decreasing the spatial resolution or by
increasing the modulation frequency, a tradeoff is necessary. For our experiments,
the chosen spatial resolution and modulation frequency enables negligibly small
errors due to scattered light fluctuations in comparison with that of thermal noise
from the detectors. Simultaneously, the chosen modulation frequency enable high
temporal resolution and the resultant detector signals do not exceed the detector
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bandwidth and the sampling theorem. Laser induced fluctuations of the scattered
light are negligibly small, so that a correction procedure, although possible, is not
necessary.

The dependency of the statistical measurement uncertainty w.r.t. the scattered
light power is given in fig. 5. Since the measurement results for a resting and a ro-
tating glass disc coincide, scattered light fluctuations are shown to have no effect.
For scattered light powers Ps < 10 nW, which is typical for flow measurements, the
velocity standard deviation σv is indirect proportional to Ps. This agrees well with
the calculated Cramér-Rao lower bound (CRLB) resulting from the thermal noise
of the detectors. Although shot noise becomes dominant for higher scattered light
powers, the corresponding CRLB illustrates, that its contribution to the measured
uncertainty is negligible. For Ps > 10 nW, the laser centre frequency stabilisation
has to be taken into account additionally, which finally yields an excellent agree-
ment between measurement and simulation results. However, the focus of interest
is for Ps < 10 nW, where according experiments the velocity uncertainty satisfies
approximately [6]

σv ≈ (0.007 . . .0.012) m/s×
(

Ps/nW ·
√

T/s
)−1

. (6)

Typically, the achieved scattered light power is about a few nW. An experimental
and analytic investigation of the dependency σv ∼ T−0.5 can be extracted e.g. from
[5]. For high temporal resolutions greater than 1 ms, the statistical uncertainty due
to noise from the detector is larger than the systematic errors from the absorption
cell stability. Assuming band limited white noise, the corresponding noise power
spectral density reads
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Sv = (0.49 . . .1.44) ·10−4 (m/s)2

Hz
× (Ps/nW)−2, (7)

which is relevant for turbulence spectra measurements [10].

4 Measurement Results

Validation measurements of a laminar boundary layer profile and the nozzle free
jet velocity fields have already been reported in [3]. Furthermore, non-steady flow
phenomena have been measured and validated successfully according [10, 6]. Re-
cently, the wake of an infinite and a truncated cylinder as well as so-called grid
turbulence has been measured. The most recent results are shown below. Generally,
the velocity component along the main flow direction was measured, and the lin-
ear arrangement of the 25 fibres was initially chosen for maximising the available
scattered light power by decreasing the light sheet height. The measurement took
2 s, that means 200000 velocity values with a temporal resolution of 10 μs were
captured per channel.

The measured flow field of a cylinder wake at a low Reynolds number of 139 is
shown in figure 6 and clearly indicates the reduction of the mean velocity due to flow
obstacle: the (infinite) cylinder. The field was captured by traversing the linearly ar-
ranged 25 measurement points in stream-wise direction, which are represented by
the diagonals. The undisturbed flow should have a constant velocity, but the data
indicates that different flow velocities have occurred during the acquisitions of the
velocity profiles (diagonals). It is assumed, that the flow was not stationary due to
strong seeding and the poor stabilisation of the low wind tunnel motor frequency. As
an example, the velocity time series of one channel is analysed in frequency domain
and compared with hot-wire anemometry (HWA) measurements. Both measured
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power spectral densities (PSD), which are given in fig. 7, coincide well. The con-
taining fundamental frequency at about 49 Hz corresponds to a Strouhal number of
0.15, which is also consistent with other measurements reported in literature [14].

A selected turbulence spectra, measured at a higher Reynolds number of 6785,
is shown and compared to a HWA measurement in fig. 8 as an example. For bet-
ter visibility, the spectra were averaged over 10 adjacent points. The vortex shed-
ding frequency, measured with FM-DGV and HWA, coincide and corresponds to
a Strouhal number of 0.18. This is consistent with measurements from [14]. Fur-
thermore, a decay with a slope of -5/3 is correctly measured between 1 kHz and
10 kHz, which represents according Kolmogorov’s theory isotropic turbulence [13].
Over 10 kHz, the spectrum of the FM-DGV measurement converges asymptotically
to about 2 ·10−5m/s2/Hz in contrast to the HWA data. This behaviour is due to the
measurement uncertainty and has already been explained in section 3.4. Inserting
the present scattered light power of 1.3 nW into equation (7) yields a predicted
noise PSD of about 3 · 10−5m/s2/Hz, which is close to the measured value. As a
result, turbulence spectra up to 10 kHz were resolved.

Finally, we measured in the wake of a truncated cylinder according the set-up
from [11], but with a lower cylinder diameter of 2 cm (instead of 12 cm) and a lower
Reynolds number of 40000 (instead of 200000). An acquired turbulence spectrum is
shown in fig. 9. According [11], a dominant frequency corresponding to the Kármán
vortex street of an infinite cylinder is not present. However, the measurement data
from HWA and FM-DGV coincide qualitatively, although great care should be taken
by comparing both results. FM-DGV measures a velocity component in a fix di-
rection and HWA measures the velocity component in the plane perpendicular to
the wire. Since the flow around a truncated cylinder is three dimensional, different
results might occur.
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5 Conclusions

A Doppler global velocimeter for velocity field measurements with high temporal
resolution has been described. A reference detector unit for measuring the scattered
light power is not required, thus image misalignment and beam splitting errors of
conventional systems are overcome. Due to the applied laser frequency modulation
and the signal evaluation in frequency domain, the measurement principle is not
sensitive to ambient light and the detector offset in addition. The application of an
fibre-coupled avalanche photodiode array provides simultaneous measurements in a
plane of a flow with rates up to 100 kHz. In contrast to usually applied slow cameras,
this allows to acquire turbulence spectra, as is demonstrated for the first time, or to
accomplish correlation studies in turbulent flows.

The current system set-up has a lateral and axial spatial resolution of about 1 mm.
It was successfully calibrated, characterised and then applied in wind tunnel experi-
ments. Minimum velocity standard deviations down to 0.02 m/s have been achieved
for a temporal resolution of 16 ms at the calibration object. According to an un-
certainty analysis, the velocity standard deviation is indirectly proportional to the
scattered light power and the square root of the temporal resolution for flow mea-
surements. This explains the demand for high scattered light powers, which can be
achieved e.g. by high seeding concentrations, if measurements with high tempo-
ral resolution and low uncertainty are desired. The typically achieved noise power
spectral density is (1 . . .10) · 10−5 (m/s)2/Hz, which allows to resolve turbulence
spectra up to 10 kHz. The measured turbulence spectra in the wake of an infinite
cylinder agree well with hot-wire comparison measurements and contain the cor-
rect vortex shedding frequency according to Kármán. Furthermore, a -5/3 slope in
the turbulence spectra was measured for high Reynolds numbers, which were again
validated by hot-wire measurements and agree with Kolmogorov’s theory regarding
isotropic turbulence. Furthermore, measurements in the wake of a truncated cylin-
der, which was mounted on a plate, as well as measurements behind a grid have
been accomplished and successfully compared with hot-wire measurements. The
achieved results demonstrate the promising contributions of FM-DGV for the anal-
ysis or inspection of turbulent flow phenomena, e.g. in turbomachines.
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Self-calibrating Single Camera Doppler Global 
Velocimetry Based on Frequency Shift Keying 

Michael Eggert, Harald Müller, Jürgen Czarske, Lars Büttner,  
and Andreas Fischer1 

Abstract. By applying frequency shift keying (FSK) to the Doppler Global Ve-
locimetry (DGV) and analyzing image sequences, it is possible to omit the refer-
ence camera which usually is required in conventionally used DGV systems.  
Additionally frequency shift keying realized by well defined frequency steps of 
the laser used for the light sheet generation in the measuring plane allows an abso-
lute online calibration of the Doppler shift evaluation in the over-all DGV set-up 
for the velocity field analysis. Thus the uncertainty of velocity field measurements 
can be reduced and the absolute velocity measurement accuracy increased. Ana-
lyzing temporally resolved data without pixel binning, standard deviations of ap-
proximately 0.12 m/s and absolute deviations below 0.5 m/s were achieved on a 
spinning disc. Flow field measurements in a 20 cm diameter pipe have shown a 
standard deviation of 0.5 m/s for single pixels in single measurement cycles with 
100 ms exposure time per image, while structures down to 0.1 m/s could be re-
solved in temporally binned measurements. 

1   Introduction 

Doppler Global Velocimetry (DGV) has been successfully applied especially for the 
investigation of high speed flow fields. The increasing interest to apply this tech-
nique for manifold applications in the whole field of engineering enforced the efforts 
to decrease the measurement uncertainty of DGV as flow diagnostic tool, outlined in 
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a review given by Ainsworth et al. [1]. Theoretical and experimental investigations 
were done by Meyers et al. to find out methods to increase measurement accuracy 
and repeatability, to improve the system calibration and to eliminate influences 
caused by instabilities of the laser frequency output, variations in the optical trans-
missivity and optical distortions in the data images. Measuring the velocity profile of 
a rotating wheel, an error of 1.75 % in the mean with a standard deviation of 0.5 m/s 
was achieved [2]. Röhle and Schodl found the uncertainty to be about 2.5 m/s [3] 
and Morrison et al. investigated the effects of light intensity gradients and pixel loca-
tion accuracy upon the DGV measurement accuracy and estimated the overall uncer-
tainty of the DGV system to be approximately 4 m/s [4]. An approach to avoid pixel 
alignment errors was presented by Ford et al. [5], who described a single-camera 
planar Doppler velocimeter based on acousto-optic frequency switching. Using a 
spinning disc they achieved a velocity resolution of +/- 1 m/s. Müller et al. presented 
a similar approach for saving the reference camera based upon the frequency modu-
lation of a tunable high power DBR laser diode at 852 nm. By evaluating the first 
und second harmonic of the resulting amplitude modulation of the scattered light 
transmitted through the absorption cell this technique allowed to save the reference 
detector unit and to increase the accuracy of the velocity measurement compared to 
conventional systems [6]. Based upon this technique a simplified DGV flow profile 
sensor was realized [7] and velocity field measurements were demonstrated [8, 9]. 
Fischer et al. presented time-resolved measurements of flow profiles using sinusoi-
dal modulation and an APD array [10]. This paper describes the further development 
of the FSK based DGV technique using a camera, especially regarding online cali-
bration for measuring Doppler frequency shifts absolutely. 

2   Principle of DGV 

The Doppler global technique is based on the application of a frequency stabilized 
laser and an absorption cell to analyze the Doppler shift of the laser light, scattered 
by tracer particles. Using the slope of an absorption line filter for the frequency to 
intensity conversion, the intensity of the scattered light imaged through the ab-
sorption cell onto a detector gives the measuring information.  
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Fig. 1 Principle of Doppler Global Velocimetry 
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The component of the velocity which can be measured is given by the geometry 
of the set-up and depends on the angle between the incident direction of the laser 
light sheet and the observation direction. As the intensity of the light transmitted 
through the absorption cell directly gives the measuring information, small inten-
sity variations caused by parasitic intensity fluctuations in the observed light sheet 
have serious effects on the accuracy of the velocity measurement. Thus in conven-
tional systems, the influence of intensity fluctuations of the scattered light is 
eliminated by employing a signal and an additional reference detector unit (see 
figure 1), where the image alignment of both detectors on each other is of particu-
lar importance. 

When applying frequency modulation techniques such as continuous sinusoidal 
modulation (FM-DGV) as well as frequency shift keying (FSK-DGV) to the Dop-
pler Global Velocimetry it is possible to omit the reference detector unit and to re-
duce the uncertainty of the velocity measurement. 

3   Self-calibrating DGV Based on FSK-Techniques 

In contrast to conventional DGV systems requiring an additional reference camera 
and a laser for the light sheet generation which is frequency stabilized at a single 
working point on a preliminary calibrated absorption line edge, the described FSK 
technique is able to omit the reference camera by evaluating a sequence of the im-
ages taken for two working points with a well defined frequency difference at both 
edges of the absorption line allowing an additional on-line calibration. 

As shown in figure 2, the laser frequency is alternately stabilized to both edges 
of the absorption line. Consequently, the intensity of each pixel will change ac-
cording to the Doppler shift fD and the slopes (dg/df)F and (dg/df)R at the falling 
and rising edges. Taking two images per absorption line edge, while the laser is 
stabilized to frequencies with a well defined difference Δf, the slopes dg/df can be 
determined simultaneously. 

Presuming 
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for non shifted laser light, a Doppler shift will result in the intensity difference 

     [ ] [ ] [ ]FRD dfdgdfdgfgggg )/()/(2)1()0()3()2( −=+−+ . (2) 

As the slopes on falling and rising edge are given by 
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the Doppler frequency can be calculated by 

                      
)3()2()1()0(

)3()2()1()0(
5.0

gggg

gggg
ffD +−−

++−−Δ=  (4) 

as far as the absorption line edges can be assumed as linear. 
This method gives the possibility to trace back the measured velocities directly 

to a well defined laser frequency step Δf, while the scattered light intensity, ab-
sorption line slope and camera sensitivity are automatically included for each 
pixel. Also extraneous light and dark image intensities of the camera will have no 
influence on the evaluation, as only differences in intensities of the same pixels in 
consecutive images are considered. Additionally erroneous effects of small laser 
frequency offsets or fluctuations of the absorption cell can be monitored by super-
imposing a spot of non Doppler shifted laser light into the camera image, also 
measured through the absorption cell. This spot can be achieved by either placing 
some scattering material into the lightsheet, or coupling light into the absorption 
cell optics by an optical fiber. In evaluation, it is accounted as “velocity zero”  
reference value in the Doppler shift evaluation algorithm. 

4   System Setup 

The FSK-DGV system has been realized by using a fiber coupled DFB-MOPA la-
ser system that allows fast frequency switching while keeping the output power of 
about 160 mW (measured at the lightsheet heads) constant. According to the 
wavelength of 852 nm a caesium absorption cell (50 mm diameter, 50 mm length) 
is used for frequency-to-intensity conversion. In order to generate well defined, 
reproducible frequency steps, the lightsheet laser is locked to a second, frequency 
stabilized reference laser. 

As shown in figure 3, the prescaled beat signal derived from reference and light-
sheet generating laser is compared to a set frequencies generated by direct digital 
synthesis (DDS) using a phase locked loop (PLL) circuit, adjusting the laser cur-
rent. The frequency control settling time is reduced by additionally applying fast 
current steps to the laser when switching the frequency (feed forward). In order to 
avoid changes of the laser system output power PLaser when modulating the laser di-
ode current, the output power is controlled adjusting the optical amplifier current. 
Also changing the laser current will directly bias the amplifier current in order to 
reduce the power control settling time. The laser diode temperature is controlled 
digitally to match the laser frequency within a desired laser current range. A micro-
controller is used to generate the frequency sequences by internal or external  
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synchronization with different cameras and may also drive a fiberoptic switch to 
toggle the three lightsheets needed for three-componential measurements. 

5   Measurements 

5.1   Spinning Disc 

The described FSK-DGV system has been verified by measuring the well defined 
velocity field on a 12 cm diameter rotating scattering disc, including self-
calibration and automatic offset-correction by monitoring a reference point of 
scattering light directly from the lightsheet laser without Doppler shift. The meas-
urements were made under ambient light. 
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Fig. 5 Time-resolved measurement of single pixels at six radial positions on the rotating disc 

Single measurements of a single pixel column for different rotation speeds have 
shown that the premise of linear absorption line edges can be used for low veloci-
ties only. Nevertheless, the nonlinearity of the measurements can be reduced by a 
correction function derived by automatically starting each measurement series 
with sampling the absorption line analyzing the intensity of the the superimposed 
reference spot. Figure 4 shows the linearized Doppler frequencies measured at 
several rotation speeds compared to the expected velocity calculated from radius 
and actual rotation speed. For single measurements of single pixels we found an 
absolute, total deviation of less than 0.5 m/s for velocities below 15 m/s and about 
3 % for higher velocities, while some linearization using a more sophisticated cor-
rection function might give even better results. 

Time resolved measurements, accomplished with our camera’s image rate of 
10 Hz leading to a measurement cycle rate of 2.5 Hz, show a standard deviation of 
about 0.12 m/s (figure 5). 

5.2   Flow Field 

Using the self-calibrating DGV with nonlinearity correction implemented, and a 
frame-transfer CCD camera with 384 by 286 pixels and 14 Bit dynamics, the flow 
field in a 20 cm diameter pipe 4 m behind a double elbow has been measured at dif-
ferent flow rates. After recording patterns for image restitution and determination 
of the lightsheet directions needed for the vector evaluations, 300 measurement cy-
cles comprising 12 images (4 frequencies, 3 lightsheets), 100 ms exposure time 
each, have been taken. 

The figures 7a,b and 8a,b show the position of the swirl center and the asym-
metrical axial velocity profile caused by the double elbow changing with the flow 
rate, while velocities down to 0.1 m/s are resolved, as shown in the close-up look 
to the swirl center (figure 8c). 

The axial component, calculated for single pixels without binning, show a stan-
dard deviation of about 0.5 m/s calculated from single measurement cycles, while 
the standard deviation in 100 temporal binned cycles is reduced down to about 
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0.05 m/s (figure 9). This continuity implies that there is only uncorrelated noise 
affecting the measurements, easily to be averaged out in numerous cycles, so the 
velocity resolution is directly linked to the temporal resolution. 

As there is no significant difference between the standard deviation derived 
from single pixels and 10 by 10 binned pixels, the uncertainty is obviously not 
dominated by pixel noise, as might be expected from the laser power of only 
160 mW, but from influences affecting regions of pixels the same way. Consider-
ing that the deviation caused by laser frequency variation is also remarkably lower 
(measured using the reference spot), the standard deviation of this flow measure-
ment seems to be dominated by seeding variations or the flow itself. 
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6   Phase-Averaged Measurements 

As the evaluation of integrated images has shown good results for the pipe flow 
measurement, phase averaging measurements should also be possible by taking in-
terleaved images: As long as an unsteady flow incorporates periodical elements, 
the acquisition can be synchronized to take one or more images at dedicated flow 
phase steps, followed by a frequency step after every flow period and a lightsheet 
changeover after every frequency cycle. After acquisition of multiple cycles, the 
single images can be integrated to sum images, each consisting of numerous im-
ages from one lightsheet, frequency and flow phase slice. The more images are 
taken, the less will the sums be affected by arbitrary velocity and scattered light 
intensity changes. Only flow processes occurring with integer multiples of the cy-
cles affecting images of the same laser frequency step in the same way, could dis-
tort the results - but the image acquisition cycles could also be expanded to even 
measure these flow elements instead of getting distorted. So assuming enough im-
ages per sum image, and only changes in velocity and scattered light intensity that 
are uncorrelated with the frequency step cycles, the velocity evaluation will just 
result in the constant and periodical elements of the flow. 

To verify this theory, a transportable system with camera and lightsheet optics 
fixed on a plate as a module to be placed in wind tunnels has been developed. The 
system is currently under test in the Kármán vortex street experiment at the Uni-
versity of Rostock. 

7   Conclusions 

The application of frequency shift keying allowed to build a DGV system without 
reference camera, which is independent from ambient light, camera pixel sensitiv-
ity, scattered light intensity and absorption line slopes. Self calibrated measure-
ments on the rotating disc have shown a standard deviation of about 0.12 m/s and 
an absolute total deviation of less than 0.5 m/s for time resolved velocity meas-
urements considering single pixels and low Doppler shifts. For higher velocities, 
as the Doppler shifted light frequency exceeds the linear range of the absorption 
line edges, the absolute deviation has been reduced to about 3 %. Three-
componential measurements of a pipe flow have shown a standard deviation of 
about 0.5 m/s for the axial component in single pixels and single measurement cy-
cles with 100 ms exposure time. With temporal binned images, a standard devia-
tion of about 0.05 m/s for the axial component was achieved and in-plane compo-
nent structures down to 0.1 m/s have been resolved. 

Further investigations will be made about phase-averaged measurements, in-
cluding a verification at the Kármán vortex street. 
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Recent Developments in 3D-PTV and Tomo-PIV

Hans-Gerd Maas, Torsten Putze, and Patrick Westfeld

Abstract. The article gives an overview on recent developments to 3D flow
measurement techniques, focusing on photogrammetric aspects of 3D geometric
modelling and multi-camera system configuration. A geometric model for a virtual
four-camera system, which is realized by a single camera and a four-fold mirror
system, is presented. The 3D-PTV model is extended by a ray tracing technique to
strictly handle the spatial intersection of manifold broken optical beams when de-
termining coordinates of particles in a liquid from images from multiple viewpoints
taken by cameras observing the flow through multiple curved interfaces. Transfer-
ring these geometric models to PIV, we present some algorithmic improvements to
tomographic PIV, which have the potential to achieve a significant reduction of the
computational effort.

1 Introduction

In many fluid mechanics applications there is a special interest for non-contact time-
resolved fully 3C3D (= determination of 3 components of velocity in 3-D space)
measurement techniques. Most methods base on seeding particles, which visualize
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the flow and can be recorded by an imaging system. 3D particle tracking velocime-
try (3D-PTV) is an established method to determine 3D trajectories of a large num-
ber of particles in a flow from multiple camera image sequences. It is based on the
detection of discrete particles in the images, the establishment of multi-image corre-
spondences, the determination of 3D particle coordinates and a subsequent discrete
particle tracking in 3D object space. 3D-PTV requires a system consisting of at least
two, but rather three or four synchronized cameras [6]. Especially when observing
high speed flows, the configuration of a multi-camera system may pose financial
and technical challenges. In these cases, an interesting alternative may be given by
a single camera, which is extended to multiple virtual cameras by a mirror system
in front of the optics. The configuration and performance of such a system is shown
in section 2.

In liquid flow measurement applications, where particles in a liquid are ob-
served by outside cameras through glass interfaces, multimedia photogrammetry
techniques (e.g. [5]) can be employed to handle the spatial intersection of beams,
which are broken according to Snell’s Law. Section 3 describes a strict ray trac-
ing procedure to handle beams from multiple cameras broken at multiple planar or
non-planar parametrized interfaces.

The spatial resolution potential of 3D-PTV is limited by ambiguities occurring
in the processes of particle detection and multi-image correspondence establish-
ment [6]. Recently, Elsinga et al. [1] have proposed a Tomo-PIV approach, which is
based on a tomographic reconstruction of the observation volume. In section 4, this
approach is compared to 3D-PTV, and some algorithmic modifications are shown in
order to reduce the computational effort of the technique.

2 Virtual Four Camera System

3D-PTV is based on processing stereoscopic particle image sequences. The mini-
mum requirement of stereoscopy is the observation of particle constellations from
two viewpoints. If the relative orientation between the cameras is known from a cal-
ibration procedure, the computation of epipolar lines facilitates the establishment
of correspondences between the views. The length of the baseline between the two
cameras, related to the distance to the observation volume (base-to-height ratio),
determines the depth resolution of the system. While a base-to-height ratio in the
order of 1:1 would be desirable to achieve homogeneous precision in the XYZ coor-
dinates of particles, spatial restrictions as well as limitations given by depth-of-focus
and the necessity of achieving a common field of view will often compromise to a
base-to-height ratio in the order of 1:3. As a consequence, the depth coordinate will
usually be worse than the lateral coordinates in 3D-PTV systems.

3D-PTV data processing is based on identifying discrete particles in all images,
establishing stereo correspondences, calculating 3D particle coordinates and track-
ing particles between consecutive time instances. Maas et al. [6] realize the spatio-
temporal matching process by first establishing stereo correspondences and then
tracking particles in 3D space. Netzsch&Jähne [8] reverse the processing step order
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Fig. 1 Four-fold mirror
system [14]

by first tracking particles in 2-D image space and then establishing stereo correspon-
dences between image space trajectories. A step towards integrated spatio-temporal
matching is shown by Willneff&Grün [18], who combine the two approaches by a
back-projection search of missing trajectory links. Generally, the step of establish-
ing stereoscopic correspondences is prone to ambiguities at high seeding densities.
These ambiguities can only be solved reliably when using a multi-camera system
consisting of three or four synchronized cameras, with the ideal camera arrange-
ment in a triangle or square [4].

The configuration of a multi-camera system may come with a considerable in-
strumental, technical and financial effort. An elegant solution to this may be given
by the combination of a single camera and a mirror system. Two-fold mirror sys-
tems are commercially available for amateur cameras; they have also been designed
for high speed cameras in car crash test analysis [16]. For the high speed camera
based 3D-PTV system described here, a more sophisticated four-fold mirror system
has been developed [10]. The system consists of a static central prism mirror placed
in front of the camera optics and four adjustable outer mirrors (fig. 1). It generates
four viewing directions for the four quadrants of the sensor. In the geometric mod-
elling of the system, the four quadrants can be considered virtual cameras with their
projection centers behind the outer mirrors of the system. The base-to-height ratio
and the common field of view of the four virtual cameras can be adapted by shifts
and rotations of the outer mirrors.

Using photogrammetric spatial resection or bundle adjustment techniques, the
system can be calibrated automatically from images of a reference body. The cali-
bration includes the relative orientation between the virtual cameras as well as the
camera interior geometry, including lens distortion. The accuracy potential can be
described by a standard deviation of unit weight of 0.1 pixel in image space and a
3D coordinate precision of 0.13/0.12/0.39 mm (related to an observation volume of
25× 25× 30 cm3 [10]. Note that in multi-camera 3D motion analysis systems, the
precision of the motion vector components is usually significantly better than the
precision of 3D coordinates [11].

Fig. 2 shows the results of an application of the system in the measurement of
particle trajectories in an air flow around a finite cylinder (∅ = 11 cm, H = 22 cm)
in a wind tunnel. The mean velocity in the tunnel was 7 m/s, the Reynolds number
was 4 · 104. In a 25× 25× 30 cm3 observation volume, a total of 3787 particles
could be tracked. On average, particles could be tracked over 12 time steps with a
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Fig. 2 Resulting trajectories behind the cylinder

maximum of 51 time steps. While an average particle can be expected to stay in the
observation volume for 17 time step.

3 Multimedia Geometry

Applications of photogrammetry, where the beam from an object to the sensor
passes several optical media with different refractive indices, are called multime-
dia photogrammetry. In flow measurement applications, where particles in a liquid
are observed by cameras from outside through a plane glass interface, multimedia
photogrammetry techniques can be employed to strictly handle the spatial intersec-
tion of twice-broken beams from multiple (real or virtual) viewpoints in 3D-PTV.
Maas [5] describes a versatile technique for geometric modelling in multimedia pho-
togrammetry, which can easily be implemented as a module into photogrammetric
standard procedures such as spatial resection for camera calibration, epipolar line
computation and spatial intersection for 3D particle coordinate determination. The
solution is restricted to the standard case of multimedia photogrammetry, where the
object is situated in a liquid, the sensor is positioned in air, and a plane-parallel glass
plate divides these two media.

If the object is observed through non-planar interfaces, the modelling becomes
more complex. In the following, a strict approach to handle multimedia geometry
by ray tracing based on [3] will be shown. In a first step, the approach requires
the determination of the geometry parameters of all relevant interfaces in a model
coordinate system. We assume, that the refractive indices of the optical media are

Fig. 3 Twice broken beams
from two cameras
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Fig. 4 3D-PTV observation volume in a water analogon of an engine

0 mm/s - epoch 0 500 mm/s - epoch 50

Fig. 5 3D-PTV trajectories, colour coded in time (left) and in velocity (right)

known, and that the camera system is calibrated. Then, a ray tracing is performed for
each particle detected in the images. The rays are projected into object space using
the camera orientation parameters. At each interface, the new direction is calculated
on the basis of the local normal vector and Snell’s Law. Finally, 3D particle coor-
dinates are determined by the spatial intersection of multiple rays originating from
corresponding particles in the images from all viewpoints (fig. 3). For camera cali-
bration purposes, the ray tracing can also be performed backward from a particle to
the image. This backward approach requires an iterative procedure. The technique
is described in more detail in [12].

The multimedia photogrammetry module has been used for 3D-PTV measure-
ments in a plexiglass car engine analogon (fig. 4). The dimension of the cuboid is
11.5× 11.5× 10 cm3, with a cylindrical bore hole with a diameter of 7.5 cm. The
used flow medium was water with a flow rate of 8.4 l/min. The flow was observed
with a convergent four camera arrangement. The used tracers are Vestosint parti-
cles with a diameter of 30 μm. The flow inside the analogon was imaged by a four
camera system.

In the experiment, a total of 651 particles could be tracked. An extended four
frame approach [9] was used for 3D tracking. Trajectories with a length of up to 14
epochs could be determined. Fig. 5 shows some trajectories inside the cylinder. The
velocity vector component precision was estimated in the order of 0.1 mm.
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4 Tomographic PIV

3D-PTV has a spatial resolution limit, which is set by ambiguities occurring at high
seeding densities in the processing steps of detecting particles in the images, estab-
lishing multi-view correspondences and tracking. The Tomo-PIV approach as sug-
gested by Elsinga et al. [1] has the potential to expand this resolution limit, because
it is based on tracking cuboids in voxel data rather than identifying, matching and
tracking individual particles. The obvious draw-back is in the fact, that Tomo-PIV
is best suited to determine velocity fields on a regular grid, while 3D-PTV has the
potential to determine long 3D trajectories by tracking individual particles.

Tomo-PIV generates a tomographic reconstruction of a 3D particle constella-
tion from a limited number of camera views in an approach similar to shape-
from-silhouette. A reconstruction of the 3D observation space can for instance be
performed by the MART (multiplicative algebraic reconstruction technique) algo-
rithm [2]. The basic idea of the technique is to represent the observation volume
by a 3D voxel structure with a resolution adapted to the camera resolution by the
following procedure:

• Every pixel of the first image is projected into the voxel space through the pro-
jection centre of its camera. Every voxel, which is hit by the projected ray, gets a
greyvalue obtained by interpolation from the originating pixel (fig. 6a)

• Then, every pixel of the second image is projected into the voxel space. In ev-
ery voxel, which is hit by the projected ray, the existing voxel greyvalue (ob-
tained from the first image) is multiplied by the greyvalue of the originating pixel
(fig. 6b)

• Likewise, the content of all other camera views is projected into the voxel space
(fig. 6c)

As a result, the voxel space will contain multiplicatively accumulated image inten-
sity information of the instantaneous particle constellation. It is obvious, that only
voxels at valid particle positions will show high values (as they have high values in
all factors of the grey value multiplication), while all remaining voxels will show
rather low values. Repeating the procedure for each time step, a time-resolved 3D

(a) (b) (c)

Fig. 6 Tomographic reconstruction principle
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voxel space representation is obtained. In this voxel data sequence, 3D flow velocity
vectors can be obtained by 3D cross correlation or similar techniques. Elsinga et al.
[1] show, that four camera views will usually be sufficient for the reconstruction.
The requirements to the geometric camera configuration are identical with those for
conventional 3D-PTV [6].

The advantage of Tomo-PIV over 3D-PTV is in the fact that it avoids the
ambiguity-prone processing steps of discrete particle detection and establishment
of multi-view correspondences, thus allowing for a higher seeding density and
delivering denser flow velocity field information. A disadvantage of early imple-
mentations is in the high computational effort. In the following, we will show some
enhancements to Tomo-PTV to improve the speed of the tomographic reconstruc-
tion process.

The pixel-wise projection method as described above is straightforward, but com-
putationally rather inefficient and time consuming. The core of our new tomographic
reconstruction technique, which is presented in detail in [13], is a multiple projec-
tive transformation based approach. The object space voxel structure is initialized
by setting the value of every voxel value to 255. The reconstruction of the object
space light intensity field is performed by transforming the content of each camera
image into each depth layer of the voxel space. Using homogeneous coordinates, a
simple and fast computation can be performed. The relationship between the image
coordinates x′ and the voxel coordinates of a depth layer Di in object space is:

x′ = Hi ·Di (1)

Hi contains the 8 parameters of a projective transformation. For a layer D0, the
elements of H0 can be determined from the parameters of the exterior and interior
orientation of the camera (projection center X0,Y0,Z0, 3x3 rotation matrix r, focal
length c):

H0 =

⎡
⎣−c · r11 −c · r12 c · (r11 ·X0 + r21 ·Y0 + r31 ·Z03)
−c · r11 −c · r12 c · (r11 ·X0 + r21 ·Y0 + r31 ·Z0)
−c · r11 −c · r12 c · (r11 ·X0 + r21 ·Y0 + r31 ·Z0)

⎤
⎦ (2)

The transformation matrices Hi of all further depth slices can be simplified by
adding an increment hi to H0. Due to the parallelism of the depth layers, the de-
termination hi of is simplified:

hi =

⎡
⎣ 0 0 −c · r31 ·Zi

0 0 −c · r31 ·Zi

0 0 −c · r31 ·Zi

⎤
⎦ (3)

Hi = H0 + h′i (4)

In homogeneous coordinates, it is sufficient to go through the transformation for
the corner pixels of a layer. All other grey values can be obtained by a bilinear
interpolation.
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The layer-wise rectification procedure is repeated for each camera view. Obvi-
ously, each object space voxel will obtain different grey values from different views.
The voxel space particle reconstruction is based on a very simple rule: A voxel be-
longing to a valid particle must have a high grey value in every image. This rule
has been realized by a multiplication of the grey values from each projection in the
implementation of Elsinga et al. (2005). This way, only those voxels, which get a
high grey value from every view, will ’survive’. The rule can be implemented even
more efficiently by a minimum operator, where the grey value of a voxel GV is the
minimum of its grey values in all views gv j:

GV = min
{

gvj
}

. . . gvj ∈ {0 . . .255} (5)

This way, only those voxels will survive, which correspond to particles in all par-
ticipating camera views. The rest of the voxel space will be filled with dark val-
ues. A background image obtained from spatio-temporal histogram analysis can be
subtracted from each image be-forehand to eliminate the effect of background re-
flections. Multimedia geometry (i.e. the handling of a broken optical path when
observing particles in liquids through a glass interface, see section 3) can be incor-
porated into the rectification process by ray tracing from the camera through the
air-glass interface to the glass-water interface and consecutive linear depth layer
mapping using a matrix hi with direction vector components obtained from the ray
tracing process using Snell’s Law.

The tomographic reconstruction facilitates the implementation of volume-based
particle tracking techniques without the necessity of detecting individual particles.
This could for instance be 3D cross correlation like in [1] or 3D least squares match-
ing [7]. 3D cross correlation depicts a rather simple technique to determine 3D dis-
placement vectors between cuboids of the dimension (2K +1)×(2L+1)×(2M+1)
in the voxel space of two consecutive epochs A,B:

ρ =
∑M ∑N ∑N

(
AMNO − Ā

) · (BMNO − B̄)√
∑M ∑N ∑N

(
AMNO − Ā

)2 ·∑M ∑N ∑N (BMNO − B̄)2
(6)

Subvoxel precision can be obtained by fitting a Gaussian function into the cross
correlation coefficient field.

ρ (x,y,z) =
1

σx ·σy ·σz · 3
√

2π
· e−

1
2

(
(x−x0)2

σ2
x

+(y−y0)2

σ2
y

+(z−z0)2

σ2
z

)
(7)

Cross correlation offers the advantage of a simple implementation. Elsinga et al.
[1] implemented it in a hierarchical manner (multigrid correlation) to improve the
convergence behaviour. It is, however, limited to the determination of three cuboid
shift parameters. Cuboids with significant deformations will not be tracked well, as
shown by Putze&Maas [15]. This may be partially compensated by iterative window
deformation techniques, which have been presented for 2D-PIV [17], but at a much
larger computational effort.
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As an alternative, 3D least-squares-tracking (3D-LST) is a volume-based track-
ing technique, which is adaptive to linear cuboid deformation and rotation. 3D-LST
minimizes the sum of the squares of voxel value differences between cuboids from
consecutive time steps by determining the coefficients of a 3D affine transformation
[7]. In addition to the three displacement vector components, the 12 parameters of
the 3D affine transformation in 3D-LST contain scale, rotation and shear informa-
tion. This allows for a higher precision in case of velocity gradients in the interroga-
tion volume. Moreover, these parameters enable to determine a deformation tensor
for each interrogation cube. The result of 3D-LST applied to sequences of tomo-
graphically reconstructed voxel structures is a dense 3D velocity vector field with
inherent additional shear tensor information.

5 Conclusion

Mirror-based optical systems in combination with a single camera may depict a
valuable tool in generating multi-view stereoscopic imaging systems for 3D flow
measurement applications. Herein, the introduction of virtual cameras facilitates
geometric modelling and calibration of a 3D-PTV system by photogrammetric stan-
dard techniques. 3D-PTV can be extended by ray tracing procedures to strictly han-
dle manifold broken beams when observing particles in liquids by multiple cameras
through planar or non-planar glass interfaces.

Other than 3D-PTV, Tomo-PIV is based on applying volume-based matching
techniques to tomographic reconstructions of the observation volume at consecutive
time instances, thus avoiding ambiguities in the establishment of spatio-temporal
particle correspondences and potentially increasing the processable seeding density.
A sequential projective transformation based approach, combined with resampling
and a minimum voxel grey value search, depicts a strict technique which may sig-
nificantly reduce the large computational effort connected with the tomographic re-
construction.
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by Dr. Hentschel, EGNM/O, Volkswagen AG.

References

1. Elsinga, G.E., Scarano, F., Wieneke, B., van Oudheusden, B.W.: Tomographic particle
image velocimetry. Exp. Fluids 41, 947–999 (2006)

2. Herman, G.T., Lent, A.: Iterative reconstruction algorithms. Comput. Biol. and Med. 6,
273–294 (1976)
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3D Tomography from Few Projections in
Experimental Fluid Dynamics

Stefania Petra, Andreas Schröder, and Christoph Schnörr

Abstract. We study the tomographic problem of reconstructing particle volume
functions in experimental fluid dynamics from the general viewpoint of compressed
sensing, which is a central theme of current research in applied mathematics. The
probability of exact reconstructions from few projections is studied empirically and
shown to resemble provable results for idealized mathematical measurement setups.
Application of our reconstruction algorithm to noisy projections outperforms the
state-of-the-art both with respect to accuracy and runtime.

1 Introduction

This paper summarizes results of our project that has started two years ago. Our
research work is motivated by the work [10]. The authors introduced a new 3D tech-
nique, called Tomographic Particle Image Velocimetry (TomoPIV) for imaging tur-
bulent fluids with high speed cameras. The technique is based on the instantaneous
reconstructions of particle volume functions from few and simultaneous projections
(2D images) of the tracer particles within the fluid. The reconstruction of the 3D
image from 2D images employs a standard algebraic reconstruction algorithm [11].

Tomographical setups relevant for experimental fluid dynamics significantly dif-
fer from those of medical imaging, where projections of the object to be recon-
structed are acquired under a large range of angles, i.e. the image to be reconstructed
is highly oversampled, while reconstruction algorithms are based on the regulariza-
tion of the inverse Radon transform [15]. TomoPIV, on the other hand, employs only
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few projections due to both limited optical access to wind and water tunnels and cost
and complexity of the necessary measurement apparatus. As a consequence, the re-
construction problem becomes severely ill-posed, and both the mathematical anal-
ysis and the design of algorithms fundamentally differ from the standard scenarios
of medical imaging.

Our research work addresses two major open problems:

1. A crucial parameter for 3D fluid flow estimation from image measurements is
particle density. This parameter also largely influences the tomographical recon-
struction problem. Higher densities ease subsequent flow estimation by means of
a cross correlation technique [19] and increase the resolution and measurement
accuracy. However, higher densities also aggravate ill-posedness of the recon-
struction problem. A thorough investigation of this trade-off is lacking.

2. Another major issue concerns problem size and computation time. 3D problems
and, in particular, time-dependent 3D problems require considerable computa-
tional resources. Yet, adopting some ad hoc iterative reconstruction algorithm
and terminating after few, sometimes even after a single(!) iteration, cannot be
regarded as a solid strategy without further analysis of the setup and its essential
parameters. A study of the reconstruction problem – optimization criteria and
algorithms – helps to underpin proper design of technical systems.

The objective of our project is to address these two problems taking into account
relevant developments in applied mathematics.

2 Related Work

TomoPIV [10] adopts a simple discretized model for an image-reconstruction prob-
lem known as the algebraic image reconstruction model [6], which assumes that the
image consists of an array of unknowns (voxels), and sets up algebraic equations for
the unknowns in terms of measured projection data. The latter are the pixel entries
in the recorded 2D images that represent the integration of the 3D light intensity
distribution I(z) along the pixels line-of-sight Li obtained from a calibration pro-
cedure. We consider an alternative to the classical voxel discretization and assume
that the image I to be reconstructed can be approximated by a linear combination of
Gaussian-type basis functions B j ,

I(z) ≈
n

∑
j=1

x jB j(z), ∀z ∈ Ω ⊂ R
3 , of the form (1)

B j(z) = e
−‖z−p j‖2

2
2σ2 , for z ∈ R

3 : ‖z− p j‖2 ≤ r , (2)

or value 0, if ‖z− p j‖2 > r, located at a Cartesian equidistant 3D grid p j , j = 1, . . . ,n
within the volume of interest Ω . The choice of a Gaussian-type basis function is
justified in the TomoPIV setting, since a particle projection in all directions results in
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a so-called diffraction spot of approximately 3 pixel diameter. The i-th measurement
obeys

bi :≈
∫

Li

I(z)dz ≈
n

∑
j=1

x j

∫
Li

B j(z)dz =
n

∑
j=1

x jai j , (3)

where ai j is the value of the i-th pixel if the object to be reconstructed is the j-th
basis function. The main task is to estimate the weights x j from the recorded 2D
images, corresponding to basis functions and solve Ax ≈ b.

The matrix A has dimensions (# pixel =: m)×(# basis functions = n). Since each
row indicates those basis functions whose support intersect with the corresponding
projection ray the projection matrix A will be sparse. Unfortunately there is no spar-
sity pattern which can be exploited.

Compressed sensing is a new measurement paradigm [3, 8] which seeks to capture
the ”essential” aspects of a high-dimensional object using as few measurements as
possible. The basic principle is that sparse or compressible signals (i.e. can be well
approximated with a small number of active basis functions) can be reconstructed
exactly from a surprisingly small number of linear measurements, provided that the
measurements satisfy an incoherence property (see, e.g. [5] for an explanation of
incoherence).

A further remarkable result of Candès and Tao [4] is that if, for example, the rows
of A are randomly chosen Gaussian distributed vectors, there is a constant C such
that for a signal x with at most k nonzero entries and m ≥Ck log( n

k ), the solution x∗
of

min‖x‖1 s.t. Ax = b (4)

will be exactly the original signal x with overwhelming probability.
Donoho and Tanner [9] have computed sharp reconstruction thresholds for Gaus-

sian measurements, such that for any choice of sparsity k and signal size n, the
required number of measurements m to recover x can be determined precisely.

Within our particular TomoPIV setting the size of x can be chosen arbitrarily
large depending on the number of gridpoints where the basis functions are located,
e.g. n = O(109). The current measurement apparatus employs 4-6 camera of 10242

pixels each. The particle density is 0.05pp (particle/pixel), thus the underlying signal
should be well approximated by O(k) Gaussian basis functions, where k = 0.05 ·
10242. For a perfectly k compressible signal k log( n

k ) = 4.3609 · 105 pixels would
suffice, which corresponds to half of the number of pixels in one camera. Why
are then still 4-6 camera currently in use? One answer is that the signal is only
approximately 27 · 0.05 · 10242 sparse when the 3D image is discretized in voxels
in view of one particle diameter of 3 voxels. This corresponds to at least 7.1089 ·
106 measurements (7 cameras) to obtain perfect recovery of the 500000 particles
within the volume. Moreover, the measurement matrix A lacks the nice properties
as incoherence which would guarantee perfect recovery, see [17] for a discussion
on both voxel- and blob-based discretization scenarios. However the blob-based
projection matrix yields considerably better reconstruction of a k-sparse vector due
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to the fact that each basis function is intersected by more pixel ”rays”, a property
relevant for the deterministic measurement matrix construction from [12].

3 Reconstruction Algorithms

3.1 Algebraic Reconstruction Techniques

The state-of-the-art of TomoPIV [10] is the Multiplicative Algebraic Reconstruc-
tion Technique (MART). It was first proposed in [11] and is a maximum entropy
algorithm, with a solution satisfying

min fE(x) := ∑
i

xi log(xi) s.t. Ax = b , x ≥ 0 . (5)

It applies only to systems in which b > 0 and A has only nonnegative entries. This
applies to our scenario since all ai j > 0 and zero or negligible measurements can
be eliminated by a procedure leading to an ”equivalent” feasible set Fr of reduced
dimensionality, see [17, Prop. 2.1]. The authors in [2] proposed a further noticeable
preprocessing procedure called multiplicative line-of-sight estimation to fix possi-
ble particle positions and thus to reduce considerably the dimension of the original
system. MART converges linearly to a solution in Fr provided that it is nonempty,
compare [16] and the reference therein.

The closely related Simultaneous Multiplicative Algebraic Reconstruction Tech-
nique (SMART) minimizes the Kullback-Leibler cross entropy KL(Ax,y) over the
nonnegative orthant and converges, for consistent projection equations, to that mem-
ber of Fr for which the cross-entropy distance to the initial vector KL(x,x0) is min-
imized.

The iterative method SART (Simultaneous Algebraic Reconstruction Technique)
of Andersen and Kak, see [1], was successfully applied to tomographic particle
image reconstruction in [2]. SART writes as

xk+1 = xk + λVATW (b−Axk) , (6)

where λ ∈ (0,2), V and W diagonal matrices defined by

V := diag
( 1

A+1
, . . . ,

1
A+n

)
and W := diag

( 1
A1+

, . . . ,
1

Am+

)
(7)

with A+ j := ∑m
i=1 ai j and Ai+ := ∑n

j=1 ai j. SART was developed as a major re-
finement of the Algebraic Reconstruction Technique (ART) [11], a reincarnation of
Kaczmarz’s [14] method of alternating projections. The convergence of SART to-
wards a solution of the weighted least squares problem min‖W

1
2 (Ax−b)‖ was es-

tablished in [13]. The likewise parallelizable method due to Cimmino was recently
reconsidered by the authors [18] in the context of TomoPIV.
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All the methods above have the distinctive feature that they are row action method
[6] and have demonstrated effectiveness on huge problem instances but suffer from
the slow convergence rate.

They return a sufficiently good approximation xk after few iterations [10, 2] for
sufficiently small particle densities. In practice, subsequent iterations do not improve
the quality of the computed solution, however, but actually result in increasingly
worse approximations. This is because the iterates become completely dominated
by the errors inevitably present in the data.

3.2 �1-Minimization and Linear Programming

The �1-minimization problem (4), known also as basis pursuit [7], can be recast
as a linear program and then solved by conventional linear programming solvers.
However, such solvers are not suited for large-scale matrices A arising in our ap-
plication. Usually only matrix-vector operations involving A and AT are feasible. A
recent method motivated by the compressed sensing context is the Bregman Iterative
Algorithm [20]. The name is due to the fact that it employs a Bregman iterative reg-
ularization, which gives an accurate solution after solving only a very small number
of instances of the unconstrained problem

min
x

‖x‖1 +
1
2
‖Ax−bk‖2

2 (8)

by a fast fixed-point continuation (FPC) solver that is based solely on simple opera-
tions for solving the above unconstrained subproblem. The algorithm starts with the
initialization b0 := 0, x0 := 0 and then for k = 0,1, . . . writes

bk+1 := bk +(bk −Axk), (9)

xk+1 := argminx‖x‖1 +
1
2
‖Ax−bk+1‖2

2 . (10)

It is equivalent to the well-known augmented Lagrangian method (also known as
the method of multipliers), thus constraints can also be included. It is shown in [20]
that the method yields a global optimum in a finite number of iterations.

4 Design and Evaluation Criteria

4.1 Design Criteria

Assuming there could be several possible solutions, the common practice is the
definition of an optimization problem of the form

min f (x) s.t. Ax = b, [x ≥ 0, ] (11)

where f measures the quality of the candidate solutions. Possible choices for this
penalty could be:
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• entropy measures as in the case of MART and SMART, respectively.
• �p-norms for various p in the range [0,∞). Popular choices are:

– �2-minimization is the method of least squares. It finds out of all possible solu-
tions the one of least energy and can be easy carried out (e.g. ART, Cimmino).
Unfortunately, this minimizer is not guaranteed at all to be sparse. If we take
nonnegativity into account this situation may change dramatically.

– �1-minimization is convex and can be solved in reasonable time by convex
programming techniques.The important question in this connection is whether
the method actually can recover the original k-sparse signal x.

– �0-minimization enforces sparsity and selects out of all possible solutions
which match the given data selects the sparsest one. This regularization ap-
proach was considered by the authors in [18] in the context of TomoPIV, but
appears to be less practical in the real TomoPIV setting because several(!)
linear programs for one volume reconstruction have to be solved.

We discussed above (compressed sensing) that the choices p = 0 and p = 1
may lead to the same reconstruction provided it is sparse enough. This equiv-
alence phenomenon depends on properties of the measurements matrix A. They
are known for classes of matrices none of which covers our application area,
however.

Clearly, if the set of feasible solutions F := {x|Ax = b,x ≥ 0} contains only a
single element, then all the above choices of f will lead to the same solution. This
is exactly what happens when a sufficiently sparse solution exists. In this case we
can apply any efficient method designed to find the element in F .

4.2 Evaluation Criteria

We wish to inspect empirical bounds on the required sparsity that guarantee exact
reconstruction and critical parameter values that yield a performance similar to the
settings considered in compressed sensing (e.g. [9]).

These parameter values allow us to answer the question how sparse a vector
should be (particle density) such that �0 can be solved by �1-minimization, linear
programming or quadratic programming with constraints.

Consider a matrix A ∈ R
m×n, the undersampling ratio δ = m

n ∈ (0,1) and the
sparsity as a fraction of m, k = ρm, for ρ ∈ (0,1). This phase transition ρ(δ ) as
function of δ indicates the necessary undersampling ratio δ to recover a k-sparse
solution with overwhelming probability. More precisely, if ‖x‖0 ≤ ρ(δ ) ·m, then
with overwhelming probability the �0-problem of finding the k-sparsest solution
can be solved by �1-minimization. For Gaussian matrices there are precise values of
ρ(δ ), see [9], which can be computed analytically.

Relevant for TomoPIV is the setting as δ → 0 and n → ∞, that is severe un-
dersampling. Then a strong asymptotic threshold ρS(δ ) ≈ |2e log(δ )|−1 and weak
asymptotic threshold ρW (δ ) ≈ |2log(δ )|−1 holds for Gaussian matrices. The weak
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thresholds says that �0/�1-equivalence typically holds while for the strong one
equivalence holds for all ρS(δ ) ·m-sparse signals.

(a) �1 (b) �1

(c) LP + (d) LP box

(e) QP + (f) QP box

Fig. 1 Probability of correct recovery of a random particle distribution that can be expressed
with exactly k basis functions as a function of δ = m

n , n = 2000 and k = ρm. The thick curve
ρ(δ ) depicts a phase transition of �1-minimization (a) and linear programming (c)-(f) to find
the k-sparsest solution, but for Gaussian random matrices, see [9]. Figure (b) shows a ”zoom
in” of (a): here we have chosen n = 200000. We believe that ρ(δ ) ≈ |2log(Cδ )|−1 as δ → 0
similar to the analytic curve for Gaussian matrices presented in [9]. The right n-dependent
value of constant C is a subject of our current research
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5 Numerical Results

Although the projection matrices within the TomoPIV setting do not satisfy the nice
properties of Gaussian measurement matrices, we observed critical parameter values
similar to those for Gaussian matrices. We generated a 100× 20 grid at which we

Fig. 2 Empirical probability of exact reconstruction of an increasing number k of ”parti-
cles” by means of an 3 ·322 ×323 projection matrix from 3 orthogonal projections for both
voxel and blob scenarios. Substantially more particles are reconstructed for the blobs-based
discretization matrix for all three methods of choice: �1-minimization (blue), linear program-
ming with positivity constraints only (red), linear programming with box constraints (black)

Fig. 3 Reconstruction experiment for 1000 particles in a small cube from 3 orthogonal pro-
jections, using SART reconstruction after reducing the system (cf. section 3.1) and the Breg-
man iterative algorithm (section 3.2). The iteration was terminated after convergence for the
latter algorithm, and after a comparable runtime for SART. Left panel. Number of recon-
structed particles corresponding to the coefficients xi exceeding a threshold ∈ [0.1,0.9] for
SART (red) and our approach (blue). SART may return far too many particles (> 200%) or
too less, whereas our approach always returned the exact reconstruction. Right panel. Choos-
ing a threshold for which SART returns the correct number of particles yields both missing
particles (yellow) and additional ghost particles (red)
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located n = 2000 Gaussian basis functions. First a big projection matrix was gener-
ated resulting from parallel projections at angles (−60o,−55o, . . . ,0o,5,10, . . . ,600).
Then m = δn random rows were selected to compute the right hand side measure-
ment vector. The plane (δ ,ρ) = [0,0.7]× [0,1] was divided in a 20× 20 mesh,
and for each point 50 random problem instances were generated. The empirical
probability that the approaches presented above correctly recover a k = ρm-sparse
solution for each parameter combination is presented in Fig. 1 (a), (c)-(f). For the
asymptotic scenario see Fig. 1 (b), computed for the bigger value n = 200000. A
threshold-effect is clearly visible in all figures exhibiting parameter regions where
the probability of exact reconstruction is close to one.

The advantage of using blob-based volume discretizations is demonstrated in
Figure 2. Figure 3, finally, illustrates the comparison of our approach with the SART
iteration used in [2].

6 Conclusions

The reconstruction of a relatively dense particle distribution in a volume from few
projections can be modeled as finding the sparsest solution of an underdetermined
linear system of equations, because the original particle distribution can be well
approximated with only a very small number of active basis functions relative to
the number of possible particle positions in a 3D domain. In general the search for
the sparsest solution is intractable (NP-hard), however. The newly developed the-
ory of Compressed Sensing showed that one can compute via �1-minimization or
linear programming the sparsest solution for underdetermined systems of equations
provided they satisfy certain properties, which unfortunately do not hold for our
particular scenario. Still, we showed empirically in the present work that there are
thresholds on sparsity (i.e. density of the particles) depending on the numbers of
measurements (recording pixel in the CCD arrays), below which these methods will
succeed and above which they fail with high probability. When they succeed they
yield near perfect reconstructions (without any ghost-particles). Theoretically, con-
strained versions of several algebraic reconstructions techniques will also converge
to the original solution for very sparse scenarios. Due to their slow convergence they
are outperformed by an augmented Lagrangian method for �1-minimization, how-
ever, that provides considerably better particle reconstructions than the currently
used methods.
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References

1. Andersen, A., Kak, A.: Simultaneous Algebraic Reconstruction Technique (SART): A
Superior Implementation of ART. Ultrasonic Imaging 6, 81–94 (1984)

2. Atkinson, C.H., Dillon-Gibbons, C.J., Herpin, S., Soria, J.: Reconstruction Techniques
for Tomographic PIV (Tomo-PIV) of a Turbulent Boundary Layer. In: 14th Int. Symp.
on Applications of Laser Techniques to Fluid Mechanics, Lisbon (2008)

3. Candès, E., Romberg, J., Tao, T.: Robust uncertainty principles: Exact signal reconstruc-
tion from highly incomplete frequency information. IEEE Trans. on Information The-
ory 52, 489–509 (2006)

4. Candès, E., Tao, T.: Near optimal signal recovery from random projections: Universal
encoding strategies? IEEE Trans. on Information Theory 52, 5406–5425 (2006)

5. Candès, E., Romberg, J.: Sparsity and incoherence in compressive sampling. Inverse
Problems 23, 969–985 (2007)

6. Censor, Y., Zenios, S.A.: Parallel Optimization: Theory, Algorithms and Applications.
Oxford University Press, New York (1997)

7. Chen, S.S., Donoho, D., Saunders, M.A.: Atomic decomposition by basis pursuit. SIAM
J. Sci. Comput. 20, 33–61 (1998)

8. Donoho, D.: Compressed sensing. IEEE Trans. on Information Theory 52, 1289–1306
(2006)

9. Donoho, D., Tanner, J.: Thresholds for the recovery of sparse solutions via ell-1 mini-
mization. In: Conf. on Information Sciences and Systems (2006)

10. Elsinga, G., Scarano, F., Wieneke, B., van Oudheusden, B.: Tomographic particle image
velocimetry. Exp. Fluids 41, 933–947 (2006)

11. Gordon, R., Bender, R., Herman, G.T.: Algebraic reconstruction techniques (ART) for
three-dimensional electron microscopy and X-ray photography. J. Theor. Biol. 29, 471–
481 (1970)

12. Indyk, P.: Explicit constructions for compressed sensing of sparse signals. In: Symp. on
Discrete Algorithms (2008)

13. Jiang, M., Wang, G.: Convergence of the simultaneous algebraic reconstruction tech-
nique (SART). IEEE Trans. on Image Processing 12, 957–961 (2001)
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Tomographic PIV for Investigation of Unsteady
Flows with High Spatial and Temporal
Resolution

Reinhard Geisler, Andreas Schröder, Karsten Staack, Jürgen Kompenhans,
Gerrit E. Elsinga, Fulvio Scarano, Christian Poelma, Jerry Westerweel,
Bernhard Wieneke, and Dirk Michaelis

Abstract. Particle Image Velocimetry (PIV) has been used for instantaneous
recordings of velocity fields within a volume of a flow. The volume information
was gained by multiple cameras and a tomographic approach based on the Mul-
tiplicative Algebraic Reconstruction Technique (MART). Volume cross-correlation
enabled the calculation of instantaneous 3D-3C velocity vectors. The usability of
this measurement tool has been proven in different applications including setups at
wind and water tunnels.

1 Introduction

Particle Image Velocimetry (PIV) in a stereo setup is now a standard tool for flow
field measurements in wind tunnels, capable of determining all three components of
the velocity vectors within a plane. However, up until now, no universal measure-
ment tool has been established for capturing the instantaneous velocity information
within a whole volume. On the other hand, the requirement for such a tool for the
investigation of unsteady three-dimensional flow phenomena such as turbulence or
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flow separation is growing. Depending on the specific experimental conditions, dif-
ferent techniques can provide more or less satisfactory results.

Planar PIV can be extended to volume-resolving PIV by means of scanning sys-
tems [1]. Since the process of scanning the observation plane through the volume
takes some time, this method can only be applied to steady, periodic or very slowly
varying unsteady flows. For fast unsteady flows limited depth information can be
obtained with multi-plane setups, where only a few parallel planes are recorded si-
multaneously, but are separable by, for example, the polarisation state or the wave-
length of the light.

Holographic methods are able to capture the instantaneous velocity information
within a whole volume [6]. Using high-resolution photochemical plates, a volume
of medium size can be captured with high spatial resolution. However, temporal
resolution is very limited and can be achieved only with complex optical setups [4].
On the other hand, electronic image sensors (CCD, CMOS) can provide temporal
resolution, but such a recording setup is applicable only for small volumes and with
a limited spatial resolution.

Photogrammetric methods such as particle tracking [7] [8] use setups similar to
stereo-PIV extended to a larger number of cameras (typically 4). The depth infor-
mation is gained from triangulation of each individual particle. Like planar PIV,
photogrammetry is scalable both in space and time to match a wide range of re-
quirements. However, the necessary particle matching process requires low seeding
density and thus strictly limits the spatial resolution.

Using the same (or nearly the same) setup, data can also be processed in a three-
dimensional PIV evaluation. This is possible using an algebraic reconstruction pro-
cess known, for example, from medical x-ray tomography [5]. In its adaptation to
PIV [2], the Multiplicative Algebraic Reconstruction Technique (MART) can recon-
struct the intensity distribution within a volume from a number of camera images
taken from different viewing directions.

2 Tomographic PIV — Fundamentals

Tomographic PIV is based on the simultaneous observation of particles in a mea-
surement volume from different directions (typically 4). Using Scheimpflug correc-
tion optics and small camera apertures, the images are kept nearly in-focus within
the measurement volume. To calibrate the imaging system, a calibration grid is
recorded in different parallel planes throughout the volume. This calibration is used
to calculate mapping functions from the real world space to the camera images and
vice versa. A volume-self-calibration based on particle triangulation and statistical
evaluation is used to improve the accuracy of these mapping functions to an order
of 0.1 pixels [12].

For the recording of particles following the flow, a pulsed laser illuminates
the complete observation volume. As in planar PIV, two laser pulses in fast suc-
cession deliver two images. Prior to further processing, the images undergo a
pre-processing stage: Typically a minimum image is subtracted, the intensity is
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normalised and a Gaussian filter may be applied to suppress noise. Using the map-
ping functions derived from the calibration, the images of the different cameras are
numerically projected back into the three dimensional space by the MART algo-
rithm [2]. The result of this iterative process is a three-dimensional image of the
volume, where every voxel (3-dim. pixel) contains the light intensity calculated for
its specific location. Since this is the exact three-dimensional analogue to the more
usual two-dimensional PIV image, the velocity vectors can be determined with the
well-established multi-grid cross correlation and image deformation algorithms ex-
tended to their three-dimensional formulation. Finally, in a post-processing step spu-
rious vectors are detected and replaced by interpolated values.

Similar to the problem with ambiguity in photogrammetry, MART can recon-
struct bright voxels where no real particles are present. However, in tomographic
PIV these ’ghost’-particles do not severely affect the velocity vector result, as these
particles are not correlated in time and thus will increase correlation noise only.
Provided this noise stays within a certain limit the correct correlation peak can nev-
ertheless be detected.

In the present studies the LaVision software DaVis 7.3 and 7.4 was used for data
processing.

3 Application I: Time-Resolved Tomographic PIV
in a Wind Tunnel

In a feasibility study, tomographic PIV has been applied to time-resolved recordings
in a measurement performed at the 1 m wind tunnel at DLR Göttingen. The ‘Leit-
experiment’, a finite cylinder on a flat plate, as well as a turbulent spot in a laminar
boundary layer flow over a flat plate were investigated.

3.1 Setup

A flat glass plate with an elliptical leading edge is mounted horizontally in the open
test section of the wind tunnel (Fig. 1a). On the upper side of the plate a boundary layer
flow with a free stream velocity of U∞ = 7 m/s is established. It is adjusted for a zero
pressure gradient by a trailing flap at the end of the plate. Olive oil droplets of about
1.5 μm diameter are fed into the flow as tracer particles. The measurement volume of
40×40×20mm3 is located right above the surface of the plate 530 mm downstream
of the leading edge. It is illuminated by a high repetition rate dual-cavity laser (Lee
LDP-200 MQG, Nd:YAG SHG) at a pulse rate of 5 kHz and a total pulse energy of
21 mJ. After passing through a beam expander the laser beam enters an arrangement of
nearly parallel mirrors on opposite ends of the plate. The mirrors reflect the beam back
and forth throughout the measurement volume thus increasing the effective intensity
by a factor of around 10 with respect to a single-pass system. Four Photron APX
high-speed cameras equipped with Nikon f = 100 mm lenses at an aperture setting
of f# = 8 are used to record the volume from below the plate (Fig. 1b). The cameras
are set to a resolution of 768×768 pixels and to a frame rate of 5 kHz.
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a) b)

Fig. 1 Setup at the 1 m wind tunnel at DLR Göttingen: (a) Finite cylinder ‘Leitexperiment’
and volume light sheet on the flat glass plate in front of the wind tunnel nozzle; (b) View
through the glass plate upon the arrangement of the cameras below and the alignment to the
observation volume above the glass plate (red sketch)

3.2 Results

In a first experiment, a finite cylinder of 120 mm diameter and 240 mm height, the
so-called ‘Leitexperiment’, is mounted 350 mm upstream of the observed volume
and 180 mm downstream of the leading edge. The flow has been tripped just down-
stream of the leading edge to generate a turbulent boundary layer flow along the
plate. An example evaluation of the captured time-resolved velocity vector field is
depicted in Fig. 2. Although the flow structures here are large with respect to the
measurement volume, their local temporal evolution is clearly observable.

Fig. 2 Tomographic PIV results from the ‘Leitexperiment’ (finite cylinder at x = 0 mm, y =
0 mm) with a recording time resolution of 200 μs. Here: Four selected snapshots with a time
separation of 2 ms are shown. Depicted are three selected planes from the velocity vector field
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Fig. 3 Tomographic PIV results from a turbulent spot, 350 mm downstream of the injection
slit with a recording time resolution of 200 μs. Here: Four selected snapshots with a time
separation of 3 ms are shown. Depicted are selected planes of velocity vectors and the iso-
surfaces of the vorticity

In a second experiment, a turbulent spot is investigated. At the former location of
the cylinder, a slit of 2×0.5 mm2 is inserted into the flat plate. The plate is prepared
to keep the boundary layer flow laminar. Through the slit a flow pulse of 1.5 ms du-
ration is injected into the flow by a pressure chamber loudspeaker. A turbulent spot
is formed which grows in stream- and span-wise directions while travelling down-
stream. Around 70 ms after injection, the spot is observed passing the measurement
volume (Fig. 3). The measurement volume is well-adapted to the dimensions of the
passing spot: Flow structures such as hairpin-like vortices can be identified and their
time-dependent development can be traced through the measurement volume [9].

4 Application II: Investigation of a Free Turbulent Jet Air Flow

In time-resolved measurements the spatial resolution is limited due to the available
sensor size and pixel clock of the cameras. Hence a measurement with high spatial
resolution was carried out by capturing statistically independent double-exposure
images using four cameras of 4 mega pixels resolution. A free turbulent jet air flow
of a nozzle was investigated.

4.1 Setup

The tomographic setup consists of four pco.2000 Cameras (2048×2048 pixels) ar-
ranged in a pyramidal geometry below the observation volume (Fig. 4). Applying
the Scheimpflug-condition, the cameras are equipped with f = 135 mm Zeiss lenses
at an aperture setting of f# = 16. A quadruple Big Sky 200 laser is used for illumi-
nation. By triggering two of the oscillators at the same time, two exposures of each
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Fig. 4 Arrangement of the four pco.2000 cameras mounted under Scheimpflug-condition
below the nozzle. The Big Sky CFR 200 laser system on the left illuminates the measurement
volume in front of the nozzle

about 350 mJ pulse energy are available. The laser beam is expanded asymmetri-
cally by a factor of 7.5 in the horizontal and 3 in the vertical direction. Limited
by an aperture to an area of 48× 20 mm, the expanded beam passes through the
measurement volume and is then reflected back by a slightly tilted mirror. After
returning through the light-sheet optics, the beam is coupled out by a mirror and fi-
nally dumped. This optical layout not only nearly doubles the effective intensity, but
also leads to a comparable brightness of all the particle images due to the scattering
properties (forward / backward) for all four cameras being similar.

4.2 Results

The investigated flow is the free turbulent jet air flow of a nozzle (diameter D =
15 mm) mounted perpendicularly to the laser light sheet and operated at a Mach
number of M = 0.2 and a Reynolds number of Re = 70000. Since the recordable
volume can only cover 48 mm along the flow axis, the nozzle is translated in steps of
45 mm and the flow at different distance ranges from the nozzle is thus recorded, one
after another. For each distance 10 runs of 75 double images were recorded. DEHS
(Diethylhexyl Sebacate) droplets of around 1 μm diameter acting as tracer particles
are fed into the settling chamber of the nozzle at the start of each run. The settling
chamber pressure is kept constant to get a Mach number of 0.2 at the nozzle exit.
For the tomographic reconstruction, the MART algorithm was used with 3 iterations.
The multigrid cross correlation led to a final correlation window cube of 643 voxels,
which at a voxel size of 41 μm corresponds to a size of 2.6 mm. At an overlap
of 75%, the vector spacing is 0.66 mm (Fig. 5). Different aspects of the turbulent
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Fig. 5 Tomographic PIV results from a free turbulent jet air flow. Depicted is the velocity
component in main flow direction (u) from selected planes of the averaged velocity vector
field

flow have been investigated in the instantaneous and averaged results; momentum
exchange, probability density functions, spatial correlations, vortex topology and
self-similarity [11].

5 Application III: Investigation of a Turbulent Boundary Layer
in a Water Tunnel

A joint test campaign was launched for the investigation of a turbulent boundary
layer (TBL) flow in the water tunnel at TU Delft. Flow quality and boundary layer
properties are verified by a 2D PIV measurement. The time-resolved tomographic
PIV results give valuable insight into the complete flow topologies within the TBL.

5.1 Setup

In the 60×60 cm2 test section of the water tunnel at TU Delft a 2.5 cm thick acrylic
glass plate of 80×250 cm2 was vertically mounted, dividing the test section at 25%
of its width. At a downstream distance of 15 cm from the elliptical leading edge
the flow was tripped by a span-wise zig-zag band. The measurement area is located
a further 194 cm downstream inside the fully developed turbulent boundary layer
(TBL). The TBL flow is adjusted for a stream-wise zero pressure gradient by a
trailing edge flap. Polyamide tracer particles of 56 μm average diameter are fed into
the water.
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a) b)

Fig. 6 Setup at the water tunnel at TU Delft: (a) Arrangement of the six high-speed cameras
imaging the laser light sheet; (b) Light sheet forming optics on top of the water tunnel and
acrylic glass ‘boat’ on the surface of the plate for a smooth transition of the light sheet into
the water

The time-resolved volumetric measurement was performed using six Photron
high-speed cameras at a frame rate of 1000 Hz and a resolution of 1024×1024 pix-
els. From the side of the tunnel, looking through the tunnel wall, the water and the
flat plate itself, they record the particles in the turbulent boundary layer over an area
of 63× 68 mm2 and a thickness of 15 mm, starting at the surface of the flat plate
(Fig. 6a). The camera lenses (four Zeiss f = 100 mm and two Nikon f = 105 mm)
are operated at an aperture setting of f# = 11 to ensure sufficiently sharp particle im-
ages throughout the volume. Where necessary, Scheimpflug correction was applied.
An acrylic glass window ‘boat’ is attached to the plate above the measurement area
to improve the optical access through the free water surface. Using this window, the
volume is illuminated from the top of the water tunnel by the expanded beam of a
Quantronix Darwin-Duo Nd:YLF laser with a maximum of 2×25 mJ/pulse at 1 kHz
repetition rate (Fig. 6b). A programmable timing unit (LaVision PTU) generates the
1 kHz signal which triggers both oscillators at the same time. In phase with this, a
frame synchronising signal is generated and fed in parallel to all cameras. An addi-
tional signal triggers the recording of all cameras at the same frame. Data is recorded
in a time series of 2048 images at 1 kHz making a total observation time of 2 seconds.

The MART algorithm with 5 iterations is applied to gain a reconstructed volume
of 734×176×793 cubic voxels of 85.9 μm size. The subsequent PIV evaluation is
done in steps of 2 ms with the multi-grid evaluation resulting in a final interrogation
window size of 323 voxels (corresponding volume: 2.75×2.75×2.75mm3). At an
overlap of 75% the volume is thus represented by a total of 200376 (92×22×99)
velocity vectors spaced at intervals of 0.687 mm.

5.2 Results

The test campaign is designed as a fundamental experiment for the characterisation
of the turbulent boundary layer. Hence, a 2D-2C PIV measurement was performed
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Fig. 7 Instantaneous 3D-velocity volume extracted from a time series depicting flow struc-
tures by iso-surfaces of swirl-strength (λ2) and selected velocity planes (u − uref colour
coded, U = 0.53 m/s). Hairpin-like (A), cane (B) or arbitrary (C) vortices can be identified

first to verify the flow quality and characterise the boundary layer (details in [10]).
The free stream velocity is U = 0.53 m/s with a turbulence level below 0.5%. The
thickness of the turbulent boundary layer is 38 mm corresponding to ReΘ ∼ 2460
based on momentum thickness at the measurement volume.

Subsequently, the tomographic PIV measurement was performed. In the snap-
shots of the velocity vector volumes (Fig. 7) vortical structures such as hairpin-like
(A), cane (B) or arbitrary (C) vortices can be identified from the iso-surfaces of the
swirl-strength value λ2. With the adopted colour coding of the vectors to represent
the velocity u− uref , where low and high values are represented by blue and red
colours, respectively, speed streaks are visible. Further evaluation is carried out us-
ing space-time-correlations, conditional averaging and performing a comparison in
Eulerian and Lagrangian reference frames [10].

6 Conclusion

Tomographic PIV measurements have been performed in different applications en-
compassing wind and water tunnel test campaigns. The possibility of instantaneous
recordings within complete volumes allows the investigation of complex three-
dimensional unsteady flows. From the first feasibility studies, tomographic PIV has
been developed to a valuable tool, especially in turbulence research. Acquired data
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provide a deep insight into turbulent processes and serve as a validation base for
computational fluid dynamics.
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Time-Resolved Two- and Three-Dimensional 
Measurements of Transitional Separation Bubbles 

Sebastian Burgmann and Wolfgang Schröder* 

Abstract. Advanced methods of the Particle-Image Velocimetry (PIV) technique 
such as Time-Resolved and Stereo-Scanning PIV have been applied to investigate 
the separation bubbles on top of a finite circular cylinder and on the suction side 
of an SD7003 airfoil. A kind of three-dimensional vortex-shedding mechanism as-
sociated with the inviscid Kelvin-Helmholtz-instability has been identified to gov-
ern the flow field in both cases. The time-averaged velocity distribution is strongly 
affected by these vortex cascades although the unsteadiness of the bubbles due to 
the band of frequencies in the spectra of the vortex-shedding mechanism is hid-
den. Several analyzing methods are used and/or developed and the capabilities of 
more sophisticated experimental investigations of the three-dimensional flow field 
associated with separation bubbles are outlined. 

1   Introduction 

Laminar flow separation may occur amongst others at sharp edges, e.g. at a for-
ward facing step, or due to an adverse pressure gradient (APG). The separated 
shear layer is highly unstable in both cases and possesses a high receptivity of in-
stabilities. A transition mechanism develops and the flow reattaches enclosing a 
recirculation region. A simple model of the time-averaged flow field associated 
with an APG-induced separation bubble is shown in figure 1. Usually the sepa-
rated shear layer is governed by an inviscid Kelvin-Helmholtz instability mecha-
nism, leading to a roll-up of the shear layer and a consecutive vortex shedding 
process at the downstream end of the separation bubble. 

Such separation bubbles have been investigated by means of non-intrusive op-
tical measurement techniques like the Particle-Image Velocimetry (PIV) tech-
nique. Exemplarily the separation bubble on top of a finite circular cylinder, which 
represents the ‘sharp edge’ separation type, has been investigated, whereas  
the separation bubble due to an adverse pressure gradient has been analysed on the 
suction side of an SD7003 airfoil. To investigate the temporal development of the  
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Fig. 1 Model of the time-
averaged velocity distribu-
tion of an APG-induced 
separation bubble after 
Horton [6] 

 

separation bubble induced flow field a time-resolved PIV (TR-PIV) technique has 
been applied using high-speed cameras and lasers. Since the transition related vor-
tex shedding is supposed to be highly three-dimensional, additionally to a planar 
time-resolved analysis as provided by TR-PIV a three-dimensional velocity meas-
urement technique is necessary. The Scanning-PIV technique, i.e., the consecutive 
illumination of parallel light-sheet planes such that a volume is ‘scanned’, is used 
to analyze the three-dimensionality of the flow. Two methods are demonstrated 
and described in the following sections. First, a single camera can be used and the 
3D-velocity distribution is calculated assuming zero-divergence, and second, a 
combination of two cameras in a stereo setup can be applied. One of the draw-
backs of Scanning-PIV is the necessary prerequisite of low flow speed like in wa-
ter flows. Therefore, Holographic PIV offers another possibility to spatially highly 
resolve the instantaneous flow field even at higher speeds. This will be discussed 
in the final section. 

2   Principle Description of Scanning PIV 

A very simple way to spatially and temporally analyze the flow field is provided 
by a rotating-mirror drum technique, which has been applied to investigate the 
separation bubble on top of the cylinder. This technique uses a continuous wave 
Argon+-laser, a lens combination to generate a light sheet, and a cylindrical drum 
with mirrors which are stepwisely attached on the surface (see figure 2). The flow 
is illuminated at high speed in consecutive parallel planes. A camera whose opti-
cal axis is perpendicular to the planes is used to detect the particle movements 
within the planes. 

The in-plane velocity distribution can simply be calculated by usual PIV-
algorithms. Assuming vanishing divergence the third velocity component can be 
calculated by a form of the continuity equation given in equation 1 using the 
boundary condition of zero-velocity on the wall, i.e., the surface of the cylinder.  
In this equation εz denotes the accuracy of the light-sheet position with a  
maximum error of εz,max=0.2. The method has been successfully applied in  
Burgmann et al. [3]. 
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Fig. 2 Sketch of the Scan-
ning-PIV setup for the in-
vestigation of the separa-
tion bubble on top of a 
finite circular cylinder 
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Since the depth of field may exceed the depth of focus of the lens at a neces-
sary aperture, a dynamic focussing device may me used. Based on the system 
used by Angele et al. [1] such a system has been developed and tested which 
is based on a rotating disc placed between the lens and the camera. The pos-
sible defocusing of some measurement planes can be corrected by changing 
the optical path length inserting glass plates of different thickness in the  
disc. 

A more adequate way than calculating the third velocity component would 
be to directly measure the off-plane component which has been done using a 
Stereo-Scanning PIV setup with two cameras. This measurement technique 
has been applied for the investigations of the separation bubble on the suction 
side of an SD7003 airfoil [4,5]. The angle between the two cameras and the 
measurement planes causes some optical distortions which can be almost 
completely avoided by simply attaching liquid filled prisms on the  
test-section walls of the water tunnel (see figure 3). Since in this case infrared 
laser diodes have been used to illuminate the measurement volume whose 
light emission is invisible for the human eye the misalignment of the light-
sheet and the calibration grid becomes critical. A correction of this misalign-
ment has been performed applying a disparity map calculation following 
Wieneke [13]. 

Special care has to be taken to perfectly parallelly align the light sheets with  
respect to each other and the airfoil surface such that the spatial structure of the 
vortices in the reattachment zone of the separation bubble can be regarded as suf-
ficiently resolved. Using a double-slit device attached to the airfoil surface this 
prerequisite has been fulfilled in the measurements allowing to reliably visualize, 
e.g. streamlines, vorticity-contours, or λ2-contours. 
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Fig. 3 Sketch of the optical 
setup for the Stereo-
Scanning PIV measure-
ments on the suction side 
of an SD7003 airfoil 

 

3   The Three-Dimensional Flow Field on Top of a Finite 
Circular Cylinder 

In the following, some results of the TR-PIV and Scanning-PIV measurements of 
the separation bubble on top of the circular cylinder are presented. The cylinder 
and the mount, i.e., the base-platform have been designed according to the lay-out 
published by Leder [8]. The two-dimensional results in a single light-sheet aligned 
with the flow direction and perpendicular to the top surface of the cylinder evi-
dence a cascade of KH-like vortices to develop as a consequence of the geometry 
induced separation. The application of the optical flow technique which was per-
formed by P. Ruhnau and C. Schnörr (IPA Group, Department of Mathematics 
and Computer Science, University Mannheim) was proven to give similar results 
as the classical cross-correlation method of PIV (see figure 4). The three-
dimensional mean velocity field is exemplarily shown in figure 5 on the left for a  
 

 

Fig. 4 KH-like vortex structures on top of a finite circular cylinder. Calculation of velocity 
vectors by cross-correlation (left) and optical flow technique (right) 
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Fig. 5 Time-averaged velocity field (left) and instantaneous vortex field (right) on top of 
the cylinder at ReD=65,000, visualized by streamlines 

diameter based Reynolds number of ReD=65,000 depicting the huge recirculation 
region on top of the cylinder as well as some parts of the side-vortices emerging at 
the ‘edges’ of the cylinder-hat. Nevertheless, this flow field is highly unsteady as 
can be seen in figure 5 on the right showing a snapshot of the flow field. Several 
vortical structures are evident which possess some kind of lateral oscillation mo-
tion. Note, one central vortex seems to exist. It is oriented perpendicular to the 
freestream direction and forms a slight bow. On the lateral areas of this vortex two 
additional vortices emerge pointing more in the streamwise direction. These vor-
tices trigger some kind of fluttering motion, i.e., the orientation of the vortical axis 
alters in time, although they still point more or less in the downstream direction. 
These alternating vortices have also been found by Roh and Park [10] on top of a 
cylinder under similar conditions. 

Note, in these cases the third, i.e., the off-plane velocity component, has been 
calculated assuming vanishing divergence of the flow field. The reliability and ap-
plicability of this method has been shown in [3] and in the corresponding presen-
tation at the symposium ‘Lasermethoden in der Strömungsmesstechnik’, 
GALA06, for the case of vortical structures evolving on the suction side of an 
SD7003 airfoil. In the following section, these vortical structures will be further 
discussed. 

4   Temporally and Spatially Resolved Vortical Structures on an 
SD7003 Airfoil 

On the suction side of an SD7003 airfoil a separation bubble has been detected at 
angles of attack of α=4,6,8 and Reynolds numbers of Rec=20,000, 40,000, 60,000 
[2,4,5]. It has been shown in the last decade that Kelvin-Helmholtz-like vortical 
structures are associated with the occurrence of pressure-induced separation bub-
bles, e.g., by Watmuff [12] or McAuliffe & Yaras [8]. Using TR-PIV in a single 
light sheet these vortices have also been found for all investigated angles of attack 
and Reynolds numbers, an example of which is shown in figure 6 in a moving  
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reference frame exhibiting the typical cat-eye pattern associated with KH-
instabilities [5]. The analysis of the vortex shedding frequencies has evidenced a 
dependence of the Strouhal number based on the momentum thickness and bound-
ary layer velocity at separation fUSt ssKH θ=  on the angle of attack as well as 

on the Reynolds number as can be seen in figure 7. In other words, viscous phe-
nomena seem to strongly affect the originally inviscid KH-instability mechanism. 
The range of the Strouhal numbers in this case coincides with experimental and 
numerical results of Talan & Hourmouziadis [11] and Yang & Voke [14]. 

 

Fig. 6 (left) Cascade of vortices be-
ing shed from the main recirculation 
region exhibiting the cat-eye pattern, 
streamlines and vorticity contours 
are visualized in a moving reference 
frame 

Fig. 7 (bottom) Strouhal number as a 
function of angle of attack and Rey-
nolds number 

 
 
 

The characteristics of the separation bubble, i.e., separation point, transition on-
set, reattachment, etc. have been thoroughly investigated in [4,5]. Since the vortex-
shedding procedure at the downstream end of the separation bubble yields several 
locally confined backflow regions it has been tried to assess the instantaneous reat-
tachment and the standard deviation of this value, i.e., the range of vortex-size oc-
curring in the reattachment region. By extracting the wall-normal velocity w on a 
line almost parallel to the airfoil surface and defining a threshold value of 

                          ),~(25.1),~()( txtxwtw wthreshold σ⋅+=   (2) 

with ),~( txwσ  being the standard deviation of w the instantaneous reattachment 

has been analyzed leading to significantly smaller mean-values than the reattach-
ment lengths obtained from the time-averaged velocity field [5]. The bubble 
length calculated with the new method showed only a small dependence on angle 
of attack and a strong influence of the Reynolds number in contrast to the  
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separation which shows opposite behavior. Furthermore, it has been found that the 
bubble length may vary up to 20% of its mean length at angles of attack of 4° and 
may reach variations of up to 37.5% of the mean length at angles of attack of 8°. 
The standard deviation σ is approximately 13% at Rec=20,000 and exceeds 20% at 
Rec=60,000. That is, the vortices possess a size which is of the same order as the 
main recirculation region. Therefore, these vortices locally alter the pressure dis-
tribution by an amount which is not negligible and they strongly affect the aero-
dynamic performance and stability of small aircraft like micro-air vehicles 
(MAV’s). 

First measurements with light-sheet planes parallel to the airfoil surface and a 
single camera at Rec=20,000 gave rise to the assumption of the existence of 
curved three-dimensional vortices at the downstream end of the separation bubble 
[2]. This assumption has been further substantiated by Stereo-Scanning PIV 
measurements. It has been evidenced that the vortex structures undergo a deforma-
tion process when moving downstream. Several typical vortical structures can be 
found in the flow field as can be seen in figure 8. Starting with spanwise oriented 
vortex filaments further downstream c-shaped vortices and arc-like vortices ap-
pear as well as downstream pointing vortex structures. Nevertheless, it has been 
shown that the c-shape vortex seems to be the initial stage of the vortex deforma-
tion process, since arc-like and downstream pointing vortices can be interpreted as 
results of a decomposition process of c-shape vortices. A typical temporal devel-
opment process of a c-shape vortex is exemplarily presented in figure 9. Further 
details on the three-dimensional structures as well as on the coherence of Λ-like or 
arc-like structures with c-shape vortices can be found in [5]. Interestingly, the arc-
like structures become more dominant at higher Reynolds numbers. However, 
since the separation bubble in these cases is relatively small in relation to  
the measurement area a larger region of the flow field downstream of the reat-
tachment area has been recorded. At lower Reynolds numbers the possible further 
 

 

Fig. 8 Typical flow field 
evolving in the reattach-
ment zone of the separation 
bubble on the suction side 
of an SD7003 airfoil (α=6, 
Rec=40,000) showing c-
shape vortices, Λ-vortices, 
and vortex filaments visu-
alized by λ2-contours 
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Fig. 9 Typical temporal development of a c-shape vortex on the way downstream, showing 
the turning-in of the vortex arms, the constriction of the vortex in the mid-section and the 
consequent formation of screwdriver-like vortex pairs, visualization by instantaneous 
streamlines color coded with the z-direction (α=4°, Rec=40,000) 

deformation into Λ-vortices is beyond the size of the measurement volume. Fur-
thermore, the spatial resolution in terms of separation bubble length is reduced in 
these cases. Nevertheless, given the description in [5] the arc-like structures can be 
reconstructed as results of a deformation of a c-shape vortex even at higher  
Reynolds numbers. 

The influence of the freestream turbulence level on the size and characteristics 
of the separation bubble has also been investigated, showing the bubble to de-
crease significantly in size at higher turbulence levels. Nevertheless, the same 
three-dimensional vortex structures emerge at the downstream end of the main re-
circulation zone [4,5]. This result also substantiates the assumption that the  
c-shape vortex is somehow typical for this kind of separation bubbles. 
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5   Conclusion and Outlook 

Spatial velocity measurement techniques are essential to further and deeper under-
stand many flow conditions, since most technical applications involve three-
dimensional flow structures such as separation bubbles which may evolve due to 
sharp edges or adverse pressure gradients. Optical measurement techniques like 
PIV may serve as an adequate tool. Currently several PIV measurement tech-
niques like Scanning-PIV, Tomographic PIV, and Holographic PIV have been 
shown to be applicable to investigate three-dimensional flows. In this study, Ste-
reo-Scanning PIV or even ‘Mono’-Scanning PIV have been successfully applied 
to investigate separation bubbles and the three-dimensional vortical structures that 
evolve as a consequence of these bubbles. Nevertheless, due to velocity limita-
tions of the Scanning-PIV technique further investigations using analogue Holo-
graphic PIV are currently conducted which will allow the analysis of higher Rey-
nolds number flows. This holographic system has been designed as an Off-Axis 
stereoscopic setup with complex conjugate reconstruction following the work of 
Konrath et al. [7]. Based on a modular concept, i.e., one module for a parallel pro-
jection of the particle field close to the hologram and one reference beam module 
that also provides the reconstruction beam system, the double images can be  
recorded on the same hologram simply using two reference beams. 

Acknowledgements. This work was funded by the Deutsche Forschungsgemeinschaft 
within the priority research program SPP 1147 "Bildgebende Messverfahren für die 
Strömungsanalyse” (Imaging Measurement Methods for Flow Analysis) under the contract 
SCHR 309/25. 

References 

1. Angele, K.P., Suzuki, Y., Miwa, J., Kasagi, N., Yamaguchi, Y.: Development of a 
High-Speed Scanning Micro-PIV system. In: 6th Int. Symp. on Particle Image Ve-
locimetry, Pasadena, September 21-23 (2005) 

2. Burgmann, S., Schröder, W., Brücker, C.: Scanning PIV measurements of a laminar 
separation bubble. Exp. Fluids 41(2), 319–326 (2006); Special Issue PIV 2005 

3. Burgmann, S., Klaas, M., Schröder, W.: Vortex Detection via Scanning PIV measure-
ments. In: Symposium Lasermethoden in der Strömungsmesstechnik, GALA 2006, 
Braunschweig, paper 40.1, September 5-7 (2006) 

4. Burgmann, S., Dannemann, J., Schröder, W.: Time resolved and volumetric PIV 
measurement of the transitional separation bubble of an SD7003 airfoil. Exp. Flu-
ids 44(2), 609–622 (2007) 

5. Burgmann, S., Schröder, W.: Investigation of the vortex induced unsteadiness of a 
separation bubble via time-resolved and scanning PIV. Exp. Fluids (2008), 
doi:10.1007/s00348-008-0548-7 (Special Issue PIV 2007) 

6. Horton, H.P.: A semi-empirical theory for the growth and bursting of laminar separa-
tion bubbles. Aeronautical Research Council CP 1073 (1969) 

7. Konrath, R., Schröder, W., Limberg, W.: Holographic particle-image velocimetry ap-
plied to the flow within the cylinder of a four-valve internal combustion engine. Exp. 
Fluids 33, 781–793 (2002) 



92 S. Burgmann and W. Schröder
 

8. Leder, A., Hüttmann, F.: Leitexperiment: Umströmung eines Zylinderstumpfes, Kon-
figuration des Leitexperiments (2003), http://www.spp1147.tu-berlin.de 

9. McAuliffe, B.R., Yaras, M.I.: Separation-bubble-transition measurements on a low-Re 
airfoil using particle image velocimetry. In: Proceedings of GT 2005, ASME Turbo 
Expo. 2005, Reno, GT2005-68663, June 6-9 (2005) 

10. Roh, S.C., Park, S.O.: Vortical flow over the free end surface of a finite circular cylin-
der mounted on a flat plate. Exp. Fluids 34, 63–67 (2003) 

11. Talan, M., Hourmouziadis, J.: Characteristic Regimes of Transitional Separation Bub-
bles in Unsteady Flow. Flow, Turbulence and Combustion 69, 207–227 (2002) 

12. Watmuff, J.H.: Evolution of a wave packet into vortex loops in a laminar separation 
bubble. J. Fluid Mech. (397), 119–170 (1999) 

13. Wieneke, B.: Stereo-PIV using self-calibration on particle images. Exp. Fluids 39(2), 
267–280 (2005) 

14. Yang, Z., Voke, P.R.: Large-Eddy Simulation of Boundary-Layer Separation and 
Transition at a Change of Surface Curvature. J. Fluid Mech. (439), 305–333 (2001) 



Coloured Tracer Particles Employed for 3-D
Particle Tracking Velocimetry (PTV) in Gas
Flows

Dominique Tarlet, Christian Bendicks, Robert Bordás, Bernd Wunderlich,
Dominique Thévenin, and Bernd Michaelis

Abstract. This work describes an improved method for Particle Tracking Velocime-
try in three dimensions (3-D PTV), applicable forgaseous flows and based on coloured
tracer particles. This method allows a considerable increase of the tracer number den-
sity, while maintaining a constant rate of 3-D correspondence ambiguities from the
different cameras. It is therefore perfectly suited for gas flows, where a high tracer
density is requested to follow small-scale flow features. Furthermore, coloured tracer
particles enable a longer next-step searching distance for the lagrangian reconstruc-
tion of trajectories. First, theoretical and numerical considerations are presented to
check the ability of the employed coloured tracer particles to follow the considered
flow. Then, 3-D PTV results obtained by the method described here are shown and
appear to be very promising for later investigations of gas flows involving vortical
structures and recirculation zones down to small scales, around 1 mm.

1 Introduction

Although relatively often used for liquid flows, Particle Tracking Velocimetry (PTV)
is still considered as a major challenge in gaseous flows. The first difficulty is to
find tracer particles with properties suitable for such gaseous conditions, which is
a much more considerable challenge than in liquids [9]. The next major problem
is the occurence of ambiguities concerning one tracer particle seen by the different
cameras, especially considering the higher tracer densities necessary for gaseous
measurements [11, 14], resulting from higher characteristic speeds and smaller
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space- and time-scales of the important flow structures. Finally, technological lim-
its of the available cameras come into play when considering high local velocities
(beyond 10 m/s) in gaseous flows. Nevertheless, the widely recognized interest of
lagrange-based measurements (such as PTV) for the investigation of turbulence and
vortical structures in real flows [16] is a sufficient reason to face all these challenges.

The solution proposed in this work is to employ coloured particles and use the as-
sociated separation into different colour classes. Considering separately each result-
ing colour class, the apparent particle density is decreased without restrictions in the
measurement accuracy, which simplifies the computational task for re-constructing
trajectories. Due to the difference in the colour classes of two neighbour tracer parti-
cles the 3-D correspondence problem becomes immediately easier to solve. Colour
recognition is realised in practice by means of an Artificial Neural Network (ANN),
treating the raw information out of the Bayer-Pattern sensors of the cameras. The
technique described in this paper for particle colouring is easily reproducible by
other researchers, and a new training of the ANN would enable the recognition of
different colour shades produced by different pigments.

First, the ability of coloured tracer particles to respond to a steep change in the
velocity of a gaseous flow is quantified. The applied technique is then to locate the
particles in 3-D and to recognize their colour (presently red, green or blue), then to
re-build their trajectories by an algorithm treating 3-D spatial coordinates. Except-
ing colour recognition, a similar PTV strategy has already been employed by other
authors, e.g. [17, 12, 18, 15, 6]. The obtained results demonstrate that the complete
3-D PTV procedure is working very well in the considered flow, involving orga-
nized structures, is able to reveal small-scale flow information (millimeter size) and
simultaneously long uninterrupted trajectories, which constitutes an ideal comple-
ment to other measuring techniques, like Particle-Image Velocimetry. Present tests
demonstrate the possibility of extending this method to a higher number of colours,
and to apply it for gas flows at higher velocities.

2 Quantifying the Properties of Coloured Tracer Particles

In the course of this project, many different materials available on the commercial
market have been tested. The EMS (Expanded Micro Spheres) have been clearly
identified as being the best possible tracer for this purpose and are therefore retained
for all presented measurements [2]. The physical properties of EMS are listed in
Tab.1, together with a quantitative comparison of EMS with the best (non-coloured)
PTV tracers available commercially (oil fog droplets). It has been shown [13] that
oil droplets should have a diameter smaller than 3 μm to be employed as a tracer for
laser optical measurements. Nevertheless, our own measurements based on Phase-
Doppler Anemometry (PDA) show that the PEG droplets generated by a commercial
system (Dantec Dynamics 10F03) have a mean diameter of almost 7 μm in the
measurement section. For further comparisons both conditions (real system : 6.89
μm diameter denoted as PEG; ideal system from the litterature [13]: 3 μm diameter
denoted as REF) have therefore been considered in Table 1. Note that for the results
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Table 1 Properties of tracer particles

Name Density (kg.m−3) Mean diameter (μm)
available used here available used here

Expancel �(EMS) 24-70 70 20-120 70
Coloured EMS (r,g,b) 320 71-73
Polyethyleneglycol (PEG) 1130 6.89
Reference oil fog (REF) 1000 3 3

presented here, only EMS particles with a diameter of 70 μm are considered, while
other sizes, down to 20 μm have also been tested [2].

Dying of the particles is realised according to a standardized protocol. A small
quantity (70 mg) of EMS particles of diameter 70 μm is introduced into a polyethy-
lene recipient of volume 4 cm3. Then, 250 mg of a 50%-mix in mass of the dye (in
the present case Edding T25 liquid ink of colour red, green or blue), and 50% of
ethanol is added to the particles. Five minutes of careful mixing by means of a lab-
oratory spatule ensures a homogeneous repartition of the dye by means of transport
and diffusion through this porous medium. The dyed particles are then spread onto a
cardboard layer for a day, during which they are turned three times. After drying the
obtained colour particles are sieved through a metal filter of size 75 μm in order to
remove possibly agglomerated particles. A microscope check demonstrates that the
particle have kept their original structure and that the increase in diameter is negli-
gible, at most equal to 3 μm. Only the three primary colours (red, green and blue)
are used here, which is easiest for later recognition through a CMOS Bayer-Pattern
sensor, detecting directly these 3 primary colours.

It is established [19] that suitable tracer particles are difficult to identify for
gaseous flows, since the gas density is very low. This is particularly true at higher
turbulence levels, where fast trajectory fluctuations are found. This issue can be
quantified by computing three characteristic values describing the mechanical in-
teraction between a tracer particle and the surrounding flow: settling velocity, re-
laxation time and Stokes number. Settling velocity vt and relaxation time τp (Eq.1)
have already been discussed in detail in [2, 3]. The relaxation time τp characterizes
how fast the tracer particles react to a change in flow velocity [5]. In practice this
time corresponds to the time needed by a particle to reach 63% of its final velocity
after an instantaneous change in local flow velocity [8]. Results for τp are shown
in Table 2. The Stokes number Stk (Eq.1) is a ratio of crucial importance for PTV.
It quantifies the ability of tracer particles to adapt, quickly enough or not, their ve-
locity to the instantaneous velocity of the surrounding gaseous flow. Equation (1) is
obtained by considering a Stokes flow around the tracer particles [5], while τ f is the
characteristic time-scale of the gaseous flow, obtained by dividing a characteristic
scale by a characteristic velocity:

τp =
1

18
ρpd2

ρ f ν
, τ f =

lchar

Vchar
, Stk =

τp

τ f
(1)



96 D. Tarlet et al.

Table 2 Stokes number Stk obtained with the different tracer particles for the present flow
conditions

coloured EMS PEG REF
d (μm) 73 6.89 3
τp (s) 39.8×10−4 1.63×10−4 2.74×10−5

τ f ,min (s) 4.75.10−2

τ f ,max (s) 0.19

Stkmin 2.1×10−2 8.6×10−4 1.4×10−4

Stkmax 8.4×10−2 3.4×10−3 5.8×10−4

Building on top of previous generic numerical simulations of large-scale flow in-
stabilities [1], the real wind tunnel employed for the later measurements has been
considered in the present computation. After a steady-state simulation (Fig.1) with
inlet velocities between 0.5 and 0.8 m.s−1, the Reynolds-Stress Model (RSM) is
used in its low-Reynolds formulation for a further unsteady computation relying on
Fluent. RSM is considered suitable to describe the flow patterns resulting from an
anisotropy in the Reynolds stress, such as the recirculations found here around the
curved winglets interacting with each other. These unsteady simulations reveal vor-
tical structures with a perimeter lchar between 9.5 and 19 mm, with inside velocities
Vchar between 0.1 and 0.2 m.s−1, leading to the characteristic flow time scale listed
in Table 2. It is finally observed from Table 2 that the coloured EMS particles lead
to a very low Stokes number (typically around 10−2) for the considered flow con-
ditions, and are therefore perfectly suitable for the considered investigation. First

Fig. 1 Example of computational results employed to get an order of magnitude of the ex-
pected flow fluctuations. Here, the instantaneous velocity field (in m/s) is shown in the middle
plane (zoom on the winglet region)
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tests have demonstrated that EMS particles with a diameter down to 20 μm can be
used to investigate flows with higher velocities or higher turbulence. At such scales
the separation into colour classes is a real challenge and the ANN procedure is still
being improved for that purpose [7]. Therefore, the results shown later employ only
EMS particles of 70 μm diameter.

3 Colour Recognition by Artificial Neural Network

In the present application colour recognition is used to differentiate between colour
classes and to separate between different colour shades. Consequently, the use of
Artificial Neural Network (ANN) trained with user’s data is an appropriate solution.
Monochrome indexed images are used, with raw information from a G-R/B-G Bayer
Pattern (”input data”, see Fig.2) delivered to the entry layer of the ANN as a feature
vector of 12 elements [7]: The 9 values of the pixels around the next green one, plus
the 2-D coordinates on the image and one integer function of the location of the next
green pixel on the Bayer pattern (0: there, 1: right, 2: left, 3: below, 4: above).

In order to train the ANN, the wind tunnel is first seeded exclusively with red or
green or blue EMS-particles of 70 μm diameter, leading to a training file composed
of 5000 feature vectors for each colour. This information is passed to an ANN com-
posed of 4 layers with 12, 9, 5 and 3 neurons respectively. The training algorithm
is based on back-propagation, activated through 5000 steps. The steepness coeffi-
cient of the activation functions of the neurons has been raised to 0.8 for the last
layer, to 0.65 for the 2 intermediate layers, and left to 0.5 at the entry layer. The
resulting ANN is then tested against a set of 100 feature vectors of each colour, ran-
domly sampled among non-training data. For each colour, the percentage of effec-
tively recognized vectors is called ”Recognition rate”. Excellent results are obtained,
with a typical recognition rate exceeding 90% : 97% for red, 91% for green, 85%
for blue.

Fig. 2 ANN principle for colour classification
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4 3-D Coordinates by Means of Photogrammetry

Besides solving the 3-D correspondence problem, calibration of each camera is
required to compute 3-D coordinates. Calibration means determining the extrin-
sic and intrinsic parameters of the used camera model. Extrinsic parameters de-
fine the location and orientation of the camera reference frame with respect to a
known world frame. The intrinsic parameters characterize the optical, geometric,
and digital properties of the camera. The mathematical formulation of the cam-
era model is expressed by the collinearity equations which describe the trans-
formation of 3-D world coordinates to 2-D image coordinates [10]. To compute
the unknown camera parameters a set of well-known 3-D coordinates is needed,
which can be mapped to their corresponding positions in camera images. For
this purpose the image of a calibration target (Fig.3, left) is captured for each
camera. For each mark two colinearity equations are set up (one for each im-
age coordinate). This leads to an over-determined equation system, solved by the
least-squares method.

To search for tracer correspondences in camera image triples the epipolar geom-
etry is utilized as described by Maas [11]. Imagine a line defined by the center of
projection of a camera to a (tracer) position on the image plane of the same camera.
Its projection to the image plane of another camera is called epipolar line. Candi-
dates of corresponding tracers would only be located on a small band around this
line. Although the search space is now quite restricted, there is still a large number
of candidates at high particle densities. The number of ambiguities can be reduced
by taking the third camera image into account. Here also the epipolar line of the
selected position in the first camera image is created and furthermore all epipolar
lines based on candidates of the second image. The number of candidates is now
limited to tracer positions near to intersections of epipolar lines (Fig.3, right). Nev-
ertheless there will be still a number of ambiguities [11]. For a further reduction of
ambiguities, the colour information can now be used, as described in the previous

Fig. 3 Calibration target (left) and example of correspondence search using epipolar geome-
try and considering colour (right)
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section. Finally the 3-D positions of the tracers are calculated by triangulation, in
conjunction with the calibration data.

5 Re-building Trajectories

The presently employed PTV method uses the specific algorithm of Crocker and
Grier [4] to link locations of the N particles present at a given step of time. Colour
information is also taken into account. The principle of this algorithm relies on the
squared displacement δ 2

i between the point of ID i and its corresponding candidate
at the next step of time. This algorithm actually minimizes the sum of these squared
displacements, ∑N

i=1 δ 2
i . More efficient algorithms are presently being tested.

6 Experimental Setup

For the present PTV measurements a suitable flow involving interesting structures
has been generated within the focal depth of the cameras. It relies on a small Eif-
fel wind-tunnel (non-recirculating, roughly 1 m long) seeded on the suction side
with dyed EMS-particles (Fig. 4). Three polyethylene winglets (as already shown
in Fig.3 and in the computation in Fig.1) of length 17 mm are placed within the
measurement region of size 25 mm × 30 mm × 6 mm (depth). Based on the pre-
viously presented simulations, these winglets are intended to create characteristic
flow patterns involving recirculation (top), large streamline curvature (middle), and
sudden acceleration (bottom). PTV and even more PTV based on colour recogni-
tion requests an excellent illumination. For this purpose four DEDOCOOL lamps
are employed. They are equipped with daylight filters enabling to obtain a colour
temperature between 5000 and 5300 K, which corresponds to a white light for the

Fig. 4 Experimental setup, showing the rigid support for lamps and cameras (left) and the
wind-tunnel measurement section (right)
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human eye. This colour temperature is essential to obtain proper colour recognition.
To capture the images 3 Basler A500kc cameras (1280 × 1024 pixels) are focused
on the measurement section.

7 Results of 3D-PTV Involving Coloured Tracers

Due to lack of space, the two-dimensional validation of the developed PTV pro-
cedure by comparison with Particle-Image Velocimetry cannot be presented here.
Full-scale 3-D PTV results relying on colour recognition as described in the pre-
vious sections are therefore presented directly. An exposure time of 1 ms has been
used in the present case (Fig.5). The key observation is that the three flow features
mentioned previously (corresponding to recirculation, strong deviation and rapid ac-
celeration) appear very clearly in the PTV results. Although a detailed comparison
is beyond the scope of this publication, the agreement with companion flow sim-
ulations, as introduced before (Fig.1) is already striking concerning the main flow
features. The acceleration between the 2 bottom winglets and the evolution of the
velocity field above the top winglet are fully resolved, leading to a smooth evolu-
tion of the measured velocities. Even small-scale flow structures (around 1 mm) are
identified by the PTV measurements, especially in the recirculating zone at the top
of the measurement section. For the present image, the flow was seeded with 40%

Fig. 5 3-D PTV results of velocities around the three winglets, using three different tracer
particle colours (scale in mm)
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of red particles, 35% of green and 25% of blue, which should lead globally to a
maximum recognition rate when considering results of Section 3.

8 Conclusion

The results presented in this work demonstrate that colour recognition can effec-
tively be employed for 3-D PTV measurements in gaseous flows. These very first
results are already promising but major progress are still expected during the re-
maining 18 months of this project. The algorithms underlying colour recognition
and 3-D PTV will be further improved, in order to enable use of more colours and
of an even higher seeding density.

Acknowledgements. The authors would like to thank the DFG (Deutsche Forschungge-
meinschaft, Schwerpunktprogramm 1147) for the financial support of this project. The help
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Two Scale Experiments via Particle Tracking
Velocimetry: A Feasibility Study

Matthias Kinzel, Markus Holzner, Beat Lüthi, Alexander Liberzon,
Cameron Tropea, and Wolfgang Kinzelbach

Abstract. In preparation of simultaneous large-scale / small-scale 3D Particle
Tracking Velocimetry (3D-PTV) experiments in a developing turbulent flow we per-
formed two types of measurements separately: (i) the velocity and coarse-grained
velocity derivatives were measured in a large observation volume with focus on the
large-scale flow features and (ii) spatially resolved velocity derivatives were mea-
sured in a small observation volume with the goal to obtain small-scale quantities
associated with vorticity and strain. In this contribution we demonstrate that the
characteristic flow structures were captured and velocity derivatives were accessed
with sufficient accuracy. The problem of measuring velocity derivatives both in the
Lagrangian and Eulerian frame of reference is also addressed. Although compara-
ble accuracies in both settings could be achieved with our method, only statistics
obtained from the spatially resolved measurement were found to be practically the
same in both settings.

1 Introduction

Turbulent flows are intrinsically three-dimensional and characterized by a wide
spectrum of scales, with eddy sizes ranging from the largest size, the integral scale L,
down to the dissipative scale, the Kolmogorov length scale η . The Reynolds number
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of the flow determines the separation between the largest and smallest sizes, where
L/η ∝ Re3/4, [13]. For the instantaneous measurement of the 3D flow field it is
desirable to capture all relevant scales for a complete characterization of the tur-
bulence at a given Reynolds number, which poses resolution requirements that are
often difficult to meet. A second challenge concerns the measurement of flow infor-
mation not only in a fixed frame of reference (the ”Eulerian” frame), but also along
the paths of fluid parcels (the ”Lagrangian” frame), which is of great importance for
example for the understanding of turbulent mixing processes, [14].

Modern non-intrusive whole field measurement techniques involve the use of
high-speed cameras to image the motion of small neutrally buoyant tracer
particles seeded into the flow within a given observation volume. Some of these
techniques are further developments of the widely used planar Particle Image Ve-
locimetry, where 2D velocity information is extracted via correlation techniques
from the recorded images of two subsequent exposures and a laser light sheet is
typically used for the illumination of the tracer particles, see [12] and references
therein. The Scanning-PIV technique uses a light sheet scanning rapidly through the
measurement volume, e.g. [1]. The volume is sliced by the laser sheet at sequential
depth positions where the particle image pattern is recorded. The velocity informa-
tion is then calculated for individual planes with the use of standard PIV methods.
Alternatively, Tomographic-PIV uses a multi-camera setup to image an illuminated
volume and reconstructs the 3D particle positions as a light intensity distribution
by means of optical tomography, [2]. The reconstructed tomogram is then ana-
lyzed by means of 3D cross-correlation of two subsequent exposures. The so-called
Defocusing-PIV relies on the defocusing principle to extract depth information from
the recorded image of an observed volume and in principle one single camera with
multiple apertures can be used, but higher seeding densities can be achieved with
more than one sensor, e.g. [11]. Presently, the techniques mentioned up to now have
a potential to reconstruct the three components of a number of velocity vectors of
the order of 103 − 5 · 104, but so far this information is essentially restricted to the
Eulerian frame of reference.

Particle tracking velocimetry (3D-PTV) instead is an intrinsically Lagrangian
measurement technique that has been established in an automated form as a valuable
tool for 3D flow measurements over the last two decades or so, e.g. [10] and ref-
erences therein. The method relies on the stereoscopic recognition and subsequent
tracking in time of tracer particles in an illuminated volume by using a multi-camera
setup. A bottleneck of this technique lies in the maximum seeding density of tracer
particles. In order to keep a low probability of false particle detection and of over-
lapping particle images the number of particles detected per frame is restricted to
the order of 103. Using a scanning light sheet the maximum seeding density could
be increased to an order of 104, see [6]. At this point, for a given flow problem to be
analyzed there is a tradeoff between the use of a larger volume to capture the larger
flow scales at the expense of spatial resolution at the smaller scales or, alternatively,
it is possible to focus on a small observation volume and resolve the viscous scales
but then one has to compromise on the larger scales. In a recent further development,
[9] succeeded to obtain a resolution that is high enough to allow the full tensor of
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velocity derivatives to be measured for the first time along particle trajectories. Due
to the limitation on the seeding density, the Reynolds number was kept low and the
observation volume small (∼ 1cm3).

The motivation of the present study is to perform preliminary experiments in
preparation for a new method that will yield Lagrangian small-scale information, but
at the same time also relevant information on the large-scale structures of the flow.
The method will be based on 3D-PTV measurements simultaneously in a small and
a large observation volume. The feasibility of the method was tested by perform-
ing the two types of experiments separately. In the next section we describe the
method and thereafter show the results in Section 3, followed by a summary and
outlook.

2 Method

The measurements have been carried out in a 200×200×300 mm3 water tank in
which the flow is mechanically forced from the top by an oscillating grid, see Fig. 1.
The apparatus is the same as the one described in [4] except for the geometry of
the grid. The simple woven screen was replaced by a fractal grid so that turbu-
lence could be excited more effectively and over a larger range of scales. Following
[7] a fractal grid with the simplest cross-type fractal pattern, a maximum grid bar
width of 4mm and three fractal iterations was installed. The grid was driven with
a frequency of 9 Hz and a stroke of 8 mm. The particle tracking velocimetry (3D-
PTV) system consists of a Photron APX high-speed camera (1024×1024 pixels)
in combination with an image splitter that mimics a four-camera setup, see [6]
for details. In a first experiment the light beam of a continuous 20 Watt Argon-
Ion laser is expanded through spherical lenses to illuminate a large volume of size
50×50×40 mm3 (thereafter referred to as Exp I) and in a second experiment a
smaller volume of size 15×15×15 mm3 is illuminated (Exp II), see Fig. 1. The
velocity and velocity derivatives along particle trajectories were measured for the
two types of experiments in the same way as described in [9]. For Exp II the fil-
tering scale was of the order of the integral scale of the flow. The postprocessing
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Fig. 1 Schematic of the experimental setup
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was extended to allow for interpolation of the measurements on an Eulerian grid,
similar to [5]. The Eulerian data was filtered in time by using binomial coefficients
to realize a compact but Gaussian weighting function. The applied filter width was
about 0.1τη , where τη is the Kolmogorov time scale. The measured r.m.s. velocity
of the flow was about 10 mm/s and we estimated η=0.4 mm using η = (ε/ν)1/4,
where ε = 2νs2 is the measured dissipation (s2 = si jsi j is the rate of strain and
si j are the components of the rate of strain tensor). The Taylor microscale, λ , was
about 6 mm and τη was estimated as 0.3 s. The Taylor-microscale Reynolds number
is Reλ =60.

3 Results

Similar to [4], in the present experiments the grid is started from rest and gener-
ates a turbulent flow region that spreads through the region of interest in time via
entrainment of surrounding irrotational fluid. The results are based on a statistical
analysis of velocity derivatives measured in experiments I and II. First we assess
the accuracy of the measurements and after that we discuss the results related to the
small and large scale structure of the flow, separately.

3.1 Checks

Coarse-grained velocity derivatives were obtained from Exp I, while spatially re-
solved velocity derivatives are available from Exp II. First, following the approach
of [9], statistical checks based on precise kinematic relations are presented to val-
idate our methodology and to assess the accuracy of the measurements in the La-
grangian and Eulerian frame.

The first check involves the Lagrangian acceleration obtained directly through
differentiation along particle paths and independently obtained spatial derivatives
of the velocity. The Lagrangian acceleration ai = Dui/Dt, is related to the local
acceleration, al,i = ∂ui/∂ t, and convective acceleration, ac,i = u j∂ui/∂x j, through
the following equation:

Dui

Dt
=

∂ui

∂ t
+ u j

∂ui

∂x j
(1)

Joint PDFs of ai versus al,i +ac,i are shown in Fig. 2 for Exp I (top) and Exp II (bot-
tom). It can be seen clearly that most points fall onto the diagonal and the aspect
ratios of the iso-probability contours are very close to the ones shown in [9]. Inter-
estingly, the result looks very similar for both types of experiments indicating that
coarse-graining might affect Lagrangian acceleration and spatial derivatives of the
velocity in a similar fashion so that the balance of Eq. 1 is maintained. For the above
check, the Lagrangian data set was used, but the results obtained from the Eulerian
data set (not shown) look practically the same. This indicates that the accuracy of
the measured velocity derivatives is comparable for the two settings.

Another good resolution check involves the two invariants of the velocity gradi-
ent tensor, the first one relates to the relative strength of enstrophy and strain, Q =
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Fig. 2 Joint pdf of al,i+ac,i versus ai for i=x, y, z for Exp I (top) and II (bottom)

1/4(ω2 −2s2), and the second one to their production terms, R = −1/3(si js jkski +
3/4ωiω jsi j). In homogeneous, statistically stationary turbulence the dominance of
strain production for Q < 0 leads to the well known ‘tear drop’ shape of the iso-
probability contours, while for coarse grained gradients the plots are symmetric.
Fig. 3 shows Joint PDFs of R versus Q for Exp I (top) and Exp II (bottom) obtained
from the Lagrangian (left) and Eulerian (right) data set. While the iso-contours from
Exp I are symmetric and follow a Gaussian behavior (Fig 3 (top)), the results ob-
tained from the well resolved data set yield the tear-drop shape (Fig 3 (bottom)).
We note that for Exp I the variances of R and Q of the Eulerian data set are higher
compared to the Lagrangian data set (Fig 3 (top)).

3.2 Small Scale Results

To further assess the effect of interpolation of the Lagrangian data onto the Eulerian
frame we compare PDF’s of the invariants R and Q.

The PDF’s of R and Q are depicted in Fig 4 for Exp I (top) and Exp II (bot-
tom). Again for Exp I there is a considerable difference between the PDF’s obtained
from the Lagrangian and the Eulerian data set. From similarity arguments we ex-
pect a general decrease of the values of R and Q through coarse graining and indeed
the shape of the PDF from the Lagrangian data set follows this trend (Fig. 3 (top,
left), Fig. 4 (top)), whereas the PDF from the Eulerian data set remains broader
(Fig. 3 (top, right), Fig. 4 (top)). The reason for the difference between Eulerian
and Lagrangian results in Exp I is persently not clear and will be subject to future
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Fig. 3 Joint PDF of R versus Q for Exp I (top) and II (bottom) obtained from the Lagrangian
(left) and Eulerian (right) data set

inverstigations. The PDF’s obtained from the Exp II collapse, suggesting that both
vorticity, strain and their production terms are well resolved.

3.3 Large Scale Results

The animation of enstrophy magnitude iso-surfaces in time is well suited for the vi-
sualization of the propagation of the turbulent region of the flow through the region
of interest. Fig. 5 (left) and (middle) show two snapshots of these iso-surfaces at time
t=1 and 2 s. In Fig. 5 (left) one can clearly distinguish between the turbulent region
of the flow and the irrotational ambient fluid below. At the beginning of the exper-
iment the turbulent eddies are concentrated in the upper half of the domain (Fig. 5
(left)) and after some time they are visible in the whole domain (Fig. 5 (middle)).
In Fig. 5 (right) a contour plot of the ωz magnitude in the mid-plane of the observa-
tion volume is shown together with the velocity vectors for t=2s. We can track the
boundary of the turbulent region in time by using a simple level based method like
in [4]. For each time instance t, and for each x and z the turbulent boundary is the
lowest point, y∗(x,z,t), in which the magnitude of the signal exceeds a fixed (for
all times and x,z locations) threshold on vorticity. For each time the mean position
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of the turbulence boundary is the average in the (x,z)-plane of the detected points,
i.e., H(t) = 〈y∗(x,z,t)〉x,z. The propagation of the turbulence boundary is depicted
in Fig. 6 where H(t) is plotted over time in linear (left) and logarithmic (right) coor-
dinates. The solid line is a best fit taken from the Particle Image Velocimetry (PIV)
measurements in [8] (the error bars represent the experimental scatter) and the cir-
cles are the present experiment. We note that our measurements are in agreement
(within the experimental uncertainty) with [8]. This demonstrates also quantita-
tively that the relevant large-scale flow features could be successfully measured.
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4 Summary

In summary, we performed measurements of a developing turbulent flow by using
3D-PTV, a measurement technique that captures the velocity and velocity deriva-
tives in a Lagrangian setting. In the experiments the turbulence is driven by an
oscillating grid and spreads in time through the observation volume. A first ex-
periment was performed with an observation volume large enough to access the
dynamics associated with the energy containing eddies of the flow. From this exper-
iment, the fields of coarse-grained velocity derivatives were calculated and with the
use of these fields, first, the flow structure was visualized and, secondly, the spread-
ing of the turbulent region was measured. The measurements were shown to be in
close agreement with the results in [8]. In a second experiment a small observation
volume was used so that the small intermediate range of scales of the flow could
be discussed. While accuracy checks based on kinematic relations were shown to
yield satisfactory results for both types of experiments, only from the small-scale
experiment could genuine features of turbulence, like the tear-drop shape of the
iso-probability contours of the R-Q plot, be recovered. Velocity derivatives were
obtained in both the Lagrangian and Eulerian frame of reference. Although the ac-
curacies were found to be comparable in both frames of reference, only statistics
based on the spatially resolved measurement coincide in the two settings. Statistics
of coarse-grained velocity derivatives were found to be somewhat different when
obtained from the Eulerian or Lagrangian data set. We conclude that coarse-grained
derivatives are useful, for example, for a qualitative characterization of the larger
scales of the flow field, but they have to be used with caution. Subtle issues related
to genuine properties of turbulence might not be recovered and the statistics might
depend on specific filtering. However, this is precisely a reason why simultaneous
two-scale measurements are needed.

The future step is to do both experiments, the recording in the large and in the
small volume, simultaneously. This will allow for the coupling of the information
on the large and the small scales and will shed more light on the interaction between
eddies of different sizes, for example. For the future simultaneous measurements
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some additional technical amendments will be necessary: two cameras (one with
focus on the small, the other with focus on the large volume) will be synchronized
and cross-calibrated as it was done in a previous study by the authors, [3]. To allow
for different seeding densities in the two volumes, two different types of particles
will be used, namely Rhodamine labelled particles for the large volume and conven-
tional Polystyrene particles for the small volume. The first camera will be equipped
with a dichroic red filter and the second camera with a dichroic green filter.
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8. Kinzel, M., Holzner, M., Lüthi, B., Tropea, C., Kinzelbach, W., Oberlack, M.: Scaling
laws of turbulent diffusion - an experimental validation. Exp. Fluids (2008) (in review)
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Extended Three Dimensional Particle Tracking
Velocimetry for Large Enclosures

Elka Lobutova, Christian Resagk, Robert Rank, and Dirk Müller

Abstract. An extended three-dimensional particle tracking velocimetry (3D PTV)
technique for the determination of trajectories, velocity vectors and flow pattern
within a large cylindrical observation volume was developed and applied in a
Rayleigh-Bénard (RB) cell. The 3D PTV system consists of four CMOS cameras,
two flash lamps, an image recording and data processing system. Helium filled soap
bubbles and latex balloons have been used as tracer particles. The spatial resolution
and accuracy have been investigated in a test cell with the dimensions of 4×3×4m3

by means of a given trajectory of a small glass sphere. A first application of the de-
veloped 3D PTV system in the large RB cell with a diameter of 7.15m and a height
of 3.5m showed different characteristic flow patterns of the mean flow outside the
boundary layers. The proposed technique has a wide range of potential application
for the analysis of indoor air flows.

1 Introduction

Characterization of the large scale flow structures in ventilated rooms [3] is a largely
unresolved problem of experimental fluid mechanics. The present work is an attempt
to solve this problem using an optical technique, namely 3D PTV.

There are many well-known flow measurements techniques such as hot-wire
anemometry (HWA), laser Doppler anemometry (LDA), particle image velocimetry
(PIV) and particle tracking velocimetry (PTV). Each of them provides appropriate
measured data for the derivation of defined flow properties. But none of them is
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appropriate to deliver all the parameters of the flow. HWA and LDA, e.g. [13] pro-
vide high spatial and temporal resolution for up to three components of the velocity
but are limited to point measurements. They are unable to capture the instantaneous
flow pattern, also known as coherent flow structures. PIV, e.g. [11] allows the deter-
mination of the flow field simultaneously at many points in the observation volume
but it is limited to a two-dimensional analysis due to the light sheet illumination.
An additional option of the PIV technique is the stereoscopic PIV. Thus we have the
ability to measure the third velocity component but only in the given 2D light sheet.
For the investigations of the Lagrangian trajectories, their statistics and the capture
of the coherent large scale flow structures a full three-dimensional flow measure-
ment technique like 3D PTV is suitable. The history of PTV is not new, it is one of
the oldest flow measurement techniques. But until now there is no application of the
3D PTV technique suited for the determination of velocity fields and particle tra-
jectories in very large measurement volumes. But why is the development of large
scale 3D PTV so important?

For example, it is a great challenge to ensure good thermal comfort in rooms with
a great many humans or heat generating devices e.g. in large office rooms or in pas-
senger compartments of aircrafts, railway carriages, and cars. The airflow in these
confined, or sometimes partly open, rooms is influenced by the geometry, the size
of openings, the distribution of thermal loads, and the existence of any forced ven-
tilation. Because of the superposition of all these influences, the structure of indoor
flows is always very complex, highly turbulent and distinctly three-dimensional,
and is therefore very hard to predict. Hence it is useful to study first the natural con-
vection apart from the forced convection. A common model experiment for natural
convection is the Rayleigh-Bénard (RB) cell. This is an adiabatic enclosure heated
from below and cooled from the top. As a result the density at the bottom layer
becomes lower than at the top, the fluid becomes lighter and vertical convective mo-
tion ensues. Beside the investigations of the boundary layers over the hot plate and
under the cold plate the coherent large scale flow structures in the bulk are of special
interest, because they occur in different modes at different aspect ratios (Γ = D/H)
and Rayleigh (Ra) numbers.

From previous experimental investigations at high Ra and aspect ratio Γ = 1 we
know about the existence of one large convective roll [12]. Compared to this case
the flow in RB cells with aspect ratio Γ �= 1 was investigated very rarely and the
knowledge about the turbulent flow structure in the bulk (wind) is limited. Xia et al.
[14] published for the first time the investigation of the large scale velocity structures
in a rectangular water cell. First systematical study of the wind properties and the
hypothetic flow patterns in a cylindrical air cell that would match observations for
a continuously varying aspect ratio were published by du Puits et al. [10]. They
report about direct measurements of both horizontal velocity components using a
2D LDV as well as measurements of temperature profiles using very small and
fast microthermistor probes on the central axis of the RB cell. They analyze the
autocorrelation functions of velocity and temperature time series and infer indirectly
the global flow structure.
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A qualitative study of the flow indicated the existence of different and particu-
lary new flow structures. As deduced from earlier stereoscopic PIV measurements
[1] there are mainly two states namely large single roll (LSR) and small single roll
(SSR). But the stereoscopic PIV could not capture the small tornados, arising down-
wards from the cooling plate and upwards from the heating plate.

The development of the 3D PTV system started in 1990 [7, 8, 9]. It is based
on methods of digital photogrammetry and recording particle image sequences by
more than one synchronized camera. In early works this system was applied in test
volumes from 120×120×15mm3 to 200×200×40mm3.

In this paper we will describe the application of the 3D PTV system in an obser-
vation volume of about 130m3 for the determination of long term particle trajectories
and large scale flow patterns.

2 Experiment

2.1 The Barrel of Ilmenau

The experiments are performed in a large Rayleigh-Bénard experiment called ”Bar-
rel of Ilmenau” (BOI) (figure 1). It is a cylindrical container with a diameter
D = 7.15m and a height H, which can be varied between 0.05m and 6.30m. For
our measurements we have chosen a constant height H = 3.57m, corresponding to
an aspect ratio Γ = D/H = 2. The working fluid is air. The temperature of the heat-
ing plate can be adjusted between 20◦C and 80◦C whereas the temperature of the
cooling plate is kept at 20◦C. For the measurements described in this paper we set
up a temperature difference ΔT = 40◦C. In this context, the Rayleigh number,

Ra =
αgH3ΔT

νκ
(1)

is 1,3× 1011, where α is the thermal expansion coefficient, g is the gravitational
acceleration, ν is the kinematic viscosity and κ is the thermal diffusivity.

As figure 1 shows, camera and illumination units are mounted on the wall inside
the cell, the rest of the supporting equipment is placed on the cooling plate. As
tracer particles we use helium filled soap bubbles, which are delivered from a bubble
generator via flexible tubes. They are inserted in the measurement volume through
conical diffusors which reduce the outlet velocity of the bubbles. In addition, for
long term trajectory measurements we use latex balloons, which are also filled with
helium and which can be added to the flow manually.

2.2 3D PTV System

A detailed description of the 3D PTV technique is given in papers by Maas [4] and
Malik [6]. Therefore we will only give a short overview of the basic principles and
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Fig. 1 Schematic diagram of the experimental facility ”Barrel of Ilmenau” and the setup of
the 3D PTV system. 1 and 2 illustrate respectively the cooling and the heating plate of the
Rayleigh-Bénard cell; 3 is the camera system, consisting of four Canon CMOS SLR cameras;
4 is the illumination unit, consisting of two Elinchrom high power flashes; 5 is the control
and storage unit and 6 illustrates the bubble generator. Cameras and flashes are mounted on
the wall, the rest of the supporting equipment is placed on the cooling plate. The bubbles
are transported from the generator via flexible tubes and inserted in the measurement volume
through conical diffusors which reduce the outlet velocity of the bubbles

will describe in detail the special requirements imposed for measurements in a large
observation volume.

Before starting the measurements a camera calibration is necessary. For this pur-
pose calibration targets are placed into the object space (wall and heating plate) to
be imaged by the cameras. After a user supported preorientation the processing of
the calibration images is performed automatically with the result that all parameters
describing exterior and interior orientation and lens distortion for each camera are
known.

Then the procedure of the 3D PTV application is as follows. The convectively
driven flow is seeded with appropriate particles. The observation volume is illumi-
nated uniformly using lamps with continuous emission or pulsed light sources. The
particles are imaged by at least two synchronized cameras, but to reduce ambiguities
it is advisable to use three or four cameras.

The pre-processing of the images begins with the elimination of the static back-
ground and after that the particle images can be segmented by using a region grow-
ing algorithm. The image coordinates of the particles are determined in each frame
with sub-pixel accuracy by estimation of the gray value weighted center of gravity.

Now, knowing the orientation parameters of the cameras from the calibration
procedure, the correspondent particles are computed by epipolar geometry. This
means that proceeding from a specific point in one image an epipolar line in another
image can be calculated, so that the corresponding point can be found.
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After the establishment of the stereoscopic correspondences, the computation of
the 3D coordinates of the particles is performed using the strict solution via least
squares adjustment, called intersection. These results are passed on the tracking
module to establish correspondences in time [6].

2.3 Tracer Particles

To make the flow visible it has to be seeded with small, neutrally buoyant tracer
particles. This is relatively easy if the working fluid is water or another liquid, but
it is a real challenge to find flow markers for air in a large volume. The reason for
this is on one hand the physical density of the particles should correspond to the
density of the flow medium and their size should be as small as possible to guaran-
tee appropriate response behavior. On the other hand, the particles should be large
enough to be visible for the cameras by suitable illumination.

We have chosen to use two types of tracer particles, namely helium filled soap
bubbles with a diameter of 4mm and helium filled latex balloons with a diameter
of about 15cm. The principle of helium filled particles is that a lighter-than-air gas
inside a hollow sphere is used to compensate the sphere’s mass. Both of the tracer
particles have advantages and disadvantages. The use of soap bubbles allows us the
reconstruction of the instantaneous three-dimensional velocity field, but we are lim-
ited in the case of Lagrangian measurements because of the relatively short lifetime
of the bubbles of about four minutes. In the Lagrangian type of flow specification
the fluid element quantities are defined as function of time and describe the dynam-
ical history of this selected fluid element. The use of latex balloons as tracer opens
up the possibility for the measurement of long term single trajectories, the calcula-
tion of the velocity and acceleration derivation and thereby the investigation of the
statistical and structural properties of the turbulent flow.

For the production of the density neutral soap bubbles a high performance bubble
generator has been developed [2]. The generator consists of four injection tubes,
four cyclones and a high pressure fan. All the components are built into a rack with
castors on the bottom. The dosing system for controlling the bubble fluid, the helium
and air flow rate is integrated in the front side of the rack.

The bubbles are generated in an injection nozzle (figure 2). The injection nozzle
consists of two concentric tubes for helium and bubble solution and an outer reser-
voir to supply air to the contraction zone in the cyclones (not shown). All tube design
parameter as length and diameter have been optimized for a stable bubble genera-
tion process using specially developed bubble solution fluid (BSF) with a lifetime
of about 4 minutes. The bubble generator is able to provide a high number of den-
sity neutral bubbles. The operation time of the bubble generator is approximately
two hours before the internal bubble solution tank is empty. The fluid and gas quan-
tities can be adjusted separately for all four cyclones to guarantee reasonable nar-
row distribution for the bubble diameters. The cyclones are connected to diffusers
by flexible plastic tubes. The diffuser minimizes the momentum of the particles
entering the experimental set-up.



118 E. Lobutova et al.

Fig. 2 Scheme of the injection tube (left) and cyclone (right) of the bubble generator

Alternatively to the standard system, the injection nozzle has been modified to
realize an increased bubble diameter. The helium filling of the soap bubbles is re-
placed by a helium-air-mixture which is produced by an additional air connection
and a mixing zone. The enlarged bubble volume allows a better detection of the bub-
ble movements and it will also enhance the possibilities adjusting the bubble film
color through nanoparticles.

The next step is a new nozzle generation with an active bubble size control de-
vice. A reconstruction of the injection tube will enable a more precise production
of bigger bubbles. The bubble generation process will be forced by an alternation
air volume flow rate caused by pressure waves from a loudspeaker system. Figure 3
shows the schematic diagram of the new injection tube. The air injection tube is built
into a loudspeaker. By controlling the loudspeaker by a frequency synthesizer which
pulses the airflow for the bubble separation. The bubble generation frequency can
be adjusted and thus leading to a very narrow size distribution of the helium filled
soap bubbles.

In the ongoing development the lifetime of the bubble film shall be enhanced at
higher temperatures reducing the evaporation of the bubble film through an addition
of a biopolymer matrix.

An important point are the specific optical properties of the bubbles. Due to the
fact that the bubble is made of a very thin shell of a transparent medium it reflects
less than 5% of the incident light. We tested two possibilities to increase the bubble

Fig. 3 Bubble generator nozzle with active bubble size control device
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Fig. 4 Comparison picture for the luminescent BSF. From left to right the probes are water,
non-luminescent solution and two luminescent solution. They are illuminated by UV light
source and the picture is made with exposure of 30 seconds

Table 1 Comparison of the grey value level for four different BSF. ”0” corresponds to black
and ”256” corresponds to white. The average was struck by about 900 pixels

Water Non-luminescent Luminescent Luminescent
(1) BSF (2) BSF ”1” (3) BSF ”2” (4)

5 10.5 87.6 82.7

visibility - indirectly by changing the surrounding optical appearance and directly
by changing the bubble optical properties.

There are several ways to improve the optical properties of the bubbles [5]. One of
them is to increase the scattered light intensity from the bubble film by adding dyes
to the BSF. A second way is to fill the bubble inside with smoke particles in order to
make this part visible. But we tested an alternative approach by using luminescent
BSF and illuminated the measurement volume with UV light. To quantify our test
with luminescent BSF, we compared four different solutions - two luminescent, one
non-luminescent BSF and pure water. To keep it near the real segmentation proce-
dure based on region growing algorithm, we took pictures of the UV-illuminated
solutions (figure 4) and compared the grey level values over a given area. The result
is listed in table 1.

The principle aim of the indirect method is to shine as much light as possible on
the bubble while keeping the background dark. So we illuminated the bubbles by
high-power flash lamps and painted our inner cell walls with low-reflecting black
paint. This test gave sufficient results, we could detect the bubbles even at long
distance (< 7m), and we decided to use this illumination method for our 3D PTV
measurements.

2.4 Camera System
When choosing the cameras two requirements should be met. First, due to the very
large observation volume and the small particles, only cameras with a high spatial
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resolution are considered. And second, a high temporal resolution provides more
detailed information about the occurring time dependent flow structures. Unfortu-
nately today’s best imaging technology cannot be offered in an all-in-one camera
that would comprise high resolution and high speed at the same time. The high res-
olution cameras are limited in the repetition rate and vice versa high speed cameras
have low spatial resolution. After having gone through all pros and cons we decided
to put the focus on the detection of small tracer particles and therefore we have
chosen a high resolution camera.

The resulting camera system consists of four CANON EOS 20D SLR cameras
with a spatial resolution of 8 megapixels. The frame rate is however limited to 3
fps, which was deemed sufficient to resolve the large scale flow in the BOI. The
cameras are equipped with wide-angle lenses and mounted on the wall as sketched in
figure 1. In this arrangement the covered volume is about 70% of the convection cell.

2.5 Validation Measurement

To proof the accuracy of the new 3D PTV technique for a very large volume a valida-
tion measurement was made in a rectangular cell with the dimensions of 4×3×4m3.
A 13mm sized glass sphere was suspended by a 1.5m long wire on a step motor fixed
on the top of the cell. The angular velocity was preset and the turning radius was
measured. Over fifty sequences of the sphere’s track were taken, which corresponds
to more than five turns of the sphere. The comparison of the reconstructed trajec-
tory and the real paths shows an error in the x-y plane of σxy = 2.4mm which is
about only 0,4% of the turning diameter and an error in z direction of σz = 0.8mm.
The measured velocity coincides with the calculated value. That the velocity deter-
mination is more accurate than the determination of the diameter is caused by the
correlation between neighbourhoods in the image space. Two 3D points with a short
distance are affected by the same bias. So the first derivation of the difference vector,
the velocity, is not affected by bias. This is an advantage of the 3D PTV system.

3 Results

We performed two series of 3D PTV measurements, the first one using helium filled
soap bubbles and the second one using helium filled latex balloons. The soap bubble
sequences were taken with 2.5 f ps whereas the balloon sequences were taken with
1 f ps. Both were done at aspect ratio Γ = 2 and temperature difference between
cooling and heating plate at ΔT = 40◦C.

During the soap bubble measurement we met a problem with fixing cameras on
the wall. Because of the thermal expansion of the wall segments during the con-
vection experiment the orientation of the camera axes had changed exiguously. This
led to a partly impossibility to establish correspondences between the related parti-
cles. We are in the process to solve this problem using alternative calibration proce-
dures. Nevertheless the simple correlation between two captures from one camera
shows that the particle concentration and visibility in the large observation volume is
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Fig. 5 Example of the visualization of the large scale flow structure in the BOI using helium
filled soap bubbles. The correlation between the snapshots from one camera shows clearly
the most occurring mode: large single roll

sufficient for the detection of the most occurring flow structure in the form of a large
single roll (figure 5).
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Fig. 6 Reconstructed long term trajectories representing large single roll in the whole cross
section of the convective cell (a) and the same trajectories viewed from the top (b); Γ = 2 and
Ra = 1,3×1011. Each point corresponds to one time step of 1s
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Fig. 7 Reconstructed long term trajectory representing transition between large single roll
and small single roll in the whole cross section of the convective cell (a) and the same trajec-
tory viewed from the top (b); Γ = 2 and Ra = 1,3×1011 each point corresponds to one time
step of 1s

The helium filled latex balloons were primarily used to observe single long term
trajectories. Representative results for Lagrangian trajectories in the BOI are shown
in figure 6 and figure 7. Figure 6 (top) depicts a projection of a LSR in the x-z plane.
The movement of three balloons was followed for 60 time steps, which corresponds
to 60s. The measured velocity varies between 0.06m.s−1 and 0.6m.s−1. One could
believe that this structure is two dimensional, but if we take a look at figure 6 (bot-
tom), which is a top view (x-y plane), we see in fact a distinctive third flow direction.
This result confirms our assumption that the flow structures are fully three dimen-
sional. Further more we can clearly see in figure 7 a transition from LSR to SSR along
one trajectory, which shows us the unstable character of the bulk flow at Γ = 2.

From these results we can not only get information about the structural modes
of the wind but also calculate velocity and acceleration derivation, which will be
subject of future publication.

4 Conclusion

We report about the development and application of a novel 3D PTV technique
which is especially suitable to investigate coherent large scale flow structures in
very large volumes. It is based on a four camera image recording system, a full
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volume illumination with two flash lamps and helium filled soap bubbles or Latex
balloons as tracer particles. Validation measurements with a known trajectory of a
glass sphere show a high spatial and a sufficient temporal resolution of the method
in order to characterize the large scale flow pattern modes with dimensions between
0.5m and 10m. The helium filled soap bubbles used are suited refering to lifetime
and concentration to seed the flow in a very large measurement volume with a typi-
cal length of 10m. But until now long term observation of single particle tracks fail
on the limited life time at temperatures higher than 25◦C. For that task one should
rather use the larger helium filled latex balloons with a lifetime of several hours as
well at ambient temperatures up to 60◦C. The first application of the developed 3D
PTV systems in the large scale convection cell BOI confirms the existence of three
different coherent flow structure modes in the bulk region and its strong unstable
behavior. The goals of further developments and investigations are the extension of
the bubble lifetime at higher temperatures and the use of latex balloons, in order
to record long time trajectories. That will give us the possibility for a detailed sta-
tistical analysis of Lagrangian trajectories caused by the coherent large scale flow
pattern in the bulk region of the convection cell.
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High Density, Long-Term 3D PTV Using 3D 
Scanning Illumination and Telecentric Imaging 

Jens Kitzhofer, Clemens Kirmse, and Christoph Brücker* 

Abstract. This article discusses the application of 3D SPTV (3D Scanning Particle 
Tracking Velocimetry) to the high-density reconstruction of Lagrangian trajectories 
using telecentric imaging and a homogenous 3D illumination. A cubic volume in 
the order of roughly 10 x 10 x 10 cm³ is illuminated by a 3D beam scanning device 
and is recorded by three high speed digital cameras equipped with telecentric 
lenses. A vortex ring in a water tank is used as a model flow. The advantages of 
this setup are small particle displacements relative to the distances between the par-
ticles due to the high speed recording and a large depth of field without distortions 
due to the telecentric lenses. The scanning laser beam generates a homogenous and 
efficient illumination of the particles over the whole volume and a precise parallel 
shift of the scanned planes. The quality and precision of illumination and the tele-
centric imaging yield a more simplified particle matching and 3D reconstruction. 
This results in a robust, accurate and easy detection of time resolved particle trajec-
tories with a high spatial resolution within the measured volume. 

1   Introduction 

The investigation of flow fields is usually performed within an Eulerian frame-
work. For the analysis of turbulent flows the Lagrangian frame gives additional 
important information about turbulent mixing, dispersion etc. This requires the re-
construction of long Lagrangian trajectories with a high spatial resolution. There-
fore it is necessary to develop methods for processing a high number of particles 
in the measured volume and to track particles for long periods of time. These aims 
are not feasible by standard photogrammetric methods like those used for classical 
3D PTV. With increasing number density of particles the problem of stereo-
matching and overlapping particle images rise exponentially. Therefore, in classi-
cal 3D PTV the maximum number of trajectories is limited to the order of 10³ in a 
typical cubic volume, which is recorded by 4 CCD cameras [4]. The expansion to 
3D SPTV can solve these problems by dividing the observed volume into several 
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smaller volumes with fewer particles. The method of 3D Scanning PIV has al-
ready been proven to be a successful and practicable solution for the extension of 
classical PIV to 3D spatial resolution [1, 2]. Hoyer et al. implemented the method 
of a scanning light sheet for 3D PTV with one single high speed camera [4]. This, 
compared to classical PTV, nearly doubled the observation volume and the spatial 
resolution with a fourfold higher number density of reconstructed trajectories. The 
use of telecentric lenses and three high speed digital cameras promise a further 
enlargement of the observation volume and an increase of the number density of 
reconstructed trajectories. The advantages of the telecentric lenses are an ap-
proximately constant magnification, a large depth of focus and negligible image 
distortions. The 3D beam scanning system additionally yields a very homogenous 
particle image quality and a precise spacing of the light sheets. Therefore, it highly 
simplifies the matching algorithm and allows to implement a linear reconstruction 
method. 

2   Experimental Set-Up 

The experimental set-up is shown in figure 1. The laser beam of a continuous Ar-
gon-Ion laser (a) Coherent Innova 70 (2 W) passes an optical lens system (b) to 
adjust the desired thickness of the light sheets. The rotating mirror drum (c)  
reflects the laser beam into the direction of the observed volume and generates 
successively 10 parallel light sheet planes (f). The studied flow is a vortex ring 
travelling in an octagonal glass tank (e) filled with water. The vortex is generated 
at the exit of a piston tube with a diameter of 50 mm (g). The neutrally buoyant 
seeding particles (100 microns) are injected into the center of the vortex generator. 
The particle images are recorded with a three camera system consisting of digital 
high speed cameras Photron APX RS with a resolution of 1024 x 1024 Pixel² and 
an angular displacement of 45°, -45° and 90°. The side of the octagon opposite to 
the entrance side for the laser is covered with a light absorbing mat that reduces 
stray reflections. This is also valid for the faces opposite the cameras, thus giving 
a perfectly black background. The experiments are performed with a recording 
rate of 1000 frames/s. Using 10 scanning planes results in a separation time of 10 
ms for each subsequent illumination of one scan plane. 
 
 

 
Fig. 1 Experimental Set-up (a Ar-Ion-laser, b lens system, c rotating mirror drum, d high 
speed camera, e octagon, f light sheets, g vortex generator) 
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2.1   Mirror Drum Scanner 

The 3D beam scanning system consists of a rotating drum with 10 surface mirrors 
distributed on a helix around its circumference as shown in figure 2 on the left. An 
optical decoder on the drum axis provides the master clock for the synchronization 
of the cameras. During the rotation of the drum, the beam forms a vertical light 
sheet (figure 2 middle). Cinematic 3D beam scanning generates an efficient and 
homogenous illumination [1], which is important for the quality of the present 3D 
SPTV application. The thickness of each light sheet is 10 mm and the total spac-
ing is 90 mm. The lateral overlap of the planes corresponds to 10 % of the sheet 
thickness. The constant overlap in depth is generated with the light sheet’s parallel 
shift and shape. The accurate positioning of the light sheets in the observed  
volume is verified with a plane target. 

 

Fig. 2 Mirror drum (left), schematic sketch of the rotating mirror drum (middle) and  
observed plane from the top view (right) 

2.2   Telecentric Lenses 

The telecentric lenses used in this application are telecentric in object space. 
Therefore the focus point in the object space is at infinity resulting in a parallel 
projection. The advantages of using telecentric lenses consist of a long depth of 
field, a constant magnification over the whole depth of field, high accuracy and 
negligible distortions. The measured distortions are less than 0.1 % of the image 
diagonal in the outer image areas. The telecentric range with deviations of less 
than 0.1% has been evaluated to be about 90 mm with a scaling factor of 11.4 ± 
0.02 Pix/mm at an f-number of f16. This is equivalent to a magnification M = 0.2. 
The cameras are adjusted perpendicular to the walls of the glass tank. Because of 
the parallel projection the observable measuring volume is limited by the image 
dimensions (figure 2 on the right) and corresponds to the inner hexagon that is 
 imaged by all cameras simultaneously. 

3   Reconstruction Methods 

The following chapter describes the new algorithm for 3D reconstruction of La-
grangian trajectories and the simplification of the implementation due to beam 
scanning and telecentricity.  

 
Mirror Drum 
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3.1   Camera Model 

The transformation of a 3D-object scene onto a 2D-image scene is called projec-
tion, which mathematically means the formulation of a transformation matrix 
(camera model). A common model is the pinhole model [7], which assumes a per-
spective projection. The use of the telecentric lenses converts the perspective pro-
jection into a parallel projection at least within the telecentric range [7]. In general 
the global transformation from a 3D-point to a 2D-point is the product of an exter-
nal, an internal and a perspective transformation. The external transformation ma-
trix D specifies the orientation and the placement of the image plane related to a 
world coordinate system. Thus it describes the transformation of a 3D object point 
to a 3D camera point. The perspective transformation matrix P’ describes the 
transformation of a 3D camera point to a 2D point in sensor coordinates of the 
camera. In case of the parallel projection the 3D camera point in x- and y-direction 
is the same as the sensor point in x- and y-direction. The internal transformation 
matrix A finally describes the relation between the 2D sensor points in pixel to a 
2D point in mm. Therefore the matrices are: 
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R describes the 3x3 rotational matrix with entries ri, which include the three Euler 
angles, and t a 3x1 translation vector in x-,y- and z-direction. The approximation 
for the telecentric projection consists in a zero translation in z-direction. The fac-
tor k describes the scaling factor in Pix/mm, which is proportional to the magnifi-
cation. The projection matrix P for telecentric lenses then reads: 
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The projection matrix of the parallel projection includes six degrees of freedom. 
Compared with the ten degrees of freedom in the perspective projection, this is a 
simplification by four degrees of freedom [7]. For the 3D reconstruction it is im-
portant to determine the three unknown Euler angles, the two displacements of the 
cameras and the scaling factor by calibration. 

3.2   Epipolar Geometry 

For reconstruction of a Lagrangian trajectory in 3D it is necessary to find homo-
logue trajectories in both camera views of camera #1 (C#1) and camera #2 (C#2). 
A mathematical model for a stereoscopic camera setup is given by the epipolar 
geometry [7]. It describes, that a point, which is found in C#1, has to be along a 
line in C#2. Mathematically the relation between both cameras is described by the 
fundamental matrix F. The relation of a 2D particle image position (x1, y1) in C#1  
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Fig. 3 Reducing of the search line for homologue points in camera two 

to the position of the same particle in C#2 (x2, y2) is called epipolar equation and 
the line l2 is called epipolar line: 
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The evaluation of F is made within the calibration of the two projection matrices. 
An advantage of the scanning light sheets in combination with the epipolar line is 
shown in figure 3. The search range for a homologue point in C#2 along the epi-
polar line in C#2 is largely reduced by the small light sheet thickness. In this case 
the length of the line is reduced to 1/10 in comparison to the search line needed 
when all the volume is illuminated.  

3.3   Calibration 

The calibration of the three cameras includes the evaluation of the projection ma-
trices of C#1, C#2 and C#3 and the evaluation of the fundamental matrices for 
each combination of the cameras. For a correct calibration an adequate calibration 
target is necessary. The target used in our calibration consists of 32 spherical steel 
balls with a diameter of 5 mm. The spheres are positioned in two planes with an 
equidistant spacing. In each image plane the centroids of the spheres were deter-
mined with sub pixel accuracy. A comparison with the known 3D object coordi-
nates yields the projection matrix P and implicit the unknown 6 parameters of the 
cameras. The nonlinear distortion in the images is negligible because of the tele-
centry (0.1 %). Thus it is unnecessary to compute a nonlinear de-warping as in the 
case of using lenses with a defined focal length. The fundamental matrix is deter-
mined by comparing homologue centroid positions in the images. If the 2D posi-
tions of the spheres in the camera images have been localized, F can be evaluated 
with the so called 8-point algorithm expanded by the Frobenius-norm [7]. 
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3.4   Particle Tracking 

The particle tracking method in this investigation follows the 4-frame method de-
veloped by Malik et al [6]. In a first step the accurate particle positions in both 
cameras are determined using a circular 1D Gauss template. In a second step the 
2D trajectories in C#1 are captured and in a third step for each trajectory of C#1 
corresponding particles are searched in C#2 and C#3. For the 2D tracking in C#1 a 
hybrid PIV/PTV method has been implemented [3]. This method identifies the di-
rection of movement of the particles by using a PIV correlation technique. In the 
method herein we do not identify the movement in small interrogation areas, but 
we try to find larger areas in the observed plane, where a direction of movement of 
the particles is dominant. In these areas the trajectories with the preferred direction 
are searched. If a trajectory could be observed for three time steps, the search area 
for the next time step is defined by the direction, the speed and the acceleration of 
the former trajectory. After the evaluation of the 2D trajectories, corresponding par-
ticles for each trajectory are searched in the second camera along the reduced epi-
polar line. If there is more than one possibility for a 2D trajectory, each possible 3D 
trajectory is constructed and compared. The trajectory with best fitting results is 
chosen. The fitting conditions are the length of a particle movement between two 
time steps, the preferred direction of movement and the difference in the direction 
of movement. If there is no possible candidate found in C#2, a candidate is 
searched along the epipolar line in C#3. If a reconstructed 3D trajectory is taken as 
a true particle path, the corresponding particle locations in the single frame data set 
of C#2 or C#3 are deleted. In the next iteration step the algorithm tries to find cor-
responding particles in the images of C#2 or C#3, in which the information is  
reduced because of the deleted particle positions. In classical 3D PTV the 3D coor-
dinates of particles are successively determined by using the information of four 
different fields of view [4]. In case of various materials with different refractive in-
dices within the object space, e.g. fluid and window, 3D coordinates are calculated 
using ray-tracing through a multimedia geometry [5]. This is necessary, because an 
optical beam is refracted when passing through different media with an angle of in-
cidence unequal to 90°. The parallel projection of the telecentric lenses avoids this 
problem, because they are placed orthogonal to the surfaces of the tank. The 3D re-
construction of corresponding particles is carried out by a linear parallel projection 
algorithm including the orientations of the cameras. This is a tomographic recon-
struction algorithm using the centroids of particles. The 3D tracking is applied for 
each light sheet. The last computational step is the search of corresponding trajecto-
ries between the light sheets. This means to connect the ends of trajectories in one 
light sheet with possible ends of a trajectory in the adjacent light sheet. The light 
sheets are oriented with an overlap of 1mm. Therefore a part of the same 3D trajec-
tory is recorded in two light sheets. This results in a nearest neighbour comparison 
of the 3D-coordinates of the trajectories in the participating light sheets. 

4   Results 

The 3D SPTV with telecentric lenses is used for the investigation of a vortex ring 
as an approximately axis symmetric test object. Figure 4 shows a flow visualisation  
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Fig. 4 Developed ring vortex and image 
section of the high speed cameras for the 
tracking region (dashed line) 

picture of the vortex. At the top of figure 4 the lower edge of the vortex generator is 
visible. The image section of the three high speed cameras is indicated with dashed 
lines. 

In figure 5 the particle images of the three cameras are presented for a light 
sheet in the middle of the ring vortex for a period of 204 scans. These pictures are 
created by summing up the single particle images for all the 204 time steps. The 
number of possible recorded time steps is limited by the maximum capacity of the 
camera memory (2 gigabyte). This conforms to a recording time of 2.04 s for a 
frame rate of 1000 frames/s. C#1 records the observed light sheet from the left 
side with an angle of 45°, while C#2 records the sheet from the right side with an 
angle of 45°. This means, that for trajectories in C#1 the corresponding particle 
images in C#2 have to be searched on the mirrored side. In C#3 the vortex image  
 

   

Fig. 5 Particle images summed up for all 204 time steps for C#1 (left), C#2 (middle) and 
C#3 (right) in a plane in the middle of the vortex 

 

Fig. 6 Selected 3D trajectories for the light sheet in the middle of the ring vortex in isomet-
ric view (left) and in top view (right) 
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Fig. 7 Reconstructed trajectories of the particles in different light sheets (left). Connection 
of trajectories from one light sheet to another (right) 

appears expanded. The reason is the orthogonal line of sight onto the light sheet 
plane. Moreover one can see the regions, which we distinguish for the 2D tracking 
algorithm. In the centre of the vortex is a preferred vertical movement and in the 
outer regions a preferred bias movement. 

Figure 6 shows selected reconstructions of 3D trajectories in one single light 
sheet volume in an isometric view and in the top view. It is recognizable, that the 
reconstructed trajectories have the expected preferred movement and that the di-
ameter of the vortex ring grows with the length of movement. In the top view in 
figure 6 the trajectories are cut at the lateral end of the light sheet. This is the area, 
where the trajectories in the next light sheet should continue. 

The continuation of the trajectories is shown in figure 7, where the ten light 
sheets are connected. The circular envelope of the vortex ring and the connection 
of the trajectories appear precisely. Examples of such connected trajectories are 
shown on the right side of figure 7. The analyzed trajectory starts in the green col-
oured plane. The continuation of the trajectories in the next light sheet is coloured 
black. In this light sheet the trajectory describes a circular movement and moves 
back in the green light sheet. This means, that the same particle can be measured 
in both light sheets. The accuracy of the connections is about 1/10 pixel in the x-, 
y- and z-direction. This is equivalent to a distance of 9 microns and shows a rough 
measure of the total accuracy achieved with this technique. 

Table 1 describes the parameters and the results for the 3D SPTV measure-
ments by using high speed digital cameras and telecentric lenses. The seeded vol-
ume is about 365 cm³. This volume is approximately the half of the observed vol-
ume, because the injection of the particles is performed directly into the vortex 
generator. The maximum number of trajectories, which could be reconstructed in 
the light sheet in the middle of the vortex ring, is 560. For 10 light sheets the 
maximum number of trajectories are therefore 5600 for the seeded volume. If the 
whole observed volume is seeded with particles of the same number density, it is 
possible to reconstruct about 11000 trajectories. This is roughly by the factor of 
the number of light sheets higher than that achievable with standard photogram-
metric PTV methods used in the same volume. 
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Table 1 Parameters of the 3D Scanning PTV method by using telecentric lenses 

Maximum velocity 5cm/s 
Observed volume (W x H x D) 9 x 9 x 9 ≈ 730cm³ 
Seeded volume 365 cm³ 
Median distance between particles 0.3 cm  
Particles per pixel  0.003 
Light sheet thickness 1 cm 
Number of light sheets 10 
Frame rate 1000 frames/s 
Recording time 2.04s  
Number trajectories (1LS) for seeded volume 560 (>13 time steps) 
Number trajectories (10 LS) for seeded volume 5600 
Number of possible trajectories for observed volume 11000 

5   Conclusions 

3D SPTV by using telecentric lenses increases the number and the length of ana-
lyzed trajectories and largely simplifies the algorithms of the 3D reconstruction. 
The increased number of analyzed trajectories is the result of the enlarged number 
density of particles in the observed volume. The reason is the separation of a de-
fined volume in smaller volumes, which are defined by the number and the width 
of the light sheets. The length of the trajectories is raised, because of using high 
speed cameras and scanning illumination. The displacement of the particles is 
much smaller than the median particle distance. Moreover, the length of the trajec-
tories extends further by the scanning light sheets: If a particle has left one light 
sheet, it is easy to find the particle in the next light sheet because of the overlap-
ping areas of the light sheets. The accuracy of connected trajectories is about 1/10 
pixel. Besides the large field of depth of the telecentric lenses, which magnifies 
the observable volume, advantages could be pointed out in the implementation of 
the 3D reconstruction of trajectories. The simplifications are the reduction of de-
grees of freedom in the projection matrix, the minimal nonlinear distortion and the 
parallel reconstruction of the 3D particle coordinates without the need to perform 
ray-tracing. The high potential of the 3D SPTV in combination with telecentric 
lenses and high speed cameras is pointed out by the 11000 possible reconstructed 
trajectories and by the possibility of observing the trajectories for all the 204 time 
steps in the observed volume. 
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Quantitative Measurements of Three-Dimensional 
Density Fields Using the Background Oriented 
Schlieren Technique 

Erik Goldhahn, Olga Alhaj, Florian Herbst, and Jörg Seume* 

Abstract. Developments of the background oriented schlieren technique (BOS) 
towards a three-dimensional measurement technique for 3D density fields are pre-
sented. The projections of the density are tomographically reconstructed using fil-
tered back-projection. Theoretical investigations show that the sensitivity of the 
BOS method depends on the geometric setup, the resolution of the camera, the fo-
cal length of the lens and the evaluation algorithm whereas the resolution of the 
method is described by its transfer function. Applications of the method at an un-
der-expanded free jet of air and to the wake of wind tunnel cascade showed good 
results - qualitatively as well as quantitatively. 

1   Introduction 

The BOS method as patented by Meier [8] belongs to the schlieren techniques and 
detects the projection of the index of refraction gradient. It offers the ability to in-
vestigate unsteady density fields in compressible flows. A comparison of this 
method with holographic filters can be found in the paper of Augenstein et al. [1]. 
Its applicability to different flow problems and even full scale testing was demon-
strated by Richard et al.[13]. Nafz et al. [10] applied BOS to measure the density 
of a transonic airflow around a turbine blade in a wind tunnel. 

Due to the integrating character of the schlieren technique measurement meth-
ods, local values of density cannot be determined directly. For phase objects with 
axial symmetry, quantitative results can be derived from one projection using the 
Abel inversion technique. Klinge et al. [7] used a single projection recorded with 
the BOS method and a simple recursion formula to determine the density field of a 
wing tip vortex. For objects with higher complexity more projections are needed 
and accordingly a more advanced tomographic reconstruction algorithm must be 
employed. The number of required projections depends on the complexity of the 
object. There are several studies regarding optical tomography in combination 
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with classical density measurement methods such as schlieren and interferometry. 
Rotteveel [14] applied an interferometric method to the flow inside a combustion 
engine model, Blinkov et al. [2] used multi-directional speckle photography to ob-
tain the temperature distribution inside a candle flame and Faris et al. [3] used 
beam-deflection optical tomography on a supersonic jet. The experimental com-
plexity as well as the effort required to evaluate the measurements is very high for 
these methods. In contrast, the BOS method offers the possibility to record and 
evaluate projections from different viewing directions easily. It is also possible to 
capture different projection directions simultaneously using one camera for each 
direction. So far BOS was mostly used as a simple means for flow visualization. 
Some quantitative investigations of 2D flows and flows with rotational symmetry 
have been carried out by Venkatakrishnan [15] and Venkatakrishnan and Meier 
[16]. In both cases the authors used a Poisson equation to determine the projected 
(line-of-sight integrated) density field. This field was then used as the input data 
for a tomographic reconstruction algorithm (filtered back projection). In this paper 
the gradient information is used directly to reconstruct 3D density fields. 

2   Properties of BOS 

Measurement Principle. A typical BOS setup contains of three main  
components: 

1. a random dot pattern in the background of a flow of interest, 
2. a digital camera and 
3. a computer to record and evaluate the pictures taken by the camera. 

Two pictures of the dot pattern are recorded - one in absence of the flow field and 
one when there is flow between the dot pattern and the camera. 

Fig. 1  Schematic BOS-Setup 
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As all schlieren techniques BOS is sensitive to those components of the first spa-
tial derivative of the refraction index n, which are perpendicular to the line of sight 
t.  The integral of those components along t can be determined for gases with 

1≈n  using equation (1) 

                       ( ) ( ) { }∫⋅=≈
l
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Here ϕtn is the angle between the line of sight and the direction of the refraction 
index’ gradient vector. As equation (1) illustrates a variation of n, which is con-
nected to the fluid density ρ  by the Gladstone-Dale relation 
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                                          ρ⋅=− Kn 1 . (2) 

where K is the Gladstone-Dale constant, causes a deflection ε of a light ray pass-
ing through the density field which leads to an apparent shift Δy of the background 
dot pattern in the image plane. Using cross-correlation algorithms, like the ones 
developed for the evaluation of particle image velocimetry (PIV) images, Δy can 
be determined by comparing the reference picture without flow with the picture 
with flow. Assuming the angle α in Fig. 2 to be small the deflection angle ε can be 
calculated using the geometric proportions of the BOS setup from that shift.  
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Fig. 2 Geometric setup for sensitivity estimation (left); sensitivity for three different m/l 
with vpx = 0.1 px  (right) (Goldhahn and Seume [5]) 

Sensitivity. Since BOS is an integral measurement technique the sensitivity of the 
BOS method in detecting apparent shifts of the dots on the background VH is di-
rectly linked to the question of the smallest detectable integral in equation (1). 
Goldhahn and Seume [5] showed that by simplifying the setup and concentrating 
the deflection of light onto one plane in space (Fig. 2 left) one can derive informa-
tion of the smallest detectable integral resulting in 
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Equation (3) shows that the sensitivity can be expressed just in terms of the geo-
metric proportions g, m, l, the focal length of the lens f, the corresponding pixel 
shift on the CCD-chip of the camera vpx  and the deviation angle β. The latter is 
typically small so that cos2(β) tends to 1 and therefore may be omitted in most 
cases. Using a pixel shift of 0.1 pixels which is detectable with available cross-
correlation algorithms, Fig. 2 (right) illustrates the smallest detectable line of sight 
integral value for three positions of the density object between camera and back-
ground. It can be seen that the sensitivity increases with a larger focal length of the 
lens f and with a smaller relative distance between camera and density object m/l, 
whereas the overall setup length g plays a minor. Additionally the sensitivity 
would benefit from a higher resolution of the camera. 

Resolution. The apparent shift of the background dot pattern compared to the ref-
erence image contains 2D projections of the 3D refraction index gradient field. As  
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Fig. 3 2D amplitude spectrum of 
quadratic interrogation window 
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these projections are continues functions of the projection coordinates it is not 
possible to distinguish single objects in order to prescribe the resolution of a 
measurement. Nevertheless it is possible to obtain a definition of the resolution by 
decomposing a projection in its harmonic components so that the highest spatial 
frequency which can still be observed is the resolution of the BOS system. As 
Goldhahn and Seume [5] showed it is therefore necessary to know the transfer 
function of the system. Considering that the pixel shift determined by the cross 
correlation algorithm is an intensity weighted mean shift per interrogation area 
and assuming that it is overlaid with an certain amount of noise in each interroga-
tion window Goldhahn and Seume [5] proposed equation (4) as a description of 
the evaluation process in one direction as a function of the auxiliary variables x’, 
y’ and the size of the interrogation window h: 
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It is the 2D convolution of a window function (5) with the projections of the re-
fraction index gradients divided by the window area (4). Hence the transfer func-
tion is given by the Fourier spectrum of the window function.  

By means of the amplitude spectrum of a quadratic interrogation window, Fig. 
3 illustrates that only the mean value of the shift is measured correctly. For all the 
other frequencies a decrease of the measured value is observed. If the integer mul-
tiplies of the spatial wavelength of the density gradients is equal to the interroga-
tion window size, the values of the transfer function will become zero. Although 
this seems to be a disadvantage of the method, it is possible to reconstruct the true 
values of the projection with an inverse filter since the transfer function is known. 
The only exceptions are the values where the transfer function is zero. 
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3   Tomographic Reconstruction 

The 3D density field is reconstructed out of the measured projections of the refrac-
tion index gradients using the tomographic filtered back-projection (e.g. Fomin 
[4]). Fig. 4 illustrates the relationship between the density gradient field and the 
projection under the angle θ:  From the center slice theorem and the derivative 
theorem it is known that the Fourier transform of the derivative of the projected 
values of a physical parameter – here the refraction index n – corresponds to the 
Fourier transform of the object itself in a slice through the Fourier plane. In order 
to obtain the reconstruction of the whole spatial domain the projections are convo-
luted with a filter function Q(k) and the results are back projected into the recon-
struction area (6) 
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where k is the polar coordinate in the Fourier plane. The density may now be cal-
culated using the Gladstone-Dale relation and the ambient density using the re-
fraction index of Eq. (6). Stacking the reconstructed planes on top of each other 
one obtains a complete 3D distribution of the density field. 

Fig. 4 Projection parallel to the ge-
ometry and the relationship between 
position and frequency domain 
(Goldhahn and Seume [5]) 

 

4   Measurements at a Double Free Jet of Air  

Experimental Setup. The density of an under-expanded free jet of air is investi-
gated. To create the jet, a simple double-hole orifice is used as shown in Fig. 5 a. 
The orifice is mounted on a settling chamber equipped with rectifier screens for 
flow quality enhancement.  

The settling chamber is equipped with a port for total pressure readings and a 
sensor for total temperature. Both values are recorded together with the BOS 
measurements. Both, the camera and the background are supported by a stiff alu-
minium structure (Fig. 5a). The background is illuminated by a flash lamp, which 
is triggered together with the camera. 

The total pressure in the pre-chamber is held constant at 1.5 bar (±0.02 bar) 
above ambient pressure. With that set-up, 36 measurement directions are captured  
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Fig. 5 Sketch of the double 
hole orifice (a); experimental 
setup (b) (Goldhahn and Se-
ume [5]) 

 

Fig. 6 Density distribution in 
the centre slice at x = 0 mm 
(Goldhahn and Seume [5]) 
 

 

in succession with one camera. In each direction, 60 measurement images are 
taken. The images where evaluated using interrogation windows of the size 8 px 
by 8 px with 50% overlap. In every viewing direction the mean values of the shift 
data were calculated by averaging the correlation maps for each image as it is 
done in PIV-processing (Meinhart et al. [9]). The 3D density field is determined 
using tomographic reconstruction with the averaged shift values in planes perpen-
dicular to the jet axis. Parallel projection was assumed since the maximum open-
ing angle of the used camera-lens combination was ±4° and the free jet extended 
only over approximately ±2°.  

Results. The result of the reconstruction of the double free jet is shown in Fig. 6 
which shows a slice along the jet axis at a position of x = 0 mm. The distance be-
tween data points is 0.3 mm. The jet is under-expanded and shows the density 
fluctuation which is typical for this type of flow.  

Assuming isentropic conditions, it is possible to calculate the density at the 
nozzle exit to be 1.90 kg/m³. In Fig. 6 the measured density at the Nozzle exit 
amounts to a maximum of 1.85 kg/m³ which is 2.6% lower than from the isen-
tropic calculation expected. However it should be pointed out, that the values di-
rectly adjacent to the nozzle exit are disturbed by the shadow which the nozzle 
casts on the images. This disturbance can be seen in Fig. 6. 
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5   Density Measurement behind Straight Blades  

Experimental Setup. The experimental investigations were carried out in the lin-
ear cascade wind tunnel of the TFD (Fig. 7). The cascade box on the top of the 
wind tunnel carries three straight blades with a cross section of 240 mm x 120 mm 
and a pitch of 60 mm. The test blade is situated in the middle. The inlet flow con-
ditions are measured with a Prandtl tube and a temperature sensor. 

 

 

Fig. 7 Wind tunnel with blade cascade and dot pattern in the background (left); coordinate 
system (right) 

Eight BOS cameras are placed around the cascade. All cameras are triggered 
together, which enables them to make photos at the same moment. The lines of 
sight of all cameras intersect in the middle of the test blade and compose between 
each other an angle of 22.5°. The background is situated on the opposite side of 
the cascade and is illuminated with normal lamps. The Mach number of the inlet 
flow obtained form the measurement equipments in the inlet was 0.56. For this 
Mach number 50 images were made with a frequency of 2 Hz for each camera. 
The images were evaluated using interrogation window of the size 16 px x 16 px 
with 50% overlap. The 3D density field was determined using the reconstruction 
mentioned above. 

a
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Fig. 8 Relationship between the original and the adjusted displacement due to a different 
location of the camera and the related distances to the background (left) and because of the 
different distance from the middle of the cascade to the background (right) 

8 x BOS Cameras 

50 mm 
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In order to apply the reconstruction the distances from the background to the 
camera and to the cascade have to be equal for all eight cameras. In this measure-
ment this condition was not fulfilled. Therefore the images were adjusted accord-
ing to their distances using the equations  

                                d
cba =  and 

g
eyy Δ=Δ ' . (7) 

Figure 8 shows the relationship between the original image and the adjusted one.  

Results. The result of the reconstruction of the flow behind the blades is shown in 
a slice in the middle of the cascade along the flow Fig. 9 (left). The contour plot 
shows a decrease of the density downstream the blade due to mixing effects as it 
analytically could be expected. 

Figure 9 (right) compares the density distribution 50 mm downstream the mid-
dle blade in the centre of the cascade of the BOS-measurements with former 
measurements with five-hole wedge-probes by Oehlert and Seume [12]. Although 
the error of the density’s average in the same position directly downstream the 
middle blade is only 1.6% (probe: 1.26 kg/m3; BOS: 1.24 kg/m3) which proves the 
potential of the BOS method for quantitative investigations, the distribution in Fig. 
9 (right) shows a deviation of the results of 3.8% in maximum. This deviation is 
due to a blockage of the turbulence grid in the inlet of the wind tunnel during the 
BOS measurements which lead to an inhomogeneous flow distribution. 

In a next step of the BOS development the density field between cascade blades 
will be investigated. This demands further development of the tomographic algo-
rithm and is currently work in progress. Figure 10 illustrates the problematic  
sectors for the reconstruction algorithm: sector 2 for example does not contain any 
information due to blockage effects whereas inhomogeneous boundary conditions 
occur in sector 3 due to the blade surface and in sector 4 due to the flow directly 
striking camera 2.  

Fig. 9 BOS-measured density distributions in the middle of the cascade along the flow (left) 
and compared to probe measurements in a cutting plane y = 50 mm downstream the trailing 
edge of the blade (right) 
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Fig. 10 Problematic sectors of 
BOS between cascade blades 

 

 

6   Conclusions 

The present work describes the development of the background oriented schlieren 
technique into a quantitative method for measuring 3D density fields or properties 
of a fluid which are deduced.  

The fundamentals of the BOS method are presented including investigations of 
its sensitivity and its resolution. It could be shown that the sensitivity mainly de-
pends on the geometry of the setup, the camera resolution, the focal length of the 
lens, and the evaluation algorithm. The resolution, on the other hand, is deter-
mined by the transfer function. Analysis shows that only the mean value of the 
pixel shift is measured correctly.  

Together with the back-filtered projection as a tomographic reconstruction al-
gorithm, BOS was successfully applied to an under-expanded free jet of air. The 
reconstructed 3D density field shows the typical diamond structure of an under-
expanded jet with a good resolution.  

In a second experiment, the BOS method was used to measure quantitatively 
the density field downstream of a cascade wind tunnel. The results are compared 
with the 2D distribution of pneumatic probe measurements which had been per-
formed earlier. Major deviations between both measurements resulted from an un-
intended change of the inflow to the cascade. This had been caused by fouling of 
the turbulence grid, as it turned out. The good agreement of the average density, 
however, confirmed the applicability of the BOS method for quantitative investi-
gations of complex external 3D flows. 
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A special choice of background pattern for Background Oriented Schlieren (BOS)
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are used to measure image space deflections due to heated air flows from arbitrary
camera positions. A specially tailored sparse-view algebraic reconstruction algo-
rithm is employed to tomographically recover a refractive index gradient field. Af-
ter robust integration of these gradient fields, time-varying, fully three-dimensional
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1 Overview

Schlieren imaging techniques have long been used as a means to detect minute varia-
tions in refractive index. They convert angular deflections of light rays into intensity
variations upon a surface, which can be more easily observed. Early systems placed
a refractive medium (often a candle plume) inside a setup comprised of precision
lenses and/or mirrors. A beam of collimated light, when shone through the medium,
would pass by a filter before being focused onto an imaging plane. Any ray de-
flected from its original parallel path would be attenuated by this filter, resulting in
a correspondingly darker spot on the imaging plane. Further details can be found in
Settles’ book [18], the most complete reference on Schlieren topics available today.

Classic Schlieren setups suffer from their high cost and difficulty of calibration.
Recently, a different approach based on digital image processing has been proposed.
The “Background Oriented Schlieren” (BOS) method [10, 15, 16] requires only a
high frequency background pattern, positioned behind the refracting volume, and a
camera to observe the pattern. Deflections of light rays passing through the medium
cause apparent distortion of the background, which can be accurately measured
using computer vision techniques.

While the projected refractive index variations can usually be interpreted by a
trained user, they do not describe the full three-dimensional structure of the medium.
For this, we need to perform a tomographic reconstruction of it, using Schlieren im-
ages captured from multiple viewpoints. Previous Schlieren-tomographic systems
were made possible with only a single camera by operating on rotationally sym-
metric media [4] (in which views from any angle would be equivalent) or else
on stationary flows [17] (in which the apparatus could be rotated to obtain more
viewpoints). In our work, we present the first method to capture and reconstruct
non-symmetric, non-stationary, time-varying refractive index variations [6]. We also
develop a method to efficiently render the effects produced by inhomogeneous
refractive index fields.

The chapter is structured as follows: we introduce the measurement setup for
“Background Oriented Schlieren” capture of gas flows in Section 2 and describe
their tomographic reconstruction in Section 3. In Section 4 we describe a light ray
model which is used for the rendering of continuously varying refractive index fields
such as the recovered gas flows. We conclude the chapter with our results and a
discussion thereof in Section 5.

2 Background Oriented Schlieren Imaging

Any medium of inhomogeneous refractive index will cause light rays to bend as they
traverse through it, leading to a characteristic jittering distortion of the background.
BOS uses digital image processing techniques to convert this distortion directly into
a measurement of the ray’s total amount of deflection along its path.

Unlike with traditional Schlieren configurations, the BOS method has very mod-
erate hardware requirements, which in turn makes multiple-viewpoint acquisition
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Fig. 1 Virtual displacement caused
by ray deflection. Under normal
circumstances, points Ab and Bb
on the background are imaged at
Ai and Bi respectively. However,
when refraction takes place, Bb
appears at Ai and we see a virtual
displacement of δ

Ab

Bb

Ai

Bi

δ

d(out) d(in)

quite feasible. The basic principle, assuming a simple geometric optics model, is
illustrated in Figure 1. A high frequency background pattern is viewed through a
lens (implying that depth of field is of concern). Under normal circumstances, the
ray travels straight, leading to point Ab being imaged at Ai. However, introducing
a refractive medium into the scan volume causes the ray to bend, according to the
well-known laws of optics. This causes an apparent distortion of the background
pattern, with Bb now being imaged at Ai. Optical flow algorithms can be used to
compare this distorted image with a known reference image in order to obtain the
displacement vector field [8, 11, 14].

Note that the amount of distortion is proportional to the distance between the
background and the scan volume, which should be maximised in order to ease the
optical flow computation. However, to remain in focus, the scan volume should also
be positioned as close to the background as possible. We compromise by placing
it half-way between the camera and background (which are 5m apart). The cam-
era array consists of 16 synchronised Sony HDR-SR7 camcorders, equipped with
400mm (35mm equivalent) lenses, positioned in an arc of almost 180◦ around the
measurement volume.

Optical flow algorithms perform best when the image contains high frequency
texture throughout. A random noise pattern will suffice, but could cause problems
when its resolution differs greatly from that of the camera. For example, a noise
pattern drawn from a Gaussian distribution will have an intensity histogram like
that in the bottom left of Figure 2. Moving the pattern further away from the camera
causes large patches of it to be imaged to each pixel in the camera, in effect blurring
the whole image. The intensity histogram therefore becomes much narrower (see
bottom right of Figure 2), which makes distinguishing between bright and dark spots
more difficult, and hence the optical flow performance degrades considerably.

We solve this problem by using a multi-scale noise pattern, such as Wavelet
Noise [9]. It is a sum of multiple independent noise functions with non-overlapping
frequency spectra. This guarantees that the image will contain sufficient high-
contrast detail at any scale. Histograms for the multi-scale noise pattern before and
after scaling are shown in Figure 2, demonstrating the difference when compared to
Gaussian noise.

We evaluated four different optical flow algorithms using a synthetically-warped
noise pattern. For each algorithm we identified the single key parameter that most
affects its results, and varied it across an empirically determined range. Figure 3
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Fig. 2 Top left: final wavelet noise
image; Top right: frequency spec-
trum of one of the noise bands;
Middle row: the intensity his-
togram of a wavelet noise pattern
remains Gaussian-shaped, even if
the pattern is downsampled; Bot-
tom row: if a Gaussian noise pat-
tern is downsampled, its dynamic
range decreases considerably.
Figures reproduced from [5]

Fig. 3 The endpoint errors of
different optical flow algorithms for
a synthetic flow on a wavelet noise
pattern. Figure reproduced from [5]
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shows the average vector difference (endpoint) errors for the resulting vector fields,
divided into three groups representing low, medium and high amounts of distortion.
Within each group, the bars are grouped into four sets of three bars, representing the
four algorithms and three of the selected parameter values. The green bars represent
a variational algorithm by Brox et. al. [8] which produces good optical flow results in
general, but tends to oversmooth this high frequency data. The MatPIV [19] toolbox
(red) has been extensively used in earlier BOS work, but we found that significantly
better results could be obtained with either the Horn-Schunck [11] (blue) or Lucas-
Kanade [14] (brown) algorithms. The latter’s lower sensitivity to parameter choice
led to us choosing it for our later experiments.
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When performing tomographic reconstruction, the intersection of the view frusta
from all the cameras defines the reconstruction volume. However, the refractive
medium may only occupy a small region inside this volume, and so we detect the
visual hull [13] of the medium and exclude all the empty space around it from the
equation system. This both speeds up the solution, and improves on the quality of
the results.

To obtain a 3D visual hull we first require a binary mask for each 2D optical
flow vector field, classifying pixels as either in- or outside the medium. To see why
such a mask cannot be obtained by simply thresholding the vector field, consider the
trivial case of a ray propagating parallel to the refractive index gradient. Such a ray
will not be deflected at all, yet it should clearly be classified as inside the medium.
A solution to this problem is to first integrate the optical flow vector field by solving
the associated Poisson equation, and then thresholding the resultant heightfield.

As input to the tomography algorithm we require 3D deflection vectors, but are
only able to capture 2D projections of these via optical flow. These can be trans-
formed into 3D worldspace via the camera calibration matrices to obtain d(in) and
an approximation d̂(out) to d(out).

3 Tomographic Reconstruction

The 2D displacement vectors that have been computed by the optical flow algorithm
are projections of 3D ray deflections, which are related to line integrals of the 3D
refractive index gradients. We derive the relation between ray deflections and the
refractive index field from the ray equation of geometric optics, which describes
light propagation in optically inhomogeneous media as

d
ds

(n
dx
ds

) = �n (1)

where n denotes the refractive index field, x is the position of a mass-less particle
travelling along the ray, and ds is the differential path along the curved ray. Reformu-
lating Equation 1 as a first-order ODE system and integrating leads to the following
equation, which relates 3D ray deflections to the gradient of the index field:

d(out)−d(in) =
∫

c
�nds . (2)

Here d(in) denotes the incoming ray direction and d(out) denotes the outgoing ray
direction with respect to the measurement volume for a ray path c.

We discretise the vector-valued function �n using normalised scalar basis
functions φi. Insertion in Equation 2 yields

∑
i

ni

∫
c
φids = d(out)−d(in) (3)

where the vector-valued coefficients ni parametrise the components of the unknown
gradient. Reformulating Equation 3 as three linear systems of equations in each of
the vector components leads to
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Sn(x,y,z) = d(out)
(x,y,z) −d(in)

(x,y,z) . (4)

Here (x,y,z) denote the individual linear systems, and S is the system matrix having
the following structure:

S =

⎛
⎜⎝

∫
c1

φ1ds · · · ∫
c1

φnb ds
...

. . .
...∫

cnp
φ1ds · · · ∫cnp

φnbds

⎞
⎟⎠ (5)

where nb denotes the number of basis functions φi and np expresses the total
number of deflection measurements in all cameras. We approximate the integrals
of the individual matrix entries by Riemann sums over the single basis func-
tions. The curved rays are approximated by straight rays. This is known as parax-
ial approximation, and is justified by the fact that the deviation between straight
and curved rays is small. Simulations of our measurement setup have shown
that the difference does not exceed 0.1 mm for measurement volumes of about
20 cm3.

We employ localised radially symmetric basis functions to obtain a sparse linear
system that can be solved by standard numerical algebra techniques. For the actual
computation we only use the basis functions inside the visual hull [13] of the refrac-
tive index fields. The visual hull serves as a regularizer on the shape of the volume
and minimizes projection artifacts [12].

The tomographic reconstruction results in a three-dimensional gradient field �̂n
of the refractive index. It is then integrated by solving a Poisson equation. Note
however, that the set of gradient vectors is not consistent in general. To deal with
gradient inconsistency we resort to anisotropically weighted Poisson integration [3]

� · (D�n) = � · (D�̂n) (6)

where D is a gradient-weighting diffusion tensor. For standard Poisson integration
the tensor can be chosen as D = 1. In our case we employ a tensor which prefers
gradients from similar iso-surfaces of the underlying refractive index field, while
weakening the influence of gradients orthogonal to them. For details on the defini-
tion and use of diffusion tensors refer to [2, 6, 20].

Equation 6 is again discretised within the visual hull, only. The boundary val-
ues are set to the refractive index of air, resulting in a sparse and positive definite
linear system which is solved using a Jacobi-preconditioned Conjugate Gradient
method [7].

4 Continous Refraction Rendering

Once three-dimensional models of gas flows have been obtained by the techniques de-
scribed above, they can be placed into virtual environments. Their optical parameters
can also be changed. For example, it is possible to add scattering and absorbing smoke
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particles even though smoke has not been present during the capture. To achieve this,
we first derive a mathematical description of the underlying image formation model,
which is suitable for rendering continuously refracting objects, including advanced
optical properties like scattering, emission and absorption. We then discretize and
simplify the model to map it efficiently onto modern graphics hardware.

The radiance recorded by a camera is accumulated along a curved ray passing
through the pixel and the refracting volume. The image formation process can be
described by the following equation:

L(c) =
∫

c
Lc(x,d)α(s,c)ds+ Lbg α(s∞,c) (7)

where Lc expresses the radiance at a particular point in space x, in a particu-
lar direction d due to the combined effect of emission and scattering, α(s,c) =
exp(−∫ s

0 σt ◦ c(t)dt) denotes the absorption of light along the ray at a certain dis-
tance s and Lbg denotes background radiance. The radiance Lc(x,d) can be written
in more detail by summing the out-scattered and emitted radiance:

Lc(x,d) = ω̂ Ls(x,d)+ Le(x,d). (8)

Here Ls is the out-scattered and Le the locally emitted radiance, while ω̂ expresses
the albedo of the material. Introducing the scattering phase function p, the scatter-
ing term Ls can be formulated as an integral over the sphere Ω of incoming light
directions

Ls(x,d) =
∫

Ω
p(x,d,ω)L(x,ω)dω =

∫
Ω

p(x,d,ω)dEω . (9)

This general formulation is clearly too involved to be computed quickly on graphics
hardware. Therefore we simplify it by assuming that the scene is illuminated by a
finite number of light sources, and that each point in the scene receives light by a
finite number of incoming rays only. Applying these assumptions to our continuous
model, Ls(x,d) can be discretised and expressed as a sum over the incoming light
rays:

Ls(x,d) = ∑
j

p(x,d, l j)�Eω j . (10)

This allows us to precompute the irradiance values for all incoming light direc-
tions. Afterwards, Equation 7 can be computed on the fly by performing irradiance
lookups into an additional three-dimensional texture.

Applying this discussion to our acquired gas flows, we see that we do not ac-
quire emission, absorption or scattering properties. Thus, Lc is simply zero. Because
the attenuation coefficient σt is zero throughout the volume, the absorption factor
α(s∞,c) equals one and we obtain

L(c) =
∫

c
0ds+ Lbgα(s∞,c) = Lbg . (11)
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The volume rendering of continuous refraction is a simple lookup of the background
radiance. Additional optical properties like emission, absorption and scattering co-
efficients can be synthetically added to increase the visual appeal of the renderings.
Since Equation 7 describes the forward model of volumetric light transport it could
also serve as a basis for more advanced reconstruction schemes.

5 Results

We evaluated the accuracy of our reconstruction algorithm using simulated data
experiments. We started by assessing the numerical error of the integration step,
adding complexity to the synthetic experiments until the full system error as well as
the errors introduced by the single processing steps could be determined.

Using a static, three-dimensional fuel injection data set [1], we first computed
ground truth gradient vectors. By performing anisotropically weighted Poisson in-
tegration on the synthetic gradients we established a lower bound on the expected
error of 42.15 dB peak signal-to-noise ratio (PSNR), or 0.78% root mean square
(RMS) error.

In a second experiment we simulated the 3D deflection vectors d(out) −d(in) by
tracing curved rays according to Equation 1. A tomographic reconstruction was then
performed on the simulated measurement data. The results of this experiment are
shown in the first row of Table 1. In reality, only projections of this 3D deflection
vector into the image planes of the cameras can be measured. The influence of this
approximation was assessed in a third experiment (second row, Table 1). Finally,
we distorted a wavelet background noise pattern using the projected, simulated de-
flection vectors. We applied optical flow computation to the distorted images to as-
sess the influence of the optical flow on overall reconstruction accuracy (third row,
Table 1). As can be seen from the results, optical flow computation introduces the
largest error, followed by the approximation of the 3D deflection vector. However,
using only 16 cameras, detailed reconstructions with only ≈ 1% RMS error can be
achieved.

We performed a number of measurements on real-world gas flows. Figure 4 (left)
shows the resulting deflections from an air jet dispersing a candle plume measured

Table 1 Measured simulation errors for the tomographic reconstruction. The root mean
square (RMS) error and the peak signal-to-noise ratio (PSNR) are compared for camera
different setups

Simulation errors for tomographic reconstruction

Experiment 8 Cameras 16 Cameras 32 Cameras

PSNR RMS PSNR RMS PSNR RMS

Ground truth d(out) 40.55 0.94% 41.29 0.86% 41.39 0.85%

Approximate d̂(out) 40.01 1.00% 40.69 0.92% 40.76 0.92%

Optical flow 39.29 1.09% 39.84 1.02% 39.88 1.01%
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Fig. 4 Left: the displacement magnitude of a candle plume’s interaction with a jet of com-
pressed air; Middle: the 3D refractive index gradients of a flow from a gas burner and their
integrated refractive index field; Right: the reconstructed plumes of 3 tea lights rendered into
one of the input camera’s view. Figures reproduced from [6]

Fig. 5 The reconstructed gas volume is placed into a virtual scene. The volume is attached to
an oil lamp and distorts the relief on the wall

with the BOS technique, and (middle) visualizes the 3D gradients of a flow caused
by a gas burner. The gradient vectors where recovered using approximately 150,000
basis functions and 700,000 pixel measurements for each time frame. Another ex-
periment shows that our system is able to clearly separate spatially distinct fea-
tures. The reconstructed plumes of three tea lights are overlaid onto one of the input
images in Figure 4 (right).

We also modified the optical properties of the measured gas flows, adding ab-
sorption and scattering properties in regions of high refractive index gradient. In
Figure 5, the refractive index volume of the gas burner flow is attached to an oil
lamp and a candle data set is placed above a virtual candle. The light rays pass-
ing through the volume are distorted and cause the typical deflections of heated air
flows. The wall relief is distorted as well as the content of the image on the opposite
wall.
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2D-Measurement Technique for Simultaneous 
Quantitative Determination of Mixing Ratio and 
Velocity Field in Microfluidic Applications  
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Abstract. Two-dimensional Molecular-Tagging-Velocimetry (2D-MTV) has been used 
to investigate velocity fields of liquid flow in a micro mixer. Optical tagging was realized 
by using caged dye. For the first time patterns were generated by structured laser illumina-
tion using optical masks. This allows the generation of nearly any imaginable pattern. The 
flow induced deformation of the optically written pattern is tracked by imaging of laser 
induced fluorescence. Quantitative analysis of raw image series is carried out by novel 
“optical flow” based techniques. A comparison to the standard technique of µPIV has also 
been conducted. Additionally Planar Spontaneous Raman Scattering (PSRS) was applied 
in order to determine concentration fields for mixtures of ethanol and water.  

1   Introduction  

Over the past few years, microfluidic systems have experienced rapid development 
[1-4]. Due to the strongly increasing interest in microfluidic devices there is a 
growing demand for new diagnostic tools for the analysis of flow structures, mix-
ture formation and reaction behaviour directly inside the micro channels. In par-
ticular non-intrusive measurement techniques which do not influence the flow and 
reaction processes in the channels are indispensable. Several reviews are concerned 
with miscellaneous detection techniques [5-7]. The present work covers the devel-
opment of laser based imaging techniques, which can provide comprehensive  
information about microfluidic mixture formation and flow fields.  

2   Flow Field Analysis by 2D-Molecular Tagging Velocimetry 

In contrast to flow visualization techniques such as PIV or PTV, no seeding parti-
cles are needed for Molecular Tagging Velocimetry (MTV) [8-10]. Instead, the 
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Fig. 1 Experimental setup for 2D-
MTVrecordings 

 

 

flow is tagged by structured illumination of a fluorescence dye and the pattern 
written this way is visualized temporally resolved by a CCD-camera. Tagging is 
made possible by using a so called “caged dye” [11] which initially does not fluo-
resce – only after photochemically cracking the bond of a functional group by a 
UV-Laser pulse the ability to fluoresce is activated. If the UV laser pulse is struc-
tured spatially by imaging a mask into the fluid, a well defined pattern of activated 
dye can be generated within the caged dye loaded flow. The fluorescence of the 
activated dye structures can now excited continuously by another laser and image 
series of the deforming fluorescing structures inside the flow can be captured by a 
fast camera.  

Since diffusion occurs in the fluid and therefore the written patterns are spread-
ing with progressing time classical correlation algorithms as used for PIV are only 
suitable to a limited extent. For this reason a specially adapted intensity gradient 
based optical flow (OF) estimation technique was further developed [12-14].  
Detailed information about this technique can be found elsewhere [15-18]. 

The experimental setup is shown in figure 1. As the fluid demineralised water 
with a “caged dye”-concentration of 500 mg/l (caged Carboxy-Q-Rhodamine, Mo-
lecular Probes) was used. For generating the tagging-pattern in the fluid a pulsed 
XeF-Excimerlaser (COM-PEX 150, Lambda Physik AG) at 351 nm and a pulse 
energy of 200 mJ and for excitation of the fluorescence the expanded beam of an 
Argon-Ion laser (Innova 310, Coherent) at a wavelength of 514 nm have been ap-
plied. The image of the illuminated mask is demagnified and imaged into the fluid 
which flows inside the planar micro mixer. A CCD-camera (Imager Compact QE, 
LaVision) images the fluorescence of the dye patterns deformed by the flow at 
well defined points in time after the writing process. The camera is triggered with 
a frequency of 10Hz by a delay generator to guarantee a fixed time delay of 
100ms between successive images. Depending on the dimensions of the evaluated 
flow either a microscope objective (5×, Zeiss) or a macro-objective (50mm, 
Nikon) is used. Interfering excitation light is suppressed by an optical bandpass 
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Fig. 2 2D-MTV image series of a laminar micro flow. The original sequence was taken 
with 10Hz, fewer images are shown here for a better visualization of the flow 

filter (OG570, Schott). The measurement procedure has been presented previously 
in [19-22]. Figure 2 shows an image sequence generated by the described proce-
dure. This is a typical example for the microfluidic flows investigated so far. The 
mixing chamber (5 mm × 5mm × 200 µm) is streamed from the left to the right 
while the four side channels that are intended to create periodically fluctuating 
flows for mixing purposes remain unused for these investigations. 

The mixing chamber generates a widening of the cross section of the flow. In 
this case a regular dot pattern was used to tag the flow. The dots have a diameter 
of about 160 µm after the imaging process and their period is three times the di-
ameter. A result of the flow analysis with OF is shown in Figure 3. 

 

Fig. 3 Temporally averaged velocity vector field calculated from the image series in  
Figure 2 
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The illustrated vector field of a stationary flow as it most often appears in micro 
fluidics is time averaged over ten single vector fields. The vector fields were cal-
culated from the same image sequence. A single vector field contains vectors only 
at positions were a dot was written into the flow like image 5 shows. Since the 
dots are moving during the sequence, as shown in Figure 2, the calculation of ve-
locities is possible in almost the whole chamber. The gaps between the vectors are 
closing by the averaging process and nearly the entire field becomes visible. The 
resulting vector field reproduces the anticipated flow field very well. 

3   Reference Measurements and Taylor Dispersion  

A disturbing effect which is particularly distinct in micro flows is the so called 
Taylor dispersion. It is caused by the parabolic velocity profile that is formed be-
tween top and bottom plates in a flat channel. By means of this effect the fluoresc-
ing patterns blur increasingly during the progressing flow. This issue is drafted in 
Figure 6. The kind of detection, which integrates over the depth of the channel, 
leads to the deformation of the initially punctual pattern to a kind of “comet tail” 
that can be found for example in Figure 2. The evaluation results in lower veloci-
ties in the front of the moving pattern. Due to the region of the “tail” and higher 
ones at the fact that the velocity values in the vector field need to be allocated to 
different levels in the channel it is necessary to modify the evaluation algorithms 
in order to calculate velocities in a certain depth level. The necessary adjustments 
to the algorithms could be done provided that the flow is strictly laminar and two 
dimensional. A parabolic flow profile as shown in Figure 4 leads to assumptions 
about the resulting velocities after the two dimensional projection when the cam-
era view integrates through the channel depth. The parabolic flow profile is based 
on a laminar Poiseuille flow. This allows to extend the differential equation for the 
optical flow calculations to take the Taylor dispersion into account. The concrete 
arrangements that were used can be found in [5,7,8]. The improvements presented 
there allowed to correct the errors that would result from Taylor dispersion and 
calculate velocity vector fields that match the conditions in the middle level (apex 
of the Taylor dispersion parabola). This enables a quantitative comparison of the 
calculated values with reference values taken by a flowmeter. Therefore tagging 
measurements in a straight channel with a rectangular profile of 1.12 mm × 
200 µm were carried out. Figure 5 shows a result of these measurements. The un-
derlying dot pattern is clearly visible because a velocity calculation is only possi-
ble if intensity structures are visible as mentioned previously. The dots measure 
about 80 µm in diameter and the period is two times the diameter. The mean flow 
velocity was calculated from the measured velocity vector fields by a local aver-
age determination. Because of the correction of the Taylor dispersion the mean 
flow velocity of this vector field corresponds to the maximum velocity in the mid-
dle level of the channel. The flow meter simultaneously detected the volume flow 
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Fig. 4 Schematic diagram of the pres-
sure driven flow between top and 
ground plate 

 

 

of the fluid. These values are convertible to mean flow velocities by the known 
geometry of the cross section of the channel. 

Mean flow velocities again can be converted to the maximum flow velocities in 
the middle level of the channel because of the parabolic flow profile. Both maxi-
mum flow velocities, of the OF calculations on the one hand and the measure-
ments of the flow meter on the other, should match. Measurements in a wide range 
of flow velocities were used to create the comparison shown in Figure 6. The bi-
secting line is plotted to show the perfect accordance of both values. This means a 
very good qualitative match with the expected fluid flow and good quantitative 
accordance with standard µPIV measurements which are also performed in the 
same microchannel. The development of the measurement technique and the 
evaluation algorithms is at the beginning anyway and further improvements are 
possible. Fluctuations of the beam profile of the lasers caused problems with the 
basic assumptions of the algorithms. Thus a more stable laser or a more robust 
evaluation could lead to much better results. Further work should help to improve 
the measurement technique. 

 

Fig. 5 Result of a tagging measurement with evaluation by a modified optical flow algo-
rithm in a straight channel 
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Fig. 6 Quantitative comparison  
between the velocity values de-
termined by µPIV/MTV meas-
urements and measurements by a 
flow meter 

 

 

4   Determination of Species Concentrations by Planar Raman 
Scattering  

The determination of density distribution of molecular species in microfluidic sys-
tems is realized by planar spontaneous Raman scattering. Due to its extremely low 
signal yield the application of spontaneous Raman scattering as measurement 
technique is challenging [23,24]. Existing approaches only used ether the spectral 
information or their temporal evolutions. Modern Raman microscopes apply 
pointwise scanning techniques in order to image species distributions inside or on 
the surface of microscopic objects. Also direct imaging of a specific Raman band 
was demonstrated in [25]. Due to the long exposure times necessary the recording 
of snapshot images of density distributions in instationary mixing processes was 
not possible yet. Lately single shot Raman measurements were carried out to  
characterize fuel sprays [26]. 

Fig. 7 Typical Raman spectrum of ethanol 
with examples of two narrow band filters 

 

 
 

 



2D-Measurement Technique for Simultaneous Quantitative Determination 161
 

Fig. 8 Sketch of the experimental setup for 
the two dimensional determination of con-
centration fields by planar Raman scattering 

 

 

In this contribution, instantaneous spatially resolved measurements with an out-
standing time resolution are presented. The technique is used to acquire quantitative 
species distributions of specific species in microfluidic systems for the first time. The 
procedure has the ability to quantitatively visualize density distributions of certain spe-
cies by using the characteristic spectral emissions of the participating fluids. The two 
dimensional measurement procedure uses the fact that different molecular species are 
clearly distinguishable from each other by means of their characteristic Raman spectra. 
This “spectral fingerprint” allows to detect features specific to an individual molecular 
species. Narrow bandpass-filters allow the spectral separation of the Raman scattered 
light of the relevant band without or with only minor interferences from other species. 
The local Raman scattered light intensities obtained this way are a direct measure of the 
density distributions of the examined species since the measured intensities are propor-
tional to the number of molecules of the selected species in the measurement volume. 
Figure 7 is a draft of the described principle. This example shows a part of the Raman 
spectrum of ethanol with the characteristic band of the fundamental CH-vibration at 

3000 cm
−1

. A second band at 3300cm
−1 

corresponds to the OH-vibration. If ethanol is 
mixed with pure water it could be spectrally selected by filter 1. At the spectral position 
of filter 2 both species emit Raman scattered light. The experimental setup is drafted in 
Figure8. 

Raman measurements were carried out either in a planar micromixer as well as 
in the three-dimensional mixing chamber of a multi-lamination mixer produced by 
Forschungszentrum Karlsruhe (http://www.fzk.de/fzk/idcplg?IdcService=FZK-
&node=0899& lang=en) with water and ethanol as two distinct chemical features. 
For lack of space only results of the investigations in the three dimensional mixing 
chamber are presented here. 

For excitation a pulsed Nd:YAG-laser at 532 nm (Brilliant B, Quantel) was 
used. The laser beam is formed to a small light sheet (approximately 800 µm thick 
and 12 mm high) by a lens system and a beam homogenizer. The light sheet se-
lects a plane in the mixing chamber (quartz-cuvette, 10mm x 10mm x 40mm) that 
is imaged by an image intensified camera (Flamestar III, LaVision) through the 
Raman filter (633FS1025, LOT-Oriel). The spectral transmission of the Raman 
filter is chosen so that only the strong ethanol- band at 3000cm-1 is imaged.  Both 
fluids exhibit an OH-band but the one of water is much stronger. Therefore a 
small amount of light from the OH-band of water is transmitted by the filter as 
well. For a mixture of two components this unwanted light can easily be removed 
by a “black-and white”-image correction. In this case the black-image contains the 
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Fig. 9 Planar concentration distribution of ethanol in water during an instationary mixing 
process in a three-dimensional micro mixer 

intensities measured of pure water and the “white-image” is taken from pure etha-
nol. Through a calibration procedure [22], the measured intensity values are con-
verted to concentration values. Figure 9 exemplary shows a sequence of images 
acquired during the mixing process of ethanol and water in the mixing chamber. 
Here the laser sheet selects a plane directly above the inlet channels of ethanol 
which flows into pure water. The distribution of ethanol is clearly distinguishable 
from that of water and some interesting features are recognizable. 

5   Conclusions  

Two-dimensional Molecular Tagging Velocimetry was successfully applied to de-
termine velocity vector fields in two dimensional micro flows. Comparison with 
micro-flow measurements showed very good agreement. New evaluation algo-
rithms for inclusion of flow effects resulting from Taylor dispersion were devel-
oped by C. Garbe from University of Heidelberg and applied to the experimental 
data. 

Single shot planar spontaneous Raman scattering was successfully applied to 
micro-mixing devices for the first time and quantitative planar mixing ratios could 
be extracted. In ongoing work both techniques are coupled in order to enable si-
multaneous measurements of local flow field and mixing ratio in microfluidic  
systems.  
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Simultaneous, Planar Determination of Fuel/Air Ratio 
and Velocity Field in Single Phase Mixture Formation 
Processes 

Frank Rotter, Jochen Scholz, Jens Müller, Tim Wiersbinski, Markus Röhl, 
Paul Ruhnau, Daniel Kondermann, Christoph S. Garbe, and Volker Beushausen 

1 

Abstract. Laser induced fluorescence is used to develop a 2D measurement tech-
nique for mixture formation analysis of fuel and air in a broad temperature regime 
from 398 K up to 548 K. The measurement principle is called FARLIF (fuel-air 
ratio by laser-induced fluorescence). Its application is tested on the tracer toluene 
in the non-fluorescent model fuel isooctane as well as on an auto-fluorescing near-
standard gasoline. A frequency quadrupled double-pulse Nd:YAG laser at 266 nm 
is used for excitation while the fluorescence is detected by an intensified double-
frame CCD camera. The double-frame images are used for analysis of the mixture 
motion. For elevated temperatures the FARLIF signal shows a temperature  
dependence. Therefore, a correction mechanism is suggested. 

1   Introduction 

The mixing of gases is essential in many technical applications. For example, the 
controlled and well defined formation of ignitable hydrocarbon-air mixtures for 
energy generation in power plants, turbines, burners or internal combustion en-
gines is a central point of interest for process improvements. New engine concepts 
are strongly needed in order to face limited fossil oil supply, rising demand and 
continuously increasing fuel prices. Furthermore, progressive environmental deg-
radation results in more and more restrictive emission constraints. Therefore, 
many different optical diagnostic techniques have been developed during the past 
decades with the aim to get insight into and a better understanding of the processes 
governing the mixture formation [1].  
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Today’s measurement techniques allow a qualitative prediction of planar mix-
ture distributions but a direct quantitative and time resolved determination is not 
accessible. However, without the exact knowledge of the mixture processes a fur-
ther improvement of combustion processes only based on empirical optimization 
is no longer possible. Therefore, the aim of this project is the development of a 
technique to determine the spatial distribution, the temporal evolution and the ve-
locity field of turbulent gas streams with a single measuring procedure. Within 
this project a cooperation with other workgroups was entered who develop new 
image processing techniques for flow-dynamics analysis. 

As a promising approach the measurement of the fuel-air ratio by laser-induced 
fluorescence (FARLIF) was chosen, which was proposed by Reboux et al. more 
then 10 years ago [2]. They used toluene as a tracer in the model-fuel isooctane 
and took advantage of the strong fluorescence-quenching of oxygen. It was shown 
that the fluorescence intensity grows linearly with the fuel-air ratio and that the 
fluorescence intensity is pressure-independent for a fixed fuel-air ratio at higher 
pressures (FARLIF concept). These experiments were conducted at ambient tem-
perature and with an excitation wavelength of 248 nm. In the following years, 
many research groups have used this technique even at elevated temperatures 
without testing its applicability under these conditions. Schulz and Sick [3] 
showed that the situation for FARLIF applicability gets better for longer  
wavelength (266 nm) excitation. 

In this project the application of the FARLIF concept on the tracer toluene in 
the non-fluorescent model fuel isooctane was tested as well as on a auto-
fluorescing multi-component fuel (“Shell Euro Super colorless”). The latter has 
the advantage to be very similar to standard fuel and therefore is more realistic 
in evaporation and combustion behavior. In the following the applicability of 
FARLIF is evaluated for a broad temperature regime. The fluorescence is de-
tected by image intensified CCD-cameras to obtain two-dimensional spatial 
resolution. In order to capture mixing dynamics, a FARLIF double-pulse tech-
nique is developed. It is used to calculate maps of the temporal derivative of 
the fuel-air ratio. Furthermore, with appropriate image processing these 
FARLIF double images can be used for the analysis of the motion of mixture 
clouds and structures (fluorescence motion analysis, FMA). During the 
FARLIF examination at higher temperatures (up to 548 K) temperature de-
pendencies of the LIF intensity became obvious. Therefore, a correction 
mechanism is suggested. 

2   The FARLIF Concept and Experimental Setup 

Reboux et al. [2] proposed a concept to measure the fuel-air ratio by laser-induced 
fluorescence called FARLIF. In the case of linear LIF (weak excitation) the fluo-
rescence intensity If is proportional to the number density of the fluorophor nf and 
the fluorescence quantum yield qf. In the case of collisional quenching by oxygen 
as dominant fluorescence deactivation process If can be described by 
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This means, with rising pressure the FARLIF signal becomes pressure independ-
ent and proportional to the equivalence ratio φ = 1/λ, where the λ-value denotes 
the stoichiometric air-fuel ratio (for stoichiometric mixtures λ = 1, ignitable mix-
tures have 0.5 < λ < 1.3). 

In order to verify the FARLIF concept under controlled mixing situations and a 
broad temperature regime a heated pressure chamber was developed.  A modular 
concept was used to provide the ability for future extensions. Initially, the cham-
ber was designed to support a temperature range from room temperature up to 433 
K and pressures between 1 mbar and 10 bar. During the progress of the project the 
temperature range of the setup could be extended to a maximum of 700 K. The 
chamber was equipped with three quartz windows – two, to let the laser sheet pass 
the test section and the third to observe the fluorescence perpendicular to the laser 
sheet. To generate a homogenous laser sheet, the light of a frequency quadrupled 
Nd:YAG laser with 266 nm emission was lead through a light sheet optic with 
homogenizer. At the entrance and the exit of the chamber a few percent of the 
beam was coupled out to monitor the laser energy. For mixture motion analysis a 
double-pulse LIF setup similar to standard PIV setups was developed by adding a 
second laser, identical to the first, to generate double pulses with a short temporal 
delay. In all cases, the fluorescence was detected by an intensified CCD-camera, 
which has the ability to record the fluorescence excited by the two lasers sepa-
rately in two different frames. To scrutinize this setup the test chamber was ex-
tended by a coaxial nozzle which allowed the controlled simultaneous inlet of two 
gas compounds to generate mixing situations. Fuel-air mixtures were prepared in a 
heated 3.5-l pressure tank. For details please refer to [4-12]. 

3   FARLIF Verification with Toluene 

Investigations were carried out in order to test the FARLIF concept for 5% or 10% 
toluene as fluorescence tracer in the commonly used non-fluorescent model fuel 
isooctane. Before studying the applicability of the  FARLIF concept some pre-
liminary investigations were done. In this aim the linearity of the LIF signal with 
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Fig. 1 FARLIF validation at 398 K with 266 nm excitation of toluene-isooctane-air mixture 

excitation energy was successfully tested [5]. Another main precondition for FARLIF 
is the dominance of oxygen as collisional quencher, which could be confirmed as 
well [5]. For FARLIF verification several different gas mixtures of toluene in isooc-
tane and synthetic air (80% nitrogen and 20% oxygen) were prepared in the heated 
pressure tank and the fluorescence was measured in the test chamber at different pres-
sures (few mbar up to 10 bar) and temperatures between 398 K and 433 K. In the left 
part of figure 1 the fluorescence intensities versus total pressure are shown. The in-
tensity rises with a very steep slope for low pressure and then forms a plateau with 
increasing pressure. This demonstrates the pressure independence of the LIF signal 
intensity for high pressures. The right part of figure 1 shows the plateau intensity ver-
sus equivalence ratio 1/λ. The values are located on a line through origin. Therefore, 
the FARLIF concept is directly validated far beyond the technical important region of 
ignitable mixtures (0.5 <  λ < 1.3) and temperatures up to 433K.  

     

Fig. 2 Left image: Calibrated single shot FARLIF measurement at T = 398 K, p = 3 bar of 
the mixing of 10% toluene in isooctane as model fuel and air in the wake of a coaxial noz-
zle. Right image: FARLIF image with analysis of the mixture motion (please refer to text) 
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The left image of figure 2 shows an example for planar FARLIF measurement. 
The image shows a mixture situation in the wake of a two component coaxial noz-
zle. A premixed rich fuel-air mixture (ratio 1:3) was lead through the inner aper-
ture of the nozzle while pure air streamed out of the outer aperture. The pressure 
was 3 bar and the temperature was 398 K. The laser sheet was centered over the 
nozzle exit and the flow is directed from bottom to top. Left and right from the 
central bright fuel inlet the dark areas of the air can be clearly distinguished. Fur-
ther outside the signal rises again according to the increasing fuel content of the 
surrounding, already mixed gas.  

An additional application of planar FARLIF images is the analysis of motion in 
mixtures. Similar to common PIV technique a double pulse laser and a dual-frame 
camera are used to take two images with a short temporal delay. The difference to 
PIV is that no seeding particles are used. Instead the fluorescing fuel structures are 
used to extract motion information. The right image of figure 2 shows the result of 
such a fluorescence motion analysis (FMA). For this analysis two images with a 
temporal delay of 200 μs were taken. The arrows are the result of the analysis done 
with an “optical flow” algorithm. They indicate the motion field of the FARLIF 
structure. It has to be mentioned that this is not equivalent to the velocity field of 
the flow but it shows where and how mixture structures are moving. This technique 
may be used to follow the movement of ignitable mixture clouds in optically  
accessible engines for example. For more details please refer to [4, 5, 13, 14].  

4   FARLIF Verification with Near-Standard Fuel 

After the promising results with toluene the focus was set on FARLIF applications 
with more realistic auto-fluorescent multi-component fuel without any additional 
tracer. Model fuels with one or only a few components are disadvantageous be-
cause they differ from standard gasoline in volatility and in combustion behavior. 
Therefore, “Shell Euro Super colorless” (PR 1632) was used in further investiga-
tions. This is a near standard gasoline, in which only the yellow-brownish bitumen 
components are eliminated. The native fluorescing hydrocarbons of this gasoline 
can be electronically excited by laser light with a wavelength of 266 nm and show 
sufficient auto fluorescence without any additional tracer. For this fuel the same 
preliminary investigations as for toluene in isooctane (linearity of LIF, dominance 
of oxygen quenching) were done with positive results [5]. The fluorescence inten-
sity was even brighter than that of the toluene-isooctane mixtures. Also in this 
case the LIF signal of several mixture conditions was measured. The left image of 
figure 3 exemplifies the FARLIF intensities versus pressure of several mixtures 
near the ignitable regime at 398 K. Like toluene in isooctane the standard fuel 
shows steeply rising fluorescence for low pressures and forming of plateaus for 
elevated pressures. The plateau intensity of the fuel again is proportional to the 
equivalence ratio 1/λ as can be seen in the right image of figure 3. Here, the inten-
sity is linear far beyond the ignitable regime. The results were similar at different 
temperatures up to 548 K. In all cases a formation of plateaus with rising pressure 
could be observed with plateau intensities proportional to the equivalence value. 
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Fig. 3 FARLIF-validation at 398 K with 266nm excitation of gasoline-air mixtures 

However, temperature dependencies became obvious. Figure 4 shows the nor-
malized LIF signal versus pressure at different temperatures. The steep slope of 
the signal for low pressure flattens with rising temperature and the plateau is 
reached at higher pressures. This effect may be explained by additional in-
tramolecular deactivation processes in the excited states of the fluorescing mole-
cules which become accessible only at higher temperatures and compete with 
oxygen quenching.  

Furthermore the slopes of the FARLIF calibration curves turned out to be tem-
perature dependent. Therefore, FARLIF measurements are best suited for isother-
mal conditions. Otherwise the temperature has to be known for a correction. 
Therefore, a measurement concept for the temperature is introduced in the next 
section. 

After validation of the FARLIF concept for standard gasoline the application of 
planar measurement was also tested. Analog to the toluene isooctane mixtures in-
homogeneous mixture situations were generated by streaming fuel-rich air through 
a coaxial nozzle into air with lean air content. The left side of figure 5 shows an 
example of such a mixing situation at a temperature of 398 K under a pressure of 5 
bar. Here, a cylinder of 0.9 mm diameter was introduced at the nozzle exit as a 
flow obstacle in order to increase mixing structures of the coaxial fuel-air flow. 
Again the flow is directed from the bottom to the top. The image was calibrated 
via the FARLIF calibration curve.  

Fig. 4 Normalized pressure curves of LIF 
intensities for λ=1 mixtures at different 
temperatures 
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Fig. 5 Left image: Calibrated FARLIF measurement of gasoline and air mixing in a cylin-
der. Right image: Analysis of motion using double pulse planar FARLIF and FMA 

With standard gasoline also double pulse FARLIF measurement was done and 
analysed with FMA. An example can be seen on the right side of figure 5. The 
background shows the calibrated FARLIF image. The mixture movement is well 
described by the arrows. The temporal deviation of these images provides addi-
tional information about the mixture motion. This is described in [7,9]. These arti-
cles also report the results of simultaneous PIV measurements, which were done 
in the context of this project to determine the velocity field for comparison with 
the mixture motion data. FMA was also tested with synthetic fluorescence images 
provided by Rainer Hain, Institute of Fluid Mechanics, Technical University 
Braunschweig [12]. For more details about FARLIF with near-standard gasoline 
please refer to [5-12]. 

5   Concept for Temperature Determination and Correction 

In the progress of the experiments the FARLIF signal showed to be temperature 
dependent. Due to this it became necessary to find a correction strategy to enable 
FARLIF measurement under non-isothermal conditions and mixture situations 
with inhomogeneous temperature distributions. For this purpose preliminary in-
vestigations were done. Figure 6 shows in the left part two spectra of near-
standard-fuel air mixtures which were recorded with a homebuilt spectrometer 
with a 1000 lines per mm grid. The upper spectrum is recorded at 375 K while the 
lower spectrum is recorded at 450 K. The spectra show two different fluorescence 
maxima: one in the short-wavelength region (S1) and one in the long-wavelength 
region (S2). The comparison of the two spectra shows that the ratio S1/S2 is  
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Fig. 6 Temperature dependence of LIF spectra of fuel-air mixtures 

temperature dependent. These two spectral regions presumably can be associated 
to two different fluorescing component groups of the fuel: mono-aromatic and di-
aromatic compounds. The right part of figure 6 shows the intensity ratio of S1 and 
S2 over the temperature. The curve shows a negative slope, which gives a correla-
tion between temperature and fluorescence which can be used for temperature de-
termination. This is in good agreement to investigations of the related kerosene 
fluorescence [15, 16]. 

6   Summary 

In the conducted examination the FARLIF concept could be validated for toluene 
in isooctane (5 % and 10 %) as well as for almost-standard fuel “Shell Euro Super 
colorless”, both at an excitation wavelength of 266 nm. With toluene in isooctane 
as model fuel FARLIF could be validated for fuel-air mixtures with λ ≥ 0.2 and 
temperatures up to 433 K in a pressure range from 1.5 bar to 10 bar. With almost 
standard fuel FARLIF could be validated for fuel-air mixtures with λ ≥ 0.4 for 
temperatures up to 548 K and pressures above 2.5 bar. Unfortunately a tempera-
ture dependence has been observed. Thus FARLIF is best suited for measurements 
under isothermal conditions, otherwise a temperature correction has to be  
performed. 

For both fuels the applicability of planar FARLIF imaging on isothermal tran-
sient fuel-air mixtures under engine relevant conditions was demonstrated. This 
technique could be used for example to identify ignitable mixture regions. In this 
connection the necessity of an absorption correction along the excitation path of 
the laser light has been taken into account. Investigations for an appropriate cor-
rection strategy of temperature effects and excitation light absorption are in  
progress. 

Furthermore the application of double pulse FARLIF has been demonstrated. 
Two ways of analysis were mentioned. The calculation of temporal derivation 
fields shows qualitatively where and how fuel-air ratio maps are changing. Fluo-
rescence motion analysis (FMA) using “optical flow” methods provides a vector 
field which describes the motion of fluorescence structures. This vector field does 
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not necessarily represent the flow field but it shows how and where mixture struc-
tures are moving. It could be used, for example, to determine when ignitable mix-
ture structures reach the spark plug in an optically accessible engine. 

To correct temperature effects of FARLIF measurement a concept for tempera-
ture determination was introduced. The work on this project is still in progress and 
will be accomplished in further examinations. 
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Development of Imaging Laser Diagnostics for 
the Validation of LE-Simulations of Flows with 
Heat and Mass Transfer 

Andreas Braeuer, Anna Malarski, and Alfred Leipertz 

1 

Abstract. Imaging laser diagnostic techniques were developed and combined to 
simultaneously measure concentration and velocity fields in turbulent mixing proc-
esses. Raman imaging (Ramanography) was used to probe the concentrationfield 
while particle image velocimetry (PIV) was applied to gain information on the ve-
locity field. Due to the inherent characteristics of both techniques, our work covers 
both, mixing processes with liquids and pressurized gases. In Hydrogen flows, a 
simultaneous detection of concentration and temperature fields is possible. 

1   Introduction 

Mixing processes are widely used, e.g. in combustion or in chemical, biotechno-
logical and pharmaceutical industry. The numerical simulation of such processes 
is in progress during the last years. Especially the implementation of numerical 
methods like Direct Numerical Solution (DNS) and Large Eddy Simulation (LES) 
instead of statistical methods such as Reynolds Averaged Navier Stokes Method 
(RANS) offers the potential of more accurate results. For the validation of the LES 
or DNS results the time-resolved simultaneous measurement of the velocity and 
concentration or temperature fields is mandatory. 

The already well established laser based Particle image velocimetry (PIV) was 
applied for all velocity measurements comprising this report. This technique is 
based on the multiple exposure of a particle-seeded flow [24] with calculation of 
mean velocity vectors from the displacement of the particles and the time interval 
between the exposures. This standard technique (commercially available, therefore 
we will forego a detailed explanation of the PIV technique) had to be combined 
with an additional laser diagnostics technique for concentration measurements. 
During this research project besides concentration in liquids, even composition 
and temperature was measured simultaneously in hydrogen flows using only one 
laser and three cameras. 
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In the past a variety of laser diagnostic techniques was developed [10, 16, 25–
27, 31], which qualify for locally and temporally resolved analysis of mixture 
generation (concentration, mole fraction, composition). Among all these tech-
niques, only very few provide two-dimensional (2-D) information about the tem-
perature and the mole fraction distribution simultaneously. Usually the respective 
techniques are laser-induced fluorescence (LIF) techniques which rely on compo-
sition and temperature dependent absorption and emission processes of a molecule 
[1, 13, 29, 30] and for measurements along one line or at one point as Raman scat-
tering. Compared to Raman scattering, LIF has the advantage of a larger signal 
level but is only applicable in either fluorescent media or fluids which are seeded 
with a fluorescent tracer whereas nearly all media are Raman-active. For LIF flow 
analysis, usually a tracer molecule, which is known to indicate composition and 
temperature is added to a non-fluorescing carrier fluid. In this case the detected 
LIF-signals can definitely be ascribed to the tracer molecules. Thus, signal  
evaluation is straight forward if the photo physical properties of the tracer  
are known. 

Special problems arise, if LIF composition and temperature analysis should be 
carried out in hydrogen flows, which due to energy policy and combustion applica-
tions become increasingly important. Hydrogen cannot be excited to fluorescence 
with available laser sources via single photon absorption. Thus tracer molecules 
have to be added to the hydrogen. But there are no tracer molecules available with 
hydrogen like properties regarding size and mass. Hence diffusion and transport 
properties of the hydrogen and the tracer are quite different. Additionally, which 
may be the essential drawback of all quantitative LIF tracer techniques, they suffer 
from a complex tracer calibration, complex experimental setups and data evaluation 
procedures. Apparently a 2-D measurement technique which has the potential to 
probe temperature and concentration directly from the hydrogen molecules itself 
and could be combined with a velocity field measuring technique would be an  
advanced tool for hydrogen energy conversion development. 

Unfortunately Raman scattering suffers from very weak signal strengths. Thus, 
in a first step we started to develop the laser diagnostics technique consisting of 
PIV and Ramanography in a process where liquid ethanol was injected into liquid 
water at room temperature and ambient pressure. In this system the high molecular 
density of liquids contribute to sufficient Raman signal strengths. To the best of 
our knowledge, the simultaneous implementation of Ramanography and PIV in 
liquid mixing processes was realized within this research project for the first time 
[20]. In former approaches combined velocity and concentration field measure-
ments were carried out by the detection of the particle Mie scattering and the fluo-
rescence of the seed [11] which is easier due to the abovementioned reasons. 
Quasi simultaneous, point wise measurements of concentration and velocity were 
realised by other researchers using Raman spectroscopy and laser Doppler ve-
locimetry (LDV) [5, 6, 8]. The LDV event triggered the Raman set-up with a 3 
time delay to guarantee a particle free measurement volume for the Raman meas-
urement. This is unsatisfying in turbulent and therefore strongly time dependent 
processes, because a direct relation between the concentration and the velocity is 
not given in such an approach. 
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Having optimized the experimental system in the liquid-liquid system, we 
switched over to a gaseous mixing process, which is of outmost importance for 
energy conversion processes dealing with hydrogen. For safety reasons hydrogen 
was injected into pure nitrogen at 11 MPa (abs) instead of air, which would be the 
usual oxidizer in common combustion applications. Again the experiment had to 
be optimized for the challenges of gaseous mixing systems, which arise due to the 
low molecular densities of gases in comparison to liquids. Therefore we will dis-
tinguish between the liquid and the gaseous systems in this report. 

Different attempts to measure the distribution of one certain species molecule 
using 2-D Raman scattering are known since 1973 [12] when Hartley introduced 
the name “Ramanography”. Since then Ramanography was applied for jet behav-
iour and turbulence investigations in reacting and non reacting flows under ambi-
ent pressure and in pressurized chambers at ambient temperature and under  
cryogenic conditions [4, 7, 17, 19, 21, 22]. 

In the second part of this report we describe the development of a Ramanogra-
phy technique which simultaneously provides hydrogen mole fraction and  
temperature information. This is realized by directly probing the hydrogen and ni-
trogen molecular number densities in different rotational and vibrational energy 
levels. In addition to the benefit that no tracers are needed this technique profits 
from a simple experimental setup and a straight forward data evaluation proce-
dure. A prior non-extensive calibration is necessary. The combination of this 
measurement technique with PIV and with optical flow techniques to simultane-
ously probe the velocity field is in progress and will be finalized before the DFG 
priority research programme 1147 will be completed in 2009. 

2   Raman Scattering 

Upon irradiating a sample of molecules with a monochromatic laser beam, besides 
elastic Rayleigh scattering, frequency shifted Raman scattering can be detected. 
The frequency shift corresponds to the energy difference νRaman-shift of two Raman 
active rotational and/or vibrational energy levels of the irradiated molecules [9, 
14, 23, 28]. The Raman signal intensity is proportional to the population of the 
probed energy level. The Raman signal intensities of the energy levels of different 
species can easily be separated as the Raman shifts νRaman-shift of a molecule are 
species specific and thus different for different molecules. The Raman scattering 
working equation for signal detection perpendicular to the polarization of the irra-
diated laser beam is [18] 

KN(i)Ω
dΩ
dσ

h
I

I(i) Jν,
Laser

Laser ⋅⋅⋅⎟
⎠
⎞

⎜
⎝
⎛⋅=

υ
 (1) 

where the Raman signal intensity of species i I(i) [-] reflects the number of de-
tected Raman scattered photons, ILaser [Jm-2] is the excitation laser energy fluence, 
hυLaser [J] is the photon energy of the laser frequency υLaser, dσ/dΩ [m2sr-1] is the 
integral Raman scattering cross section with Ω [sr-1] the signal detection solid 
angle and K is a constant, which comprises all influencing factors of the  
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experimental setup. N(i)v,J is the number of species i molecules, which populate 
the vibrational v and rotational J energy level probed. The population distribution 
across the rotational and vibrational energy levels follows Boltzmann statistics. 

3   PIV and Ramanography in Liquid Mixing Processes 

A sketch of the used experimental set-up to analyze the injection of liquid ethanol 
into water is shown in Fig. 1. Both scattering processes were excited with a fre-
quency-doubled Nd:YAG laser (532nm). The double-pulse option of the laser of-
fers the observation of the particle seeded flow with a pulse delay of 80 μs for the 
PIV measurements. The Raman scattered light of the first pulse was detected for 
the concentration measurements. A detailed description of the experimental setup 
can be found elsewhere [20]. 

As the resolution of the Raman imaging system (each pixel covers a section of 
72 x 72μm) is much better than that of the PIV system, the Raman data can be filtered 
by a 3 x 3 pixel median filter routine enhancing the SNR to 13.5 which was determined 
experimentally. A median filter was used as it conserves the sharp edges of the spray. 

As an example for the simultaneous measurements, Fig. 2 shows the evaluated 
data of a spray 20 ms after injection with an injection pressure of 2.4 bar. In the back-
ground the ethanol concentration field is shown with the 3 x 3 5 median filter routine 
applied. As the nozzle generates a jet of two components that were already mixed in-
side the mixing pipe, the maximum ethanol concentration at the exit is only 45 % per 
unit volume. The simultaneously measured velocity field shows a very good agree-
ment with the turbulent structure of the concentration field if the limited resolution of 
the PIV measurements is taken into account. The main flow direction follows the in-
jection direction. In the outer regions of the jet nearly no flow can be observed. 

Summarizing the first half of this report, we have demonstrated that it is possi-
ble to simultaneously apply a strong and a very weak scattering process for imag-
ing purposes. Raman scattering provides a tremendous amount of information and 
is therefore the best method for concentration measurement. Until now the appli-
cation of Raman imaging in particle laden environments caused a lot of distur-
bances due to the elastically scattered light. Here an optimised filter system  

 
Fig. 1 Schematic of the experi-
mental set-up (CPIV, double-
shutter CCD camera for PIV 
measurements; CR1, ICCD cam-
era for Raman imaging of com-
ponent 1; CR2, ICCD camera for 
Raman imaging of component 2; 
L, lens; BP, band pass filter; HP, 
high pass filter; BS, beam  
splitter), from [20] 
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Fig. 2 Velocity and ethanol concentration field , p = 2.4bar, t = 20ms, T = 25°C, from [20] 

with an optical density larger than 16 at the excitation wavelength was used to 
separate the Raman signal from the Mie (PIV) signal. 

4   Mole Fraction and Temperature Analysis in Hydrogen Flows 

Fig. 3 shows the experimental setup with only one laser source and three cameras 
to be used for the simultaneous detection of the H2 mole fraction x(H2) and the H2 
temperature T(H2). A frequency doubled Nd:YAG-Laser at 532 nm with a FWHM 
pulse-length of 10 ns and a single-shot pulse energy of 650 mJ was used for the 
excitation of the Raman process. A detailed description of the setup used can be 
found elsewhere [3]. To prevent the pulse intensities from exceeding the injection 
chamber window damage threshold a single loop pulse-stretcher was used [15,2]. 
Three electron multiplying charge coupled device (EMCCD) cameras allowed the 
simultaneous detection of three different Raman signals. In contrast to EMCCD 
cameras, intensified cameras suffer from rather low quantum efficiencies of the 
Multi-Chanel-Plate. Fig. 4 shows a sketch of the injection chamber together with 
exemplary acquired Raman images of the H2 and N2 distribution. 

Side perspective

Top perspective

Laser

C1

C2
C3

IC

Side perspective

Top perspective

Laser

C1

C2
C3

IC

 

Fig. 3 Sketch of the experimental Raman setup used for the simultaneous 2-D detection of 
hydrogen mole fraction x(H2) and hydrogen temperature T(H2). C1-C3: EMCCD-Cameras; 
IC: injection chamber [3] 
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Fig. 4 Sketch of the injection flow 
sheet with illustration of the evalu-
ated regimes inside the injection 
chamber. The jet image and its 
complement give the vibrational 
ground state v = 0 Raman signal in-
tensities of hydrogen I(H2)v = 0 and 
nitrogen I(N2)v = 0, respectively. The 
intensity distribution inside the la-
ser excitation light sheet is qualita-
tively illustrated [3] 

 

Two-dimensional hydrogen mole fraction and temperature measurements were 
carried out inside a field of 32 x 23 mm with a local resolution of 200 μm x 200 μm 
and a temporal resolution of a few nanoseconds. Hot hydrogen (473 K) was in-
jected into cold pressurized nitrogen (473 K, 1.1 MPa abs.). 

Having carried out different experiments detecting different Raman signals one 
strategy was identified as the most suitable for the temperature range apparent in 
hydrogen combustion systems. Here the vibrational ground state signal of nitro-
gen, and the pure rotational Raman signals of the level J = 1 and J = 3 were  
detected. Temperature evaluation follows Boltzmann statistics, whereas mole frac- 
tion analysis follows the introduction of a virtual energy level as described in 
Braeuer and Leipertz [3]. The single-shot accuracy and precision were evaluated 
in a series of experiments also described elsewhere [3]. 

Exemplary single-shot and mean H2 mole fraction x(H2) and H2 temperature 
T(H2) images are displayed in Fig. 5. The mean images were calculated from 100 
single-shot images. Close to the injector’s nozzle some significant irregularities 
can be seen in Fig. 5. They must be attributed to the laser sheet excitation profile, 
which has a maximum in the middle of the light sheet and decreases to the upper 
and lower border. As the upper border was adjusted 1.5 mm underneath the injec-
tor’s nozzle exit the excitation laser energy in this region is minor than in a certain 
distance from the injector’s nozzle exit. Thus, in regions close to the injector’s 
nozzle, noise dominates the detected Raman signals, which results in implausible 
results. For example, the H2 mole fraction x(H2) at the top border in Fig. 5  
must never be smaller than in a short distance downstream. Because of noise 
dominating the detected signals not only the mole fraction results but also the 
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Fig. 5 Mean and single-shot hydrogen 
mole fraction x(H2) and hydrogen tem-
perature T(H2) images of a hot (473 K) 
hydrogen jet which is injected into room 
temperature (297 K) nitrogen at an abso-
lute pressure of 1.1 MPa [3] 
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temperature results show irregularities close to the injector’s nozzle. A beam ho-
mogenizer to be used will help to eliminate these irregularities. 

Raman scattering has been proven to be in general a promising tool for hydro-
gen mixture formation processes. Until now similar two-dimensional applications 
are known for either temperature or number density analysis of one species but not 
for composition analysis of a mixture. Time-resolved Ramanography applications 
with commercially available lasers in free jets had to be ascribed to either pressur-
ized or cryogenic processes. Still some challenges remain. High laser energy may 
induce ignition of the hydrogen air mixture. This may especially become a prob-
lem if particles (dust or oil droplets) cause a breakdown. To circumvent this, a 
multi-loop pulse stretcher would be helpful to further decrease the laser pulse in-
tensity. Alternatively a Nd:YAG laser cluster could be applied to excite the Ra-
man process with temporally shifted multi laser pulses within 1 μs. Consequently 
high excitation energies could be realized with rather low intensity pulses.  
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Considering costs, the multi-loop pulse stretcher is superior to the laser cluster but 
more complex to adjust and to handle. 

5   Conclusion 

Combining the Raman technique introduced here with an optical flow field prob-
ing technique, what was already successfully accomplished within liquid systems, 
will yield temperature, mole fraction and velocity information all at once. This can 
be realized for example by measuring the optical flow during hydrogen injection. 
In this case a double pulse laser is required. For optical flow analysis the cameras 
must have a double shutter option. 

In general the precisions and the accuracy of both, temperature and mole frac-
tion analysis, can be significantly improved, if higher energy laser sources are 
available. In this case a comparison between heat and mass transfer will provide 
deeper insight in more fundamental approaches of thermodynamics. This is  
especially interesting for hydrogen, which is known to be characterized by 
Lewisnumbers different than 1. 
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Optical Measurements in the Wake of a 
Circular Cylinder of Finite Length at a High 
Reynoldsnumber 

Mario Jensch, Frank Hüttmann, Martin Brede, and Alfred Leder  

1 

Abstract. The flow around a cylinder of finite length with one end bound on a 
large end plate defines a challenging problem for both, the numerical simulation 
and the experiment. In the following article, some of the results are described 
which were obtained experimentally on this “Leitexperiment” during the DFG re-
search priority program 1147. The emphasis is placed on the observation of the 
highly unsteady wake using time resolved particle image velocimetry. Here a large 
amount of data was inferred, resolving both, the spatial domain on a volume of 2D 
planes as well as the temporal domain by measuring fields of the 3D velocity vec-
tor at a rate of 1000 Hz. After a short introduction into the features of the time av-
erage flow field, a new approach is taken, using the POD as an instrument to re-
construct the unsteady 3D flow field from ensembles of instantaneous 2D TR-PIV 
fields containing the complete velocity vector. The POD modes from this were 
compared successfully with the results of the numerical simulation, performed si-
multaneously in the same research priority program [2]. 

1   Introduction 

The three dimensional flow around a bluff body is a standard topic in fluid mechanics. 
Regarding the wake of a cylinder with low aspect ratio the list of previous experiments 
is very limited and mostly contains steady state results. A detailed review of the re-
search on low aspect ratio cylinders has been given by Pattenden [11]. Results of LDA 
experiments have been discussed by Leder [7] and Richter [12]. With the introduction 
of the time resolved PIV measurement technique, new measurement capabilities are 
available. The unsteady flow can now be obtained, covering an entire 2D flow field. 
From this the problem arises that a large amount of data has to be analyzed. A good 
method to achieve a better understanding of the phenomena in unsteady flows is to re-
duce the data using the proper orthogonal decomposition technique [8] based on the 
work of Karhunen [10] and Loéve [9]. A given flow will be decomposed into orthogo-
nal eigenmodes using the snapshot method of Sirovich [14], which not only contains in-
formation of basic flow structures but also of the energy content.  

Experimental investigations were performed in the turbulent separated flow 
around a circular cylinder of finite length with one end fitted to an end plate at a 
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Reynolds number of 200000== ∞
ν

DU
DRe , D being the diameter of the cylinder. 

For this Reynolds number the onset of transition can be assumed at the separation 
point. The flow was investigated using the time-resolved stereo Particle Image Ve-
locimetry (TR-PIV). The proper orthogonal decomposition method for experimen-
tal data reveals valuable new information about the coherent structures of the  
unsteady flow and opens a wide field for new data postprocessing. 

2   Experimental Setup 

The stereo TR-PIV system consists of two high speed CMOS cameras with 
Scheimpflug optic and a frequency doubled Neodym-YAG laser. The system allows 
a frame rate of 2000 Hz over 2.7 s, with a camera resolution of 1024 x 768 pixels², 
details see [4]. For the generation of the flow a Göttingen type wind tunnel with a 
0.65 x 0.65 m² open test section has been used. It is operated at a flow speed of U∞ = 
26 m/s. The geometry setup is depicted in Figures 1 and 2. The Reynolds number 
value of 200000 was selected because it can be regarded subcritical for the boundary 
layer flow but supercritical for the separated shear layer. Hence the transition point 
can be expected to be directly at the location of the separation point. Additionally, 
the transition of the boundary layer of the plate is fixed by a trip wire close to the 
rounded leading edge. 

The measurement series discussed here was performed in 16 x-z planes parallel 
to the mean flow with a spacing between the planes of 0.1 D in the lateral direc-
tion. The field of view of each plane covers 444 x 276 mm² with interrogation ar-
eas of 32 x 32 pixels² and an overlap of 50 %. Other measurement series which 
can not be discussed here due to space limitations contain a similar dataset meas-
ured in horizontal x-y planes, volume TR-PIV measurements of the flow on the 
free end of the cylinder and an 3D-LDA measurements of the entire flow field in-
cluding the upstream part of the horseshoe vortex.  

Cylinder geometry 
diameter D = 120mm 
length L = 2D 
trip wire position x0 = -1.5D 

End plate geometry
b = 5.833 D

l = 10.833 D
d = 0.15 D

U∞U∞

Flow parameter
ReD = 200000

flow speed U∞ = 26m/s
turbulence intensity 

Tu = 0.5%
T =297K ±1K 

Fig. 1 Configuration of the experimental setup 
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Fig. 2 Experimental setup in the 
windtunnel 

 

 

3   Time Averaged Flow 

To illustrate the flow features figure 3 depicts the time averaged flow topology in the 
wake using red and silver streamlines and blue isosurfaces of the λ2-criterion of Jeong 
& Hussain [6]. Several vortices can be identified. A pair of counter rotating tip vor-
tices can be found on the free end of cylinder. Because of the interactions of the lat-
eral flow (red streamlines) and the recirculation arch vortex (silver streamlines) a pair 
of trailing vortices is induced at a stable position downstream at mid span of the cyl-
inder. The recirculation arch vortex is induced by the flow over the free end. Addi-
tionally one half of the horseshoe vortex system is visualised, which can be found 
near the endplate. The corresponding counter rotating vortex is not represented due to 
the limited measurement area. These findings agree very well with the measurements 
of Leder [7] and Pattenden [11] and also to the simulations of Frederich [1] [3]. 

 

Fig. 3 Time averaged flow topology in the wake of finite circular cylinder 
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4   Spectral Analysis 

Figure 4 illustrates the frequency versus the amplitude of the cross stream velocity 
fluctuation (v´) over increasing x positions. The line is situated at y/D = -0.7 and 
z/D = -0.5. The dominant frequency is approx. 35 Hz which corresponds to a 
Strouhal number 

∞
= U

DfSr  of 0.16. This Strouhal number agree very well with 
measurements for one side bounded finite length cylinder [15], but is lower than 
values given in the literature of about Sr = 0.2 for circular cylinders between two 
plates [13]. Clearly the dominant frequency becomes more significant downstream 
and the spectral intensities have a maximum of 0.07 at x/D = 2. This point in the 
flow is located shortly downstream the recirculation arch vortex. The streamwise 
velocity fluctuation (u´) shows the same dominant frequency and a similar spec-
trum. However the maximum of the spectral intensity is situated closer to the cyl-
inder at x/D = 1.4 to x/D = 1.6 and with a value of about 0.082 a little bit higher. 
At the Position of x/D = 2 the spectral intensity at a frequency of 35 Hz is equal to 
that from the cross stream velocity v´. Furthermore the spectrum of the vertical ve-
locity fluctuations (w´) is not so pronounced like the others although 35 Hz is also 
the significant frequency. The spectral intensity is also increasing with increasing 
x position and has a maximum of 0.035 at x/D = 2 to x/D = 2.2. 

 

Fig. 4 Spectral analysis of the cross stream velocity component 

5   Proper Orthogonal Decomposition 

The starting point for the proper orthogonal decomposition is the snapshot en-

semble ( ) ( ): ,m
mt=u x u x  of a velocity field ( ){ }M

m
m

1=xu  at M discrete time steps 
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tm. The key is to find an orthonormal system of modes ( ){ } ( )MNN
ii ≤=0xu  that 

describes the field with the Galerkin approximation  

[ ] ( ) ( ) ( )
0

, :
N

N
m i m i

i

t a t
=

=∑u x u x  (1) 

in an energetic optimal sense, where 0 1a =  and 0 =u u  describe the time average 
flow. The two main elements in the POD snapshot method are the inner product of 
the velocity variation around the time average 

( )u ,v : u vi i i idΩ
Ω

= Ω∫  (2) 

and the correlation matrix  

( ) ( )1 j m
jmC d

M Ω

= ∫u x u x x  (3) 

which comprises the second order structural information of the unsteady 
flow [14]. 

The plots tabulated in Figure 5 show the out-of-plane velocity component of 
the first POD mode at different TR-PIV measurement planes, starting at the tan-
gential plane to the cylinder y/D = -0.5 down to y/D = -0.3. In each plane 
2730 snapshots were used to calculate the POD. The left column shows the results 
obtained from POD, containing the maximum energy of the unsteady flow. It can 
be recognized, that the plane y/D = -0.5 (top left position) does not contain the 
same structures as the other planes (remainder of the left column). The reason for 
this is that every plane is decomposed on its own and the modes are sorted by the 
energy content of the measured plane and not of the entire velocity field volume of 
the wake. In this case a different mode is found with the maximum energy content. 
As a matter of fact in the decomposition here in the plane y/D = -0.5 a structure 
similar to that of mode number one in the adjacent plane y/D = -0.4 can be found 
in mode number two. Furthermore, the first POD modes calculated in the planes 
y/D = -0.4 and y/D = -0.3 look similar, but have the opposite sign because of their 
time coefficients.  

For investigating the modes in space now the approach is made that parallel 
planes that contain the same coherent structures ought to share non orthogonal 
modes even if they do not have the same mode number or sign. For synchronizing 
the modes of parallel measurement planes a linear mapping is introduced between 
the modes of the vector velocity fields of two neighboring planes. 

( ) ( )1 1,2 2
i ij jC=u x u x  (4) 

Where ( )1
iu x  represents the calculated POD modes of one plane and ( )2

ju x  the 
modes of the parallel neighboring plane. The operator C  gives the degree of line-
arity between the different modes of both planes. On the one hand it is now possi-
ble to calculate the modes of plane one through convolution of C  with the modes 
of plane two, or by convolving its inverse C−  with modes from field one 
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y/D =-0.3 

 

Fig. 5 Contour plot of the out-of-plane velocity component of the first POD mode before 
mapping (left) in different lateral planes (right) 

giving the modes of plane two. On the other hand it is a filter which identifies the 
same structures in different planes even if they have a different mode number or 
sign. By analyzing the matrix elements of C , coherent modes and their sign can 
be identified. 

Table 1 shows the rounded matrix elements of C obtained from the first six POD 
modes, which belong to the planes y/D = -0.3 and y/D = -0.4. A value of 1 denotes 
that in both planes the same structure exists with the same alignment, whereas 
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Table 1 Rounded coefficients C from plane y/D=-0.3, y/D=-0.4 

Mode number j → 

-1 0 0 0 0 0 

0 -1 0 0 0 0 

0 0 0 0 -1 0 

0 0 0 -1 0 0 

0 0 0 0 0 1 

i 

↓ 

0 0 0 0 0 0 

a value of -1 identifies the same structures with opposite alignment. This connec-
tion is pointed out by the first element in Table 1 and the corresponding contour 
plots in Figure 5 (left). Furthermore the element 3,5C  describes that mode 3 in 
plane y/D = -0.3 corresponds to mode 5 in plane y/D = -0.4. A value of zero  
implies no coherence. 

Starting at a reference plane it is now possible to map the corresponding 
modes by filtering all planes. The resulting set of modes is not necessarily sorted 
by the energy content of each measured plane but sorted by the energy content of 
the reference plane.  

The plots on the left side in Figure 6 depict the out-of-plane velocity compo-
nent from the mapped first modes for different measured planes from y/D = -0.5 
down to y/D = -0.3 with the reference plane chosen at y/D = -0.4. It is clear that 
the same structure is identified in all measured planes with the same alignment. 
Because of a very complex flow topology the method requires small distances be-
tween measured planes. 

The plots tabulated in Figure 7 show the results from the mapped POD modes 
from the experimental PIV data connected to a 3D volume. The plots show isosur-
faces representing a value of / 0.3iu U∞ = ±  whereas red indicates positive and 
blue indicates negative values. Clearly the rearranged modes compose a smooth 
ensemble that allows the calculation of isosurfaces. A detailed comparison of 
these results to the numerical data was made in [5] and [11]. 

Because it is difficult to understand the physics of the flow by analyzing the 
POD-Modes, it is useful to recombine the time independent modes to a time de-
pendent flow field. From this the problem arises that every decomposed plane im-
plies its own Fourier coefficients. Additionally the coefficients are not very 
smooth. For this reason a phase averaging technique based on the Fourier coeffi-
cients was introduced. The Coefficients which represents the projection of the 
snapshots on the modes can be used to calculate a phase angle for every snapshot. 
Figure 8 demonstrate the principle connection. 

After determining the phase angle for every snapshot an ensemble averaging on 
the recombined POD modes is possible. For this reason the method is a strong fil-
ter on the time dependence of a coherent structure. It is now possible to investigate 
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Fig. 6 Contour plot of the out-of-plane velocity component of the first POD mode after 
mapping (left) in different lateral planes (right) 

the temporal behavior of one structure which is described by two POD modes. It 
should be noted that this method of structural averaging is particularly valuable 
because it works for time resolved data as well as for randomly sampled snapshots  

Figure 9 illustrates the structure averaged results at phase angle ϕ (left) and a 
half period ϕ+π later (right). The horizontal plane situated z/D = -0.8 represents a 
cut through several vertical measurement planes, which POD modes where  
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Fig. 7 First (column left) and second (column right) POD mode of the velocity vector com-
ponents rearranged from TR-PIV data with incident Flow from the top 

linear mapped. For phase averaging the first two Fourier coefficients where cho-
sen, therefore the time dependence of the most energy containing structure in this 
area is presented. The in plane velocity components are given by vectors whereas 
the out-of-plane component is colored. On the side of the cylinder a periodical 
breakdown of the vertical velocity component towards the free end can be seen. 
Furthermore a vortex based on instability of the shear layer rolls up and swims 
down with a deformation of the vertical velocity component towards the endplate 
in the wake. 
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Fig. 8 Determining the phase angle from the 
Fourier Coefficients 

 

 

 

  

Fig. 9 Phase averaged flow field based on the first two time coefficients from POD at 
t ϕ=  (left) and t ϕ π= + (right) 

6   Conclusion and Outlook 

We have performed 3C LDA and time resolved stereo PIV measurements in the 
wake, at the free end and at the base of the cylinder near the endplate. The time re-
solved stereo PIV measurements were arranged in vertical and horizontal planes. 
The topology of the time averaged flow was analysed and the results resemble the 
flow structure known previously from flow visualisation and LDA-experiments. 
Additionally, the proper orthogonal decomposition was applied to the TR-PIV re-
sults and linear mapping was introduced, which gives 3D three component POD 
modes to characterize the unsteady flow behaviour. 

A comparison of the POD modes, based on the experiment, to the numerical 
data was successfully made, provided the same field of view was used. Further-
more, a phase averaging algorithm was applied on the rearranged volumetric POD 
modes to aid a better understanding of the temporal devolvement of the coherent 
structures. The combination of the linear mapping and the phase averaging tech-
nique was introduced as “structure averaging”. It is most useful because it can be 
applied to time resolved data as well as randomly sampled snapshots. 

Ongoing measurements combining the unsteady surface pressure field and the time 
resolved velocity vector field have been performed and are currently under analysis. 
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Surface Pressure and Wall Shear Stress  
Measurements on a Wall Mounted Cylinder 

Christoph Dobriloff and Wolfgang Nitsche* 

Abstract. The paper reports on steady and unsteady surface pressure as well as 
mean and fluctuating wall shear stress measurements of high spatial resolution on 
and in the vicinity of a wall mounted finite circular cylinder with an height to di-
ameter ratio of H/D=2. All measurements were performed at a Reynolds number 
of ReD=2·105 based on the cylinder diameter. The pressure measurements were 
conducted using a total of up to 179 simultaneously operated pressure tappings 
with piezoresistive pressure transducers. As a result, the complete instantaneous 
pressure distribution in the cylinder wake could be obtained. For the wall shear 
stress measurements, newly developed delta surface hot-wire probes, an enhance-
ment of the standard surface hot-wire, were used. The probe design, its calibration 
procedure and the measuring principle are discussed as well. 

1   Introduction 

The experimental analysis of flow fields including the resulting wall forces and 
the comparison to numerical simulations is common standard in modern fluid me-
chanics research. For such comparative investigations within the priority pro-
gramme Imaging Measurement Methods for Flow Analysis a finite wall mounted 
circular cylinder more accurately specified in the next section is used as a bench-
mark test configuration for a number of newly developed state-of-the-art imaging 
measurement techniques. However, as a reliable reference, measurements with 
well established conventional techniques are also used, namely measurements by 
means of laser Doppler anemometry (LDA) and time resolved particle image ve-
locimetry (TR-PIV) for the flow field [9, 15], as well as measurements by means 
of pressure tappings and surface hot-wires for the surface forces, accordingly. The 
surface measurements and their results are thoroughly discussed within the next 
sections of this paper. Together with numerical simulations presented in [5] and 
[6] a complete dataset for further comparisons within the priority programme and 
future investigations is obtained. 
                                                           
*Christoph Dobriloff . Wolfgang Nitsche 
TU Berlin, Institute of Aeronautics and Astronautics, Marchstr. 12, 10587 Berlin, Germany 
christoph.dobriloff@tu-berlin.de, 
wolfgang.nitsche@tu-berlin.de 
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2   Experimental Setup 

For reasons of better comparability to results of the other projects within the prior-
ity programme, the general experimental setup follows a reference design, which 
consists of a vertical wall mounted cylinder with a height to diameter ratio of 
H/D=2. The end wall is a flat plate whose main dimensions are shown in Fig. 1. A 
trip wire of diameter d=0.4 mm behind the leading edge ensures a defined turbu-
lent boundary layer across the whole base plate’s surface. At the trailing edge, a 
spoiler swept downwards at an angle of α=8° is used to achieve a zero pressure 
gradient over the flat plate in clean configuration, i.e. with no cylinder present. For 
the measurements introduced here, the cylinder is mounted onto a turntable, which 
itself is flush mounted into the end wall. This allows for the use of a single line ar-
ray of sensors on the cylinder and the turntable to cover the complete cylinder sur-
face and the annular area around the cylinder for the measurements. Additionally, 
in the wake area of the cylinder the end wall is prepared for the use of several 
modular inserts which can be easily exchanged by differently instrumented ones. 
The inserts cover an area of up to five cylinder diameters downstream the cylinder 
and are also represented in Fig. 1. 

 

Fig. 1 Experimental setup (absolute values in mm, D=120 mm) 

For all measurements, the entire assembly is mounted into the open test section 
of the closed-circuit low speed wind tunnel at the University of Rostock. Its nozzle 
cross-section is 0.65 m x 0.65 m and the test section is 1400 mm in length. A Rey-
nolds number of ReD=2·105 based on the cylinder diameter is maintained during 
the measurements. At this Reynolds number, the flow around the cylinder starts to 
become critical, i.e. the region of laminar-turbulent transition within the cylinder 
boundary layer is approximately the same as the region at which flow separation 
occurs [20]. During all measurements the general flow parameters such as the free 
stream static and dynamic pressure as well as its temperature are continuously  
recorded. 
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2.1   Pressure Measurements 

For the pressure measurements, a total of 179 pressure tappings is used, 63 of 
which are located on the cylinder and the turntable surface. The remaining tap-
pings are located in the wake area of the cylinder. In Fig. 2, a detailed overview of 
the tapping positions is given. All tappings have a diameter of d=0.5 mm and are 
instrumented with piezoresistive miniature pressure transducers. Two kinds of 
transducers are used for the measurements. For all tappings within the end wall 
(including the turntable), Honeywell 24PCEFA6D transducers are used. With a 
height of only 8 mm, the sensors can be fully integrated into the end plate. For the 
tappings within the cylinder surface, Sensortechnics HCL12X5 transducers are 
used. Due to their even smaller size, all sensors can be placed within the cylinder 
directly behind each tapping. The integration of all sensors into the cylinder and 
the end wall permits the use of only very short plastic tubes for connecting the 
sensors to the tappings, thus, minimizing the damping behaviour of the tubes and 
actually enabling unsteady measurements at all. 

 

Fig. 2 Pressure tapping locations in the wake (left) and on cylinder and turntable (right) 

All sensors are differential pressure transducers and are simultaneously cali-
brated directly before each measurement by connecting a KAL 84 static pressure 
calibrator to the interconnected reference pressure ports of all sensors. During the 
measurements, the free stream static pressure is used as reference pressure. 

For the measurements, the transducer’s output voltages are externally amplified 
by multi-channel low-noise operational amplifiers before being digitized by means 
of a 192-channel multiplexer connected to a Microstar DAP5400a data acquisition 
board with 8 A/D converters sampling with up to 1.25M samples per second each. 

2.2   Wall Shear Stress Measurements 

For the wall shear stress measurements, a new sensor design based on surface hot-
wires was developed. The new sensor design is an enhancement of the standard 
surface hot-wire introduced in [18]. A first introduction of the enhanced sensor 
can be found in [19] and a slightly more comprehensive description in [4]. The  
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Fig. 3 Delta surface hot-wire probe              Fig. 4 Positions on the end wall 

sensor is capable of determining the wall shear stress magnitude and direction at 
the same time. However, other than usual v-shaped surface hot-wires or hot-films, 
it is not limited to the range of about δ=±35° [11]. Instead, it can be used for arbi-
trary in-flow directions. This is achieved by combining three single surface hot-
wires in a triangular arrangement, thus the name delta probe. The general layout is 
shown in Fig. 3. Herein, the hot-wires are highlighted as dashed lines. One impor-
tant detail is the asymmetrical cavity beneath each wire, which is required to dis-
tinguish from which side of the wire the flow is approaching due to the different 
local flow condition within the cavity. 

For measuring the wall shear stress distribution on the end wall, up to 32 indi-
vidual delta probes are used to investigate the wake region of the cylinder, Fig. 4. 
Additionally, an array of 14 delta probes is used, which is flush mounted into a 
corresponding radial groove within the turntable, Fig. 4 and Fig. 5. 

For the linear array, an in-situ calibration of all delta probes is done by exchang-
ing the cylinder body by a highly sensitive flush mounted skin friction balance 
which directly measures the wall shear stress at the turntable centre. At different 
flow velocities, the turntable is then rotated in steps of Δϕ=5° while measuring the 
voltages of each surface hot-wire operated in constant temperature mode. Due to 
the turntable rotation, the delta probe positions are not fixed during the calibration. 
The probes therefore experience different wall shear stress levels than those meas-
ured with the skin friction balance, depending on whether the probe position lies 
up- or downstream relative to the balance position. This is compensated by a Rey-
nolds number correction based on the distance of the balance and the probe to the  
 

 

Fig. 5 Linear array of 14 delta surface hot-wire probes on the turntable 
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leading edge of the end wall. Two different boundary layer equations are used for 
the correction depending on whether the boundary layer flow is laminar (Blasius 
equation (1, left)), or turbulent (Prandtl equation (1, right), both from [17]), which 
can be influenced to some extent by or by not removing the trip wire during the 
calibration measurements. For the case of a transitional boundary layer over the 
turntable, no reliable correction can be done due to 3D-effects which are not ac-
counted for in (1). However, the boundary layer condition itself (laminar/turbulent) 
can quite easily be checked by the measured surface hot-wire signal fluctuations 
[3]. In addition to that, preliminary hot-wire investigations showed the two-
dimensionality of the boundary layer across the turntable, so no further correction 
in spanwise direction is necessary for the calibration. 

 

x

laminar,f
Re

.
c

6640=  
5

05920

x

turbulent,f
Re

.
c =  (1) 

For the individual delta probes used in the cylinder wake, a specific calibration 
setup is used, which is based on the same principle as for the linear array, how-
ever, here the probes are at fixed positions at the same x-coordinate like the skin 
friction balance and thus do not need to be Reynolds number corrected. 

After the calibration, a surface is fitted through the measured voltages for each 
single hot-wire, as seen in Fig. 6. For an actual measurement, the hot-wire voltage 
is looked up in the calibration surface for each wire and results in a curve corre-
sponding to the possible combinations of wall shear stress magnitudes and direc-
tions. Under the assumption that all three surface hot-wires of a delta probe are 
exposed to the same wall shear stress vector at the same time, this vector is ob-
tained by searching the point of intersection between all three curves, Fig. 7. 
However, due to the overall sensor size, highly fluctuating smallest flow struc-
tures, e.g. in the size of only a few viscous or Kolmogorov scales, usually can not 
be resolved this way because the above assumption does not apply anymore. In 
fact, for an unsteady analysis, the signals have to be low-pass filtered such that 
only fluctuations with wavelengths above the sensor size are accounted for. 

 

Fig. 6 Calibration surface                         Fig. 7 Wall shear stress vector identification 
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During the calibration and the following measurements, all hot-wire voltages 
are temperature corrected using equation (2) (from [3]). Additional to the delta 
probes on the end wall a vertical linear array of 24 equidistant and vertically ori-
ented standard surface hot-wires after [18] is applied to the cylinder wall to meas-
ure the wall shear stress fluctuations. 

                               fluidsensor

refsensor
measeff TT

TT
EE

−
−

⋅= 22  (2) 

3   Results 

Fig. 8 and Fig. 9 show the mean and fluctuating pressure distribution on the cylin-
der surface and the end wall. Typical flow structures of cylinder flows can be  
recognized. The stagnation region on the cylinder is characterized by pressure co-
efficients slightly below cp=1. Due to the accelerating flow around the cylinder, 
the pressure decreases with minimum pressure coefficients of cp,min=-0.53 to -0.74 
at cylinder angles of ϕ=63° to 68° from the cylinder bottom to the top. Further 
downstream the flow separates at cylinder angles between ϕ=72° to 80° depending 
on the cylinder height. However, the region with positive pressure gradient is also 
the region with the highest fluctuations on the cylinder. These are especially high 
at the bottom caused by the interactions with the horseshoe vortex and the turbu-
lent boundary layer of the end wall. Under consideration of partially different 
Reynolds numbers or cylinder aspect ratios, the results are in good agreement with 
measurements reported in [10, 12, 13, 14, 21] and with numerical simulations in-
troduced in [5]. The cylinder top is characterised by two symmetrical regions of 
low pressure coefficients at about x/D=-0.15 corresponding to two vortex centres 
constraining a separation bubble on the free end and by a reattachment region at 
x/D>0.2 as also shown in [7, 10, 14, 16]. 

The cylinder flow is dominated by the alternating wake vortices whose time 
averaged footprints can be seen in Fig. 8 by the symmetrical low pressure region  
 

 

Fig. 8 Time averaged pressure distribution      Fig. 9 Pressure standard deviation 



Surface Pressure and Wall Shear Stress Measurements 203
 

 

 a) ϕ=0 b) ϕ=1/4π 

 
 c) ϕ=2/4π d) ϕ=3/4π 

 

Fig. 10 a-d) Phase averaged pressure distribution on the end wall and the cylinder top for 
one half-cycle at four different phase-angles ϕ 

behind the cylinder. In Fig. 9, the influence of the wake vortices can clearly be 
seen by the fluctuations, which are highest at a radius of about R=1.5D and 
quickly decrease with increasing distance to the cylinder. At about x/D=3, the vor-
tices are drifting apart to the sides of the wake area, which is mainly caused by the 
downwash of the flow over the free end of the cylinder [1, 2, 8, 10]. The wake 
vortex formation and development can be seen in the phase averaged results 
shown in Fig. 10. a) to d), which are obtained using the pressure tapping posi-
tioned at x/D=1.5 and y/D=0.85 as reference. However, the vortex shedding is not 
as periodic as it might seem from Fig. 10. For instance, in Fig. 11 two series of 
consecutive snapshots of the pressure distribution in the cylinder wake are pre-
sented, which show the simultaneous formation of a vortex on both sides of the 
cylinder (a), and the formation of two weak vortices on the same side without one 
on the other side in between (b). 

The time averaged results of the wall shear stress measurements on the turnta-
ble and the wake area are shown in Fig. 12 and illustrate the general flow topology 
including the horseshoe vortex formation, the wall shear stress increase due to the 
flow acceleration around the cylinder and a separation with the resulting shear 
layers. On the right side of Fig. 12, the wall shear stress distribution is compared 
to an oil flow visualization obtained from the same experimental setup and under 
the same boundary conditions. For a wide range, both are in very good agreement. 
However, the region of the flow over the cylinder top hitting the end wall can also 
be seen at about x/D=3 (x=360mm). Due to the highly unsteady character of the  
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a) Two vortices floating downstream simultaneously on both sides of the cylinder 

 
b) Two consecutive weak vortices on the same side of the cylinder 

 

Fig. 11 Two time series of the unsteady pressure distribution in the cylinder wake 

 

Fig. 12 Time averaged wall shear stress distribution (left) and comparison to oil flow visu-
alization (right, the black circles represent the cylinder and turntable diameters) 

flow, no preferred wall shear stress direction can be determined out of the time 
averaged hot-wire signals here, which is also the case for the near wake region di-
rectly behind the cylinder. 

Results of the surface hot-wire measurements on the cylinder wall are presented 
in Fig. 13. In the left part, due to the lack of a wall shear stress calibration, the 
normalized voltages and their fluctuations are shown. Separately for each sensor 
the signals are linearly normalized such that the minimum voltage is set to 0 while  
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Fig. 13 Mean and fluctuating normalized surface hot-wire voltages on the cylinder (left) 
and selected time series of the fluctuating component of the signals (amplified) at z/D=0.53 
(right) 

the maximum is set to 1. Several phenomena exemplarily highlighted by five 
points of interest at z/D=0.53 can be seen. For each position, a time series of the 
bridge voltage fluctuations is plotted on the right side of Fig. 13. At ϕ=0° the 
stagnation line is identified by a very low wall shear stress and low fluctuations. 
At ϕ=48° the maximum wall shear stress due to flow acceleration is reached 
with still very low fluctuations, thus the boundary layer is completely laminar. 
Slightly downstream the wall shear stress decreases rapidly with the highest 
negative gradient and high fluctuations at ϕ=68°. However, the fluctuations are 
quite smooth and low in frequency and are not caused by boundary layer transi-
tion but by the unsteady behaviour of the separation line. A calm zone at ϕ=78° 
is observed, both, with a low overall wall shear stress and low fluctuations. Fi-
nally, at higher angles far within the separation, the turbulent boundary layer 
and the unsteady wake flow cause high fluctuations at a relatively low wall 
shear stress level. 

4   Conclusion 

Surface pressure and wall shear stress measurements were successfully conducted 
on a finite wall mounted circular cylinder and on the end wall in the vicinity and 
the wake of the cylinder by means of conventional and well established measure-
ment techniques. Under consideration of partly different boundary conditions like 
the cylinder aspect ratio or the Reynolds number, the results are in very good 
agreement with many other measurements referenced in this paper. Together with 
the TR-PIV flow field measurements [9] and the numerical simulations [6] a com-
plete dataset for further comparative investigations was generated. 

Acknowledgments. The work was conducted within the framework of the priority pro-
gramme 1147, Imaging Measurement Methods for Flow Analysis, funded by the German 
Research Foundation (DFG), whose financial support is highly appreciated. 
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Numerical Simulation and Analysis of the Flow
Around a Wall-Mounted Finite Cylinder

Octavian Frederich, Jon Scouten, Dirk M. Luchtenburg, and Frank Thiele

Abstract. Numerical studies employing LES and DES are presented for the flow
around a wall-mounted finite cylinder at a Reynolds number of ReD = 200,000.
Very good agreement between the numerical and experimental results is achieved
for the steady mean motion, turbulence quantities and the motion of large coherent
structures. The synergy between the joint studies within the research unit “Imaging
Measurement Methods for Flow Analysis” and the application of POD, particle and
structure tracking algorithms allow for a more complete description of the unsteady
flow investigated. New insight to the coherent turbulent motion is obtained.

To investigate the flow field around the cylinder configuration several state-of-
the-art technologies for simulation have been applied. The quality of the flow pre-
dictions and the resolved physics therein are examined employing both original and
recent established post-processing methods.

1 Background and Objectives

The finite circular cylinder represents a very simple geometry, the flow around
which is however highly complex, with three-dimensional and unsteady physical
features typically observed. Especially for small aspect ratios, the flow regime rarely
exhibits the typical vortex pattern of infinite cylinders, with the exception of alter-
nate vortex shedding relicts in the lower half of the cylinder. Such flows featuring
boundary layer separation, shear layer instability and the subsequent formation of
complex vortices are typical for many technical applications. The detailed investiga-
tion of such a representative configuration (Fig. 1) with an aspect ratio of L/D = 2
at ReD = 200,000 benefits the understanding of mixing processes and the turbulent
motion responsible for increased drag, noise or structural vibrations.
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Fig. 1 Configuration investigated

The main objectives of the present investigation are the detailed cross-validation
of the experiment with the simulation, and the analysis of both steady and unsteady
physics giving a clear image of the flow dynamics. Therefore an extensive com-
parison of experimental and numerical results has been performed. Furthermore,
established and self-developed examination methods have been applied in order to
reduce the highly-resolved unsteady flow field to the relevant information content.

The results presented summarise the project state in the national German research
unit “Imaging Measurement Methods for Flow Analysis” funded by the German
Research Foundation (DFG). Thus, a short history of the numerical project is first
given before the methods are described and selected results are presented. Finally,
conclusions are drawn and the perspectives of the numerical database are shortly
summarised. A comprehensive documentation of all investigations performed and
the results obtained will be given in [6].

2 Approach and Project History

The numerical analysis of the highly-resolved spatio-temporal flow field around the
finite cylinder configuration and the expected flow regime requires a numerical ap-
proach that is able to resolve turbulence at least partially. Because a Direct Nu-
merical Simulation is not affordable for the present Reynolds number, Large-Eddy
Simulation (LES) and the more recent Detached-Eddy Simulation (DES) are the
most promising approaches. The application of different methodologies allows the
examination of the predictive quality of these, whereas the combination of measure-
ments and numerics provides a database for the validation and improvement of such
numerical methods. In this context the simulations are able to deliver correlated
surface and volume quantities and to identify regions of interest for additional mea-
surements. Regarding the respective limitations of the numerical and experimental
approaches (e.g. insufficient physical simulation time) such combined investigations
allow a deepened understanding of flow phenomena and their interaction.

The work has been subdivided into three phases with various work packages.
The first period comprises the complete pre-processing (discretisation, generation of
boundary conditions, identification of influencing parameters, etc.), the first highly-
resolved simulations as well as initial comparison with experiments. In the second
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phase the time-averaging of the simulations, the examination of additional quanti-
ties, the investigation of model assumptions and detailed visualisations have been
performed. The current third phase is used to analyse long physical time intervals,
extract dynamic features of the flow and to compare the complementary experiments
and numerics in-depth.

3 Numerical Setup and Methods

Based on precursor simulations with coarse discretisation the domain has been sized
and the flow field has been highly resolved spatially. A block-structured grid with
12.3 million points employing hanging nodes close to the cylinder and in the wake
was generated for this [2]. The adjusted temporal resolution uses a timestep of
Δ t = 0.005D/U∞ determined by the grid spacing and the maximum local velocity.
Using this discretisation, LES with the standard Smagorinsky subgrid scale model
and Cs = 0.1 as well as DES with the LLR k-ω background model were performed.
In the case of LES no wall modelling is employed, whereas for DES a hybrid adap-
tive boundary condition has been used, which allows seamless blending between
high and low-Re formulations depending on the near wall resolution [10]. All simu-
lations are carried out with the flow solver ELAN developed at the TU Berlin. This
code uses a conservative finite-volume discretisation based on general curvilinear
coordinates of the Navier-Stokes equations for compressible and incompressible
flows and is of second order accuracy in time and space [14].

In order to simulate physical time intervals comparable to experimental measure-
ments, which are of the order of seconds, the spatio-temporal resolution has had to
be reduced considerably. This is realised by removing the local hanging-node refine-
ment and adjusting the timestep to Δ t = 0.015D/U∞. To overcome the problem of
log-layer mismatch when resolving the outer boundary layer fluctuations with LES,
the very recent approach Improved Delayed DES (ID-DES, [12]) with the SA-E
background model has been employed. This method extends the standard-DES with
a capability for wall-modelled LES (WM-LES) and is able to resolve boundary
layer fluctuations [9]. In addition, when using DES it is necessary to account for the
expected laminar boundary layer separation explicitly, which has been carried out
employing the trip-less approach proposed in [11]. This method is simply a two-
stage simulation switching from a fully turbulent inlet to a quasi laminar thereby
deactivating the turbulence production term in the attached boundary layer.

The dynamics of the flow are investigated using Proper Orthogonal Decomposi-
tion (POD, [8]), particle and coherent structure tracking (CST). The particle track-
ing is performed using an embedded Runge-Kutta-Fehlberg integration scheme with
4th-order accuracy and velocities taken from cubic interpolation in space and time.
For the structure tracking, Lagrange-averaged velocity fields are used (described
in [4]). The advantage of this approach is that it uses the Lagrangian velocity field
itself to perform the smoothing away of small scales dynamically, while preserv-
ing coherent motion at the larger scales. Finally, a harmonic filtering approach has
been applied to the predicted time series of the flow field utilising a two-step POD
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procedure proposed by the authors of [13] as Temporal-Harmonic specific POD
mode extraction (TH-POD).

4 Selected Results and Findings

A selection of highlight results from the numerical investigations are summarised in
the following. The comparison with the accompanying experiments is included to
validate the results obtained. For a more in-depth method description and detailed
analyses the reader is referred to the relevant publications.

4.1 Time-Averaged Flow Topology

A detailed analysis of the time-averaged flow field predicted with LES has been used
to provide a model of the flow topology [2]. A sketch of this steady flow topology,
which is valid for both the experiments and numerics due to the very good agreement
between these (see Sect. 4.2), is shown in Fig. 2.

The plate boundary layer impinges on the upstream cylinder face giving rise
to a horseshoe vortex. On the cylinder top a complex recirculation region is sur-
rounded by the oblique separation at the leading edge and the reattachment close
to the trailing edge. Following the separation at around 80◦ on the cylinder shell,
typical alternating vortex shedding occurs, which is however disturbed strongly by
the flow over the free end. A recirculation arch vortex is formed by the combination
of these phenomena and thus the main flow reattaches to the plate. Trailing vortices
are generated near this reattachment region by superimposed velocity components.
The analysis reveals that for this small aspect ratio no coherent longitudinal vortices
exist throughout the whole wake, as typically stated in most investigations on finite
cylinders [2].

Fig. 2 Sketch of the time-
averaged flow topology (first
published in [2])
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trPIV LES trPIV LES

Fig. 3 Time-averaged vertical velocity w (left) and double correlation u′w′ (right) for trPIV
and LES in the plane y/D = −0.1

4.2 Comparison to Experiments and Different Approaches

The comparison of time-resolved PIV experiments (trPIV, [7]) and numerical re-
sults for the time-averaged flow reveals a very good agreement. The vertical ve-
locity component w and the double correlation u′w′ depicted in Fig. 3 outside of
the symmetry plane demonstrate that this agreement is both qualitative and quan-
titative, although there are some common problems in the experiment close to the
solid walls. Differences visible in the double correlation u′w′ are attributed to the
considerably higher spatial resolution of the numerical grid and slightly different
inflow conditions. Further cross-comparisons and detailed validations between ex-
periments and numerics including surface quantities have been published jointly in
[2, 4] and [1].

The flow field has been predicted employing several turbulence approaches. LES
and DES have been performed using the highly resolved discretisation, whereas
the steady RANS and ID-DES used the reduced resolution. As reported in [5] LES
provides an excellent reference solution and the DES encounters problems with
laminar boundary layer treatment. Due to the artificial production of eddy viscosity
in the laminar region the flow separates too late and thus the wake is too small for
DES, although the flow characteristics are comparable to LES.

The steady RANS results have been obtained as initialisation for the ID-DES.
With respect to the computational resources required the velocity field obtained
would be acceptable in an industrial environment, while the resolved turbulent field
is inaccessible to RANS. The ID-DES clearly represents an eligible compromise
between loss of resolved physics and the resources required for long physical time
intervals. At this stage this approach could not yet be finally judged, because the
averaging is still in progress. The time-averaged velocity fields and RMS values
depicted in Fig. 4 summarise the discussed findings.

4.3 Proper Orthogonal Decomposition - POD

POD offers a framework for the time correlation of experimental data gathered in
different planes, simultaneously allowing for the extraction of the unsteady flow
topology. The decomposition has been carried out on the time series obtained by
LES (3d, [3]) as well as on planar datasets of time-resolved PIV (trPIV [7]) and
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(left); x/D=2.2, z/D=−1 (middle); x/D=2.2, y=0 (right)

LES in the symmetry plane (2d3c). The databases available for POD comprise 2000
timesteps for trPIV covering 2.0s and 2750 snapshots for LES within 0.32s.

The dominant POD mode pair (1,2) for the three-dimensional case is presented
in Fig. 5 using isosurfaces of constant velocity components u, v, w. All components
reveal travelling wave character, in which the combination of u and v describes
typical alternate vortex shedding behind the cylinder swinging slightly up and down,
described by the w component. These dynamics corresponds to a Strouhal number
of St = 0.16 (cf. Fig. 6), which is the dominant frequency present in the flow field.
Because the basic POD is not able to separate frequencies, a strict decomposition of
frequencies is only found for the dominant mode pair. Despite this, further spatial
modes have been associated to physical phenomena present in the flow field [3].

The POD results obtained from experimental and numerical databases in the sym-
metry plane agree well with each other with respect to mode shape, mode order and

Fig. 5 Isosurfaces ui =±0.18U∞ (light +, dark −) representing 3d POD modes 1 (left), 2
(right)
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Fig. 6 Spectra of time coefficients: 3d POD (left); 2d3c POD of mode 3 for trPIV and LES
(right)

time coefficients, as depicted in Fig. 6 (right) and Fig. 7. Both visualisations clearly
demonstrate, that resolution of a POD frequency spectrum is easier for the experi-
ment (Fig. 6) due to disk space limitations in the case of highly-resolved numerics,
whereas the numerical results simply provide correlated information in an extensive
domain not accessible by experiments (Fig. 7). This makes evident the necessity of
a joint study.

4.4 Particle and Structure Tracking

A method used for studying the flow dynamics is particle tracking, where not
only Lagrangian properties can be obtained but also turbulent motion can be vi-
sualised using streaklines and trajectories. In Fig. 8 (left) an exemplary streakline
is shown revealing the instability of the separated shear layer. Moreover, the streak-
line changes the side of the cylinder it passes, an effect which happens periodically
with the dominant frequency. The further turbulent spreading of the fluid is at least
recognisable by the incoherently-distributed particles. The particle on the single tra-
jectory shown in Fig. 8 (right) separates from the shell, evolves in a shear layer and
enters the swirling region moving towards the plate. Due to recirculation it is moved
upstream back to the cylinder and reattaches running upwards behind separation.
After reaching the recirculation on the top, the particle moves downstream again on
a spiral path reentering the recirculation, where close to the plate it is ejected after
chaotic movement, becoming part of a trailing vortex (cf. Fig. 2).

The basic structure tracking method employed yields information about the spa-
tial and temporal extent of individual vortex structures and their pathline with
associated volume and convected velocity. The volumetric centroids of the struc-
tures found with the CST algorithm describe the structures’ pathlines, shown in

Fig. 7 Lateral velocity v2 of 2d3c POD mode 2 for trPIV (left) and LES (middle and right)
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Fig. 8 Particles started at (-1,0,-1): after a tracking time of 7 convective units D/U∞ (left);
single trajectory (right)

Fig. 9 (left). The longer-lived structures tend to be closer to the plate or farther be-
hind the cylinder, whereas the shorter-lived ones are spread evenly throughout the
domain. Examples of tracked structures in their temporal development are depicted
in Fig. 9 (right) showing a tip vortex and a longitudinal vortex separating from the
side of the cylinder.

The results obtained reveal that coherent structures can be tracked well by the
CST method, whereas some sub-steps of the approach may fail in a highly turbulent
region (details in [4]). Some improvement is however considered to be possible.

4.5 Harmonic Filtering

The POD approximation is statistically energetically optimal and not geared for and
not optimised to extract modes based on their significance to the underlying system
dynamics. Due to the association with temporal harmonics, the TH-POD method
enforces physically meaningful modes and accommodates time variations in the
harmonic frequency [13]. In a first step, the filtering has been performed using the
varying harmonic determined by the phase angle of the dominant POD mode pair
(1,2). In Fig. 10 the first four TH-POD modes representing some of the decomposed
most energetic structures with respect to the dominant harmonic are shown. The new
dominant mode pair (1,2) changes only slightly compared to this of the basic POD
(cf. Fig. 5), and the modes 3, 4 are primarily constructed from the modes 5, 6 of the

Fig. 9 Results of coherent structure tracking: structure paths coloured with lifetime w.r.t.
D/U∞ (left); tracked structures in successive timesteps with artificially magnified distance
(right)
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Fig. 10 First four TH-POD modes (left to right) of the filtered flow field represented by
isosurfaces of the lateral velocity v =±0.18U∞ (light +, dark −)

unfiltered POD and characterise a higher harmonic. These and the further TH-POD
modes generally form a non-orthogonal base. The reconstruction of the filtered flow
field and the filtering with different signals (e.g. further frequencies or side force)
are conducted presently.

5 Synthesis

The instantaneous vortex structures are much more complicated and detailed than
could be represented by the averaged flow (Fig. 2). Thus, the aim is to provide a
time-dependent topological model for the flow dynamics. Therefore the innume-
rable vortical structures resolved by LES must be clustered with respect to similar
properties or reduced to the most relevant for a particular topology. The findings
obtained so far justify optimism that a combination of all the methods presented
(POD, CST, TH-POD, etc.) will lead to a detailed understanding of the flow in
question.

The numerical simulations have been performed using several approaches of dif-
ferent complexity. While LES provides a reference solution, ID-DES in combination
with coarsened resolution and an appropriate separation / transition treatment allows
the investigation of long physical time intervals with acceptable quality.

This study comprises a constructive collaboration between numerics and exper-
iment for a complex flow and delivers new insight on how to exploit this com-
bined flow modelling effort. The numerical and experimental methods have been
cross-validated and the flow statistics and the mode decomposition corroborate well.

6 Perspectives of the Numerical Database

The spatio-temporal flow field with correlated quantities has been provided to multi-
ple concurrent projects focused on measurements, visualisation and image analysis.
These cooperations have already resulted in a number of joint and project-specific
publications (summarised by [6]) and further ones are planned. A combined nu-
merical and experimental testcase database is intended to provide the potential for
validation and development of numerical and experimental methods.
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10. Rung, T., Lübcke, H., Thiele, F.: Universal wall-boundary conditions for turbulence-
transport models. ZAMM 81(1), 1756–1758 (2000)

11. Shur, M., Spalart, P., Strelets, M., Travin, A.: Navier-Stokes simulation of shedding
turbulent flow past a circular cylinder and a cylinder with backward splitter plate. In:
Désidéri, J.A., et al. (eds.) Computational Fluid Dynamics 1996, pp. 676–682 (1996)

12. Shur, M., Spalart, P., Strelets, M., Travin, A.: A hybrid RANS-LES approach with de-
layed DES and wall-modeled LES capabilities. J. Heat Fluid Flow 29(6), 1638–1649
(2008)

13. Tadmor, G., Bissex, D., Noack, B.R., Morzyński, M., Colonius, T., Taira, K.: Temporal-
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Measurement of Distributed Unsteady Surface
Pressures by Means of Piezoelectric Copolymer
Coating

Jan Domhardt, Inken Peltzer, and Wolfgang Nitsche

Abstract. This paper describes applications of a newly developed pressure
measurement technique, which is based on Pressure Sensitive Copolymer Coating.
PSC provides a bridge between surface measurement methods with pressure-
sensitive liquid crystal polymers (PSP) and conventional sensor technologies, e.g. ar-
rays of pressure transducers or MEMS pressure sensors. It combines the advantages
of both methods: measurements with a high spatial resolution and optimised model
integration as well as high temporal resolution due to the active capacitive measuring
principle.

The set-up and the application of linear and planar as well as flat and curved PSC
coatings are described below. Investigations of the flow around and in the wake of
a wall-mounted cylinder yielded results with a high spatial and temporal resolution,
which are presented in this paper.

1 Introduction

Investigating complex unsteady flows requires surface measurement techniques
providing a high temporal and spatial resolution. The direct measurement of
surface forces using pressure transducers or MEMS sensor arrays is constrained,
particularly in terms of the installation on curved surfaces and the spatial resolution.
Indirect measurement techniques, such as surface hot-wire arrays or surface hot-
films, are therefore generally used to obtain the required surface information.

The newly developed pressure-sensitive copolymer coating technique is based
on the same physical principle as PVDF foils, so that the expertise derived
from measurements with these foils can be applied. In the past, foil-sensors
were successfully used for unsteady pressure measurements on moderately two-
dimensionally curved structures in experiments carried out both in wind tunnels

Jan Domhardt · Inken Peltzer · Wolfgang Nitsche
TU-Berlin, Institut für Luft- und Raumfahrt, Marchstr. 12, 10587 Berlin
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[1] and in free flight [2]. Dynamic calibrations by means of wall-integrated
microphones and investigations of the piezoelectrical material properties were also
successfully accomplished using PVDF-foil sensors [3, 6].

PSC was already introduced as a new surface measurement technique by Dom-
hardt et al. [4]. With this method, the linear correlation between the mechanical
pressure and the electric voltage, caused by the piezoelectric effect, is established
by calibration measurements (Fig. 1(b)).

The aim of the first funding period for this project, was to investigate the
capabilities of the PSC-technology by developing close-mesh, planar PSC coatings.
Subsequently, calibration and wind tunnel experiments were carried out to gain
insights into important design parameters for the instrumentation of the cylinder for
the reference experiment with curved PSC areas. In addition to the assembly of the
PSC inserts for the reference experiment, the existing multi-channel measurement
system was extended, implementing spatial data acquisition and -analysis for the
wind tunnel experiments. Sequential measurements of the reference experiment‘s
cylinder with PSC line segments concluded the first funding period.

During the second funding period, the cylinder‘s surface and the wake region
were equipped with further PSC areas. These PSC areas, made up of close-mesh
sensing elements, allowed for surface measurements with a high temporal and
spatial resolution, thus providing further insights into the flow topology of the
reference experiment.

2 Measuring Principle of the PSC Technique

The basic element of PSC is the initially dissolved copolymer polyvinyliden
fluoride-trifluoroethylene (PVDF-TrFE) that hardens in a multi-stage tempering
process after it is sprayed onto a surface. Subsequently, the coating obtains ferro-
electrical properties by concentrated treatment with a high voltage corona. This
orients the polymer chains at the sensing elements in such a way that fluoride and
hydrogen ions in the coating are rearranged to form a dipole moment [5].

The copolymer coating exploits the direct piezoelectric effect and responds
to a mechanical displacement perpendicular to its surface, e.g. mean pressure
fluctuations p‘ with a local charge displacement Q that can be amplified and
detected. The charge displacement depends on the material-related piezo electric
constant d33 and the area A of the sensing element.

Q = d33 · p‘ ·A (1)

Corresponding to the piezo-capacitive measuring principle of PSC, the surface to
be investigated has to be equipped with sensing elements suitable for the measuring
problem in hand. For this purpose, a pattern of capacitor electrodes is applied to
the surface, which is subsequently sprayed with a 20μm PSC coating. Finally, the
whole surface of the PSC coating is metallised with a 200nm metal layer, which
acts as a counter electrode and electric mass shielding. Additional protection against
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(a) (b)

Fig. 1 Sketch of PSC‘s measuring set-up (a) and calibration results (b)

electromagnetic noise is provided by a further copper layer between the electric taps
and the surface (Fig. 1(a)).

For the reference experiment measurements, the PSC areas were designed as
a four-layer copper circuit board, to enable short signal paths between the signal
amplifier and the electric taps. The charge amplification involved interchangeable 24
channel amplifiers with a lower threshold frequency of fu = 1.6Hz integrated into
the PSC inserts. The measurements were carried out using a multi-channel system
with a high temporal resolution, capable of scanning 320 channels simultaneously
with a 14bit resolution and a sampling rate of 10 mega samples per second.

3 Flow Measurements Around a Wall-Mounted Cylinder

Within the framework of the DFG priority programme “Imaging measurement
methods for flow analysis”, a wall-mounted cylinder was defined as a reference
experimental set-up. A number of research units applied their respective
measurement techniques to the cylinder arrangements and could hence compare
their results, e.g. [7, 8, 9].

3.1 Experimental Set-Up

The reference experimental set-up is represented by a short wall-mounted cylinder
exposed to a transverse incident flow. The sharp-edged cylinder has a diameter of
D = 120mm and a height to diameter ratio of H/D = 2. The flat ground plate has
the following dimensions: length L = 10.83 ·D, width W = 5.83 ·D and thickness
T = 0.125 ·D. The elliptical leading edge of the flat plate ends at a distance of
x = −1.5 ·D upstream of the cylinder‘s midpoint. The laminar-turbulent transition
of the boundary layer is fixed in this position by means of a thin wire (Ø 0.003 ·D).
The diameter-related Reynolds number of ReD = 2 ·105 represents a flow condition
where the laminar-turbulent transition in the free shear layer coincides with the
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Fig. 2 Definition of experimental set-up

separation at the cylinder‘s circumference and results in an incident flow velocity of
u∞ = 26.0m/s.

Furthermore, the project partners involved defined reference points at the
cylinder’s circumference and cap as well as in the wake region, which allowed a
direct comparison of several measuring methods on the basis of time signals. For a
comparison of planar measurements, the various groups participating in the project
also coordinated their investigations on the distribution of sensors at the cylinder’s
circumference.

In the experiments presented in this paper, the cylinder was mounted on
a turntable (Ø 3 ·D). The cylinder, the turntable and the wake inserts were
exchangeable (Fig. 4). This set-up permits simultaneous measurements using
measuring techniques designed by the associated working groups. The PSC inserts
are flush mounted onto the surface of the test set-up, containing the exchangeable
multi-channel charge amplifiers. To permit measurements with variable incident
flow directions, circular sensing elements were used [2]. Based on preliminary
investigations, the diameter of the various sensing areas was defined as Ø 0.0125 ·D
ensuring sufficient sensitivity [4, 10].

3.2 Phase-Averaged Measurements

As a first step, the flow around a wall-mounted cylinder was investigated by means
of linearly arranged PSC arrays. To achieve a spatial measurement, the arrays were
sequentially turned in steps of 4◦ and the results were phase-corrected afterwards
by means of a low-pass filtered signal of a hot-wire in the wake of the cylinder.

The measurements in the near-wake region of the cylinder were performed by
means of a revolvable radial PSC array consisting of 24 sensing elements. The
image sequence in Fig. 3(a)-3(c) shows the appearance and the propagation of the
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(a) φ = 0◦ (b) φ = 90◦ (c) φ = 180◦

Fig. 3 Phase-averaged and normalised PSC data at the turntable, (ReD = 2 ·105)

characteristic alternating vortex centres in the cylinder’s wake. The normalised time
signal U/Umax is displayed here at selected significant phase angles φ .

3.3 Investigations with High Spatial and Temporal Resolution

3.3.1 Measurements at the Cylinder’s Circumference

For the investigation of the cylinder’s circumference, an array of 288 extensively
distributed PSC elements was used. A region of α = 120◦ was fitted with PSC
elements staggered at α = 10◦ radially and Δz = 10mm vertically. In addition,
radially staggered PSC line segments were placed at the height of z = −0.06 ·D,
z = −1 ·D and z = −1.97 ·D over a range of α = 200◦. In the middle section, a
PSC array with a close-mesh sensing matrix of α = 5◦ and Δz = 10mm, distributed
over five vertical rows is located (Fig. 4(a)).

In the incident flow region of the cylinder, the colours in Fig. 5(a) depict low
normalised RMS values, indicating an attached laminar flow. In the wake region, the
signal amplitudes increase strongly, signifying the separated flow. The intermediate
range from attached to separated flow is clearly visible at α ≤ 90◦. This result
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Fig. 4 Distribution of sensing elements on the cylinder surface (a) and wake insert (b)
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Fig. 5 Location of the separation line in measurement (ReD = 2 · 105) (a) PSC, (b) conv.
pressure transducers and (c) CFD simulation (LES, time-averaged [11])

corresponds to reference pressure investigations (Fig. 5(b)1) and CFD simulation
results (large eddy simulation [11], Fig. 5(c)). Both methods also indicate that the
separation line is curved against the flow direction in the bottom region.

The results obtained show that the flow around a wall-mounted finite cylinder is
highlyunsteady.For thepresentationof theunsteadydata,acombfilterwasusedaspart
of the signal evaluation unit sequentially averaging the data over a range of t = 0.1s.
This range, which was rather large compared to the sampling rate of f = 4kHz, are
attributable to thefrequencyspectra(Fig.6),where lowfrequenciesoccurat f ≤ 10Hz.

Furthermore, the frequency spectrum allows a clear distinction between attached
flow (α = 5◦,40◦,75◦) and separated flow (α = 95◦ −180◦). A broadband increase
in the spectra can also be observed in the transition region from attached to separated
flow (α = 80◦−85◦), though with significantly lower amplitudes.

(a)

10Hz10Hz

(b)

Fig. 6 Frequency spectrum at z=-D (a) and detail (b) (ReD = 2 ·105)

1 The reference investigation displayed in Fig. 5(b) was performed by means of conventional
pressure transducers by C. Dobriloff (SPP1147-sub-project “NI 282/16”).
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(a) Mode A, t1 (b) Mode A, t2 (c) Mode B, t3 (d) Mode B, t4

(e) Mode C, t1 (f) Mode C, t2 (g) Mode D, t3 (h) Mode D, t4

Fig. 7 Footprints of coherent structures on the side (a-d) and in the wake (e-h) of the
cylinder’s circumference, incident flow from the left (a-d) respectively from the top (rear
view, e-h) (ReD = 2 ·105)

Initially, the image sequence Fig. 7(a)-7(d) shows the substantially undisturbed
incident flow of the cylinder at low signal amplitudes. However, the wake region
exhibits strongly increased amplitudes downstream of the separation line. At the
same time, two horizontal regions with positive and negative pressure fluctuations
respectively stand out switching their signs in the subsequent time step (Mode A,
7(a)-7(b)). In contrast, two time steps later large scale positive and negative fields
of pressure fluctuations can be found across the whole height of the cylinder (see
7(c)-7(d), Mode B).

These structures can also be found in the subsequent time steps in the wake
of the cylinder (Fig. 7(e)-7(h)). In addition, it is possible to distinguish between
a symmetrical, horizontally separated flow state (Fig. 7(e)-7(f), Mode C), and
an asymmetrical, vertically separated (Fig. 7(g)-7(h), Mode D) one. Comparing
these measurements in the wake region with the measurements on the cylinder’s
circumference previously shown, it is obvious that modes A and C as well as modes
B and D represent the same flow phenomena. The large-scale structures observed
alternate asymmetrically and suggest an alternation between modes dominated by
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(a) asymmetric mode, t1 (b) symmetric mode, t2

Fig. 8 Investigations by means of conventional pressure transducers in the wake of the
cylinder showing asymmetric (a) and symmetric (b) modes of vortex propagation in selec-
ted time increments, (ReD = 2 ·105 )

the side tip vortices and those dominated by the Kármán vortices. These results
show a resemblance to experimental data2 (Fig. 8(a)-8(b)) and numerical results
of the same configuration by Frederich and Thiele [12], where proper orthogonal
decomposition (POD) was used to find and visualize coherent structures in the
velocity field of the cylinder wake.

3.3.2 Measurements in the Wake of the Cylinder

The investigations in the cylinder’s wake region were performed by means of a PSC
insert, with 144 equidistantly distributed sensing elements Δx,y = 11.5mm (Fig.
4(b)). As a result of preliminary investigations in the wake region, a characteristic
Strouhal number of St = 0.16 was determined. To resolve the corresponding
frequency of about f = 34.6Hz, the image-based analysis of the time signals was
performed by means of a comb filter setting of f = 100Hz.

Fig. 9(a)-9(b) shows the maxima of the propagating vortices in consecutive
time increments. In keeping with the investigations at the cylinder’s circumference,
the alternating appearance of positive and negative pressure fluctuation amplitudes
becomes obvious. In comparison to the results of the reference investigations3 by
means of conventional pressure transducers (Fig. 9(c)-9(d)) the vortex centre is
located marginally closer to the axis of symmetry of the cylinder plate arrangement
(y = 0).

The frequency spectra displayed in Fig. 10 were achieved in the region of
maximum pressure fluctuation and show a dominant increase in the amplitudes in
the frequency range of f = 38−40Hz. This closely corresponds with the results of
the reference hot-wire probe measurements in the wake of the cylinder, represented
by the black curve.

2 The reference investigation displayed in Fig. 8 was performed by means of conventional
pressure transducers by C. Dobriloff (SPP1147-sub-project “NI 282/16”).

3 The reference investigations displayed in Fig. 9(c)-9(d) were performed by means of
conventional pressure transducers by C. Dobriloff (SPP1147-sub-project “NI 282/16”).



Measurement of Distributed Unsteady Surface Pressures 225

(a) PSC measurements, t1 (b) PSC measurements, t2

(c) Conventional pressure measurements,
t1

(d) Conventional pressure measurements, t2

Fig. 9 Footprints of vortex structures in the far wake of the cylinder, investigated by PSC
(time increments a-b) in comparison to reference investigations (c-d), (ReD = 2 ·105 )

Fig. 10 Frequency spectrum
in the wake of the cylinder
(ReD = 2 ·105 )

4 Conclusion

A new pressure measuring technique based on a piezoelectric copolymer coating has
been developed which makes it possible to measure distributed surface pressures with
a high spatial and temporal resolution under transient flow conditions on arbitrarily
formed surfaces. Using the example of the reference experimental set-up, different
flow states could be determined and characteristic coherent structures could be found
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in the separated boundary layer. Due to the large-scale distribution of sensing areas
and the simultaneous sampling, valuable additional findings could be obtained, com-
pleting the sequentially measured and phase-averaged results.

Acknowledgements. The research project on the Pressure Sensitive Copolymer coating
technique is funded by the DFG (Deutsche Forschungsgemeinschaft - German Research
Foundation) and was part of the priority research programme “Imaging measurement
methods for flow analysis”.
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AeroMEMS Sensor Arrays for Time  
Resolved Wall Pressure and Wall Shear  
Stress Measurements 

Andreas Berns and Ernst Obermeier* 

Abstract. Novel highly sensitive AeroMEMS sensor arrays for transient wall 
pressure and wall shear stress measurements in fluid flows are presented. Sealed 
through silicon vias (TSV) and the employment of an elaborate mounting tech-
nique enable to electrically contact the sensor chips from the back side. Hence, 
flow disturbing bond wires on the front side are avoided when chips are mounted 
flush with the measured surface. The integration of a pressure and a wall hot-wire 
sensor on a single chip makes simultaneous pressure and wall shear stress meas-
urements possible. The sensors suitability for measurements of fluctuations up to 
at least 19 kHz is demonstrated in a high-frequency laminar to turbulent transition 
experiment in a transonic wind tunnel. A complex 3D multi-sensor array has been 
developed employing 154 pressure sensors to gain extensive, precise and transient 
data about the surface pressure on a cylinder. Wind tunnel experiments are con-
ducted at a Reynolds number of 2·105.  

1   Introduction 

One of the fundamental problems in fluid mechanics is the flow separation from 
solid surfaces, which occurs in various technical applications, such as airfoil 
wings, turbine blades, car bodies, and trains. But also environmental flows are 
subject to this phenomenon, for instance flows behind mountains, islands, and 
buildings. In most cases separation is undesired due to the initiation of complex 
eddies and vortices, mostly resulting in increased drag and noise [1]. Hence, the 
development of systems for active flow control is most desirable [2]. Provision of 
such systems would contribute to drag reduction and thus make nowadays trans-
portation systems more efficient and safe [3]. However, precise monitoring of the 
boundary layer condition is essential to the development of systems for active 
flow control and also of great importance for the understanding of flow phenom-
ena such as transition, separation, and reattachment. Crucial parameters for the 
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characterization of wall-bound flows are wall pressure and wall shear stress as 
well as their fluctuations. The use of appropriate measurement techniques capable 
of providing high sensitivity, high spatial resolution, excellent dynamic properties, 
and featuring minimum flow disturbance are required to detect and quantify the 
flow phenomena mentioned above. So called AeroMEMS sensors are well suited 
to meet these requirements [4, 5].Wall pressure measurements performed by em-
ploying single sensors connected to the surface by pin-holes [6] and tubes suffer 
from damping and thus dynamic resolution is reduced tremendously [7]. Flush 
mounted sensor arrays consisting of piezoresistive pressure sensors have proven to 
be the most promising measurement approach [8, 9]. However, sensors with bond 
wires on the front side exhibit an unavoidable influence on the flow to be meas-
ured. The sensors presented herein feature minimum flow disturbance due to 
through silicon vias and back side bond wires [10]. The on chip integration of a 
pressure and a wall hot-wire sensor makes simultaneous pressure and wall shear 
stress measurements possible. To prove the sensors’ outstanding dynamic resolu-
tion a linear array consisting of 24 AeroMEMS pressure sensors with on chip wall 
hot-wires is mounted on a wing profile and is utilized for high-frequency laminar 
to turbulent transition measurements in a transonic wind tunnel [11]. 

To gain extensive data about the wall pressure distribution and the wall pres-
sure fluctuation, as well as transient pressure data on the surface of a wall 
mounted cylinder, a 3D multi-sensor array was developed. A total number of 154 
single pressure sensors is mounted flush with the surface of a cylinder, using espe-
cial mounting and contacting techniques. The experiment described in this work 
exemplifies the complex and unsteady flow around blunt bodies [12, 13].  

2   AeroMEMS Sensors 

The first generation of piezoresistive AeroMEMS pressure sensors were developed 
as prototypes for high accuracy wall pressure measurements in experimental fluid 
mechanics. Design optimization, fabrication, characterization, array assembly, and 
verification measurements are described in detail in [9] and [14]. These sensors have 
been improved and redesigned in order to be more suitable for flow measurements. 
In this chapter, the development of novel AeroMEMS sensors featuring through sili-
con vias and back side bond pads, as well as sensors with on chip wall hot-wires for 
simultaneous wall pressure and wall shear stress measurements are presented.  

2.1   Sensor Design 

The designs of two AeroMEMS sensors developed are depicted in Fig. 1. A pres-
sure sensor with on chip pn diode for temperature measurements is shown in 
Fig. 1a (presented at MEMS conference 2008 [10]) and a design with on chip wall 
hot-wire for wall shear stress measurements (presented at SENSORS conference 
2008 [15]) is shown in Fig. 1b. Chip size is 2×3 mm². Both, front and back side 
metallizations consist of AlSiCu and are connected using sealed through silicon 
vias. Thus, contacting the chip from the back side employing wire bonding is pos-
sible and ensures minimum flow disturbance. The back side bond pads are located 
near the center of the chip making them easily accessible for wire bonding during  
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Fig. 1 Layouts of two piezoresistive AeroMEMS pressure sensor chips including sealed 
through silicon vias, on chip pn diode, and on chip wall hot-wire, respectively 

array assembling. The diaphragm of the piezoresistive pressure sensor has a size 
of 800×800 µm² and a thickness of 4 µm. Piezoresistors are implanted into the 
silicon device layer forming a Wheatstone bridge. On the lower part of the chip ei-
ther an on chip pn diode for surface temperature measurement (a) or an on chip 
wall hot-wire (b) is placed. The hot-wire which is thermally insulated by a 4 µm 
deep air-filled cavity serves as highly dynamic wall shear stress sensor. A third 
sensor design without implanted diode or hot-wire has also been realized in order 
to be used for exclusive surface pressure measurements.  

2.2   Fabrication of the AeroMEMS Sensor Chips 

Silicon-On-Insulator (SOI) wafers are used to obtain a uniform diaphragm thick-
ness and are processed employing silicon micromachining technology [10]. Pie-
zoresistors, heavily doped contact areas, and pn diodes are realized by ion implan-
tation and rapid thermal annealing. Through silicon vias are wet chemically 
structured using both KOH and TMAH etching. Sidewall passivation of the vias is 
performed by various deposition process steps employing silicon dioxide and ni-
tride layers in order to electrically insulate the metallization (AlSiCu) from the 
silicon substrate. The hot-wire, which also consists of AlSiCu, is structured by wet 
chemical etching and has a thickness of 2 µm, a width of 3 µm, and a length of 
600 µm. The resistance Rwire is approximately 3.8 Ohm. The silicon diaphragm is 
structured by deep silicon etching using a Bosch process [16].  

Photos of fabricated sensor dies are depicted in Fig. 2 showing the sensors with 
and without pn diode (Fig. 2a) as well as the chips with integrated hot-wire sensor 
(Fig. 2b). Due to the missing diode the chip on the right side of Fig. 2a has only 
four bond pads and thus facilitates complex array assembling. The sensitivity of 
the pressure sensors range from 3.5 µV/(V·Pa) to 4.5 µV/(V·Pa), depending on the 
diaphragm thickness. Detailed calibration data is published in [10]. 
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Fig. 2 Photos of fabricated sensor chips on an EURO cent coin. Chip size is 2×3 mm². 
Pressure sensors with and without diode (a) as well as sensors with hot-wire (b) are shown 

 

Fig. 3 Photo of one half of the wall hot-wire showing the cavity and the through silicon via 

Figure 3 shows a close-up of one half of the wall hot-wire (red box in Fig. 2b). 
The cavity freeing the hot-wire is structured by dry plasma etching employing a 
nearly isotropic etch process. Due to the undercut the silicon below the wire is re-
moved completely. The buried oxide (BOX) serves as etch stop layer.  

3   Wind Tunnel Experiments 

In this chapter two wind tunnel experiments utilizing different AeroMEMS sensor 
arrays are described. Pressure sensors with on chip wall hot-wire are employed for 
high-frequency laminar to turbulent transition measurements (Chapter 3.1). An 
elaborate 3D multi-sensor array has been developed to gain extensive, precise, and 
transient data about the wall pressure on the surface of a cylinder (Chapter 3.2). 

3.1   High-Frequency Transition Measurements 

A linear sensor array, consisting of 24 sensor chips with on chip hot-wire (5 mm 
spacing), is mounted on a wing profile (Fig. 4) and placed inside a transonic wind 
tunnel. Top and bottom side of the wing are symmetric resulting in a laminar to 
turbulent transition in the region of the array. Depending on the flow velocity the 
position of the transition moves across the surface of the wing profile.  
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Fig. 4 A wing profile, equipped with 24 flush mounted pressure/wall shear stress sensor 
chips, used for laminar-turbulent transition measurements in a transonic wind tunnel [11] 

Employing the novel AeroMEMS sensors described before simultaneous meas-
urements of wall pressure and wall shear stress, as well as their fluctuations are 
performed. Analysis of the fluctuation signals provides detailed information about 
the boundary layer condition, which is laminar, turbulent, or transitional. Further 
information about the experimental setup and measurements can be found in [11]. 

The following plots show the FFTs of pressure signals and of the AC signal of 
a selected hot-wire at a Mach number of 0.32. Figure 5a shows the power spectra 
against frequency of different pressure sensor output signals. P-sensor position 1 
refers to the first pressure sensor on the array. Output signals of sensors 1 to 5 in-
dicate a transitional boundary layer condition showing a significant frequency 
peak at approximately 9.5 kHz. Sensors 6 and 7 exhibit a raised power spectrum 
and no significant frequency peak, indicating a turbulent boundary layer condition. 
Figure 5b depicts the FFTs of the output signals of sensor 1. The blue line corre-
sponds to the pressure signal and the green line to the wall hot-wire sensor on this 
chip. The excellent correlation of both curves proves the sensors’ suitability for 
high-frequency laminar to turbulent transition measurements. Even the first har-
monic, featuring a frequency of 19 kHz can be detected with both measurement 
principles.  

3.2   Surface Pressure Measurements on a Wall Mounted Cylinder 
Employing a 3D Multi-sensor Array 

Experiments are conducted in a closed loop low-turbulence wind tunnel “Göttin-
gen-type” at the University of Rostock. The circular cylinder model is mounted on 
a ground plate (Fig. 6) in the open test section of the wind tunnel. The circular  
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Fig. 5 FFTs of the pressure sensor output signals and the hot-wire output signal [11] 

 

Fig. 6 Photo (left) and sketch (right) of the experimental setup called the “Leitexperiment” 

cylinder has a diameter of D = 120 mm and an aspect ratio of L/D = 2.0. Meas-
urements are performed at a Reynolds number 2·105 related to the diameter 
(u∞ = 26 m/s). This setup was chosen to investigate the developing unsteady flow 
field and corresponding wall pressure distribution at the cylinder model. Previous 
measurements on this experimental configuration using an AeroMEMS sensor ar-
ray consisting of 48 pressure sensors with front side bond wires (first sensor gen-
eration) were conducted in 2006 [13, 17].  

Figure 7 shows the improved cylinder model equipped with a total number of 
154 pressure sensors arranged in 10 different arrays. To ensure excellent surface 
quality the whole aluminum cylinder is finished by a turning fabrication step.  

All openings for placement of the sensors are fabricated by a high accuracy 
CNC milling tool. Flexible printed circuit boards (PCB) glued to the back sides of 
the array segments form the electrical interface between sensors and measurement 
equipment. Pressure calibration is possible due to the use of reference pressure 
chambers, which are also glued to the back sides of the segments. A sensor array 
based on a PCB is mounted flush with the cap of the cylinder. An integrated ball  
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Fig. 7 Cylinder model with horizontal and vertical sensor arrays. Sensors are fixed in posi-
tion by silicone rubber visible in the detailed picture on the right side 

bearing ensures rotation of the cylinder during measurements and thus makes 
monitoring of the complete cylinder surface possible.  

Figures 8 and 9 show selected results of the surface pressure measurements 
employing the novel multi-sensor array. The averaged wall pressure distribution P 
and the standard deviation ΔP of the wall pressure on the top of the cylinder are 
 

 

Fig. 8 Measured averaged wall pressure distribution (left) and standard deviation of the 
wall pressure (right) on the top of the cylinder is plotted in polar coordinates. The angle of 
flow impact is 0° 
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Fig. 9 Averaged surface pressure (left) and standard deviation of the pressure (right) on the 
surface of the cylinder. The angle of flow impact is 0° 

depicted in Fig. 8. The radial coordinate is plotted on the left side and the color bar 
in the middle provides quantitative information about P and ΔP. The differential 
pressure on the top side has only negative values between -170 Pa and -420 Pa. 
The reason for this pressure distribution is the separation bubble on the top of the 
cylinder [17]. The highest pressure fluctuations occur at 90° and 270° where the 
side tip vortices separate from the top of the cylinder. Figure 9 shows the averaged 
wall pressure P and the standard deviation ΔP of the wall pressure on the surface 
of the cylinder. Z-position (ranging from bottom to top) is plotted against the an-
gle phi (flow impact is located at 0°). The area of high differential impact pressure 
extends from 0° to 30°. In the region of the laminar boundary layer between 30° 
and 70°, where the pressure fluctuation is extremely low, the differential pressure 
decreases to a negative value. The pressure gradient increases until separation oc-
curs between 80° and 100°. The pressure fluctuation has its maximum in the area 
of the separation. Between 120° and 180° the pressure and its fluctuation remain 
nearly constant. Due to the unsteadiness of the boundary layer condition in the re-
gion of flow separation the measured data are not perfectly symmetric. Eventually, 
only synchronous and transient wall pressure data can provide further information 
about the complex separation phenomena occurring in this experiment. 

Extensive data processing and analysis of the transient pressure signals are cur-
rently under progress at the University of Rostock.  

4   Conclusion 

Novel AeroMEMS sensors were developed and arranged to form different flush 
mounted surface sensor arrays for wall pressure and wall shear stress measure-
ments in fluid flows. Wind tunnel experiments have proven the suitability of the 
sensors to accurately measure both high-frequency fluctuations up to at least 
19 kHz and high-resolution wall pressure distributions on 3D surfaces. Even 
though complexity and cost of sensor arrays and of the required measurement 
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equipment rapidly increase with the number of sensors, utilization of such sensor 
systems assure superior measurement quality. The arrays presented exhibit a fairly 
high sensor density and can be employed to precisely monitor wall pressure, wall 
shear stress, and their fluctuations with high temporal and spatial resolution. Fur-
thermore, they can be used for real-time measurements in transient fluid flows. 
Thus, new insights into flow transition, separation and other near-wall flow phe-
nomena can be achieved. 
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Infrared-Based Visualization of Wall Shear
Stress Distributions

Ilka Rudolph, Matthias Reyer, and Wolfgang Nitsche

Abstract. The wall shear stress is an important quantity in fluid mechanics and
aerodynamics, especially when the fact that about 50% of an airplane’s drag is due
to viscous forces is considered. The goal of this project was the development of
a novel, spatial measurement technique that is able to provide qualitative visual-
izations as well as quantitative information about the wall shear distribution. Like
other visualizing methods, this technique exploits that changes in the surface tem-
perature distribution of a heated structure are dependent on the near wall flow. The
two main components of this new technique are a heatable structure and an infrared
camera system to non-intrusively measure the surface temperature distribution. For
the shear stress quantification, a turbulent flow across a flat plate was investigated
experimentally and numerically. Wall shear stress visualizations were carried out
for the flow around a finite, wall mounted cylinder and the results were compared to
oilflow visualizations and surface hot-wire measurements.

1 Introduction

A variety of aerodynamically relevant phenomena, like flow separation, reattach-
ment or transition from laminar to turbulent flow, can be detected from the wall
shear stress distribution. For this reason, a variety of sensor-based wall shear stress
measurement techniques were developed and tested in the last decades, [1], [2].
However, skin friction sensors only provide local shear stress information. This can
be overcome by grouping sensors and forming sensor arrays, but this usually re-
quires elaborate, complex instrumentation, [3]. Techniques like oilflow visualization
are a frequently used tool for spatial visualizations of the shear stress distribution,
but are restricted to time averaged visualizations. Quantitative as well as qualita-
tive wall shear stress information can be obtained with liquid crystals, [4], [5], [6].
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However, there are some drawbacks to liquid crystals. The results strongly depend
on the viewing angle and the crystals have a limited durability. Infrared thermog-
raphy is a frequently used tool for non-intrusive temperature detection and flow
visualization, [7], [8], [9], but existing techniques for quantitative shear stress mea-
surements using infrared thermography are restricted to local information, [10].

For this reason, the goal of this project was to develop a novel, infrared-based
measurement technique that is able to provide qualitative visualizations as well as
spatial, quantitative information about the wall shear stress distribution. The tech-
nique is based on the analogy between momentum and heat transfer in the boundary
layer. If a heated structure is subjected to a flow, locations of high shear stress are
also characterized by a high convective heat flux and are therefore cooled down
more than locations of lower shear stress. Therefore, the resulting inhomogeneous
surface temperature distribution correlates with the wall shear stress distribution.

2 Experimental Setup

Within the framework of the DFG priority program 1147, a reference experiment
was defined to allow for a comparison of various measurement techniques. The
flow past a finite, circular, wall mounted cylinder with a height to diameter ratio of
H/D = 2 at a diameter based Reynolds number of ReD = 200.000 was chosen. The
visualization of wall shear stress distributions were performed for this reference
experiment. The investigations were carried out in cooperation with Prof. Leder’s
group in Rostock at a closed loop windtunnel with an open test section. The spatial
quantification of wall shear stress distributions was investigated for the turbulent
flow on a flat plate with an elliptical nose. These experiments were conducted at an
open windtunnel at the TU Berlin and a skin friction balance was used for reference
measurements.

Fig. 1 Fundamental principle of the visualization and quantification technique that links the
surface temperature distribution to the wall shear stress
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Momentum transport and heat transfer in the boundary layer are closely linked.
For this reason, the inhomogeneous surface temperature distribution of a heated
structure that is subjected to a flow correlates with the wall shear stress. Therefore,
one of the essential parts of the technique is a heatable structure. The setup of our
structure consists of a copper layer that is heated by a heating mat. The copper
layer is coated with a matte, black pvc layer to minimize reflections in the infrared
spectrum, to ensure a high radiation emission, to minimize lateral heat conduction
within the structure and to enable a fast response to changes in the flow field. Un-
derneath the heating mat is another copper layer for added stability and to further
homogenize the heating of the mat. The heating mat is produced in a chemical etch-
ing process and consists of a 25 μm capton base with an 18 μm copper coating. The
surface temperature distribution on this structure is then detected with an infrared
camera (Flir Systems, SC3000) and the infrared data can be used to visualize and
quantify shear stress distributions. The fundamental principle of this technique is
sketched in figure 1.

For the wall shear stress visualizations, the top of the cylinder and a circular area
with a diameter of d = 3D (D = 120mm) around the cylinder were equipped with
heated structures. For the quantification experiments, a part of the flat plate with an
area of 140mm×320mm was designed as a heated structure.

3 Visualization of Wall Shear Stress Distributions

One of the project’s objectives was the application of the newly developed wall shear
stress visualization technique to the reference experiment’s flow around a circular
cylinder. However, before this was achieved, preliminary investigations on a similar,
smaller setup were carried out. These preliminary visualizations were performed at
an open wind tunnel at the TU Berlin.

The temporal temperature gradient ∂T/∂ t of the surface temperature field pro-
duced the best and most reliable shear stress visualizations, where the time step Δ t
corresponds to the inverse of the frame rate (50Hz and 150Hz for the results pre-
sented here). Within the framework of the priority program, we had a cooperation
with Prof. Jähne’s group at the University of Heidelberg, who aided us in the im-
age processing. A cylinder with a diameter of D = 30mm and a height to diameter

horseshoe
vortex

wake

detaching
shear layer

Fig. 2 Theoretical flow topology of the flow around a wall mounted cylinder and infrared
visualization of the same topology
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Fig. 3 Infrared visualization of the cylinder wake using a framerate of 150Hz

ratio of H/D = 2 was used for these preliminary investigations. Figure 2 shows an
infrared visualization for a diameter based Reynolds number of ReD = 30000. The
results agree very well with the theoretical flow topology shown on the left side. In
figure 3, a visualization that was recorded at a framerate of 150Hz is depicted. The
vortex street in the wake of the cylinder stands out very well in this image.

After the successful completion of the preliminary investigations, the wall shear
stress visualizations of the reference experiment were carried out at the Univer-
sity of Rostock. The experiments were conducted in a close-loop wind tunnel with
an open test section. The results presented here are for a diameter-based Reynolds

Fig. 4 Comparison of infrared images (bottom) and oilflow visualizations (top) for the base
(left side) and top of the cylinder (right side)
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1

2

S2 S1
A

(a) Flow topology directly upstream of
the cylinder with vortices (1,2), separa-
tion (S) and attachment points (A)

(b) Flow topology on the cylinder top
[11] with tornado and side tip vortices

Fig. 5 Flow topology of the flow around a finite wall mounted cylinder

number of ReD = 200.000. Figure 4 shows a direct comparison of oilflow and in-
frared visualizations for the base flow surrounding the cylinder (left side) and the
top of the cylinder (right side). The black lines mark the heated areas (the circular
area around the cylinder for the base flow and the top of the cylinder). In the oil-
flow visualizations, the cylinder was removed when taking the pictures, so that no
part of the base flow is obscured. The infrared images were taken with the cylinder.
That is why part of the base flow close to the cylinder cannot be seen. The results
compare very well and the typical flow structures for this type of flow (horseshoe
vortex, separating shear layers, separation on the top, foci of the top vortices etc.)
are clearly visible in the oilflow as well as the infrared visualizations. The location
of the horseshoe vortex system is identical in both visualizations, as is the shape
of the vortices. According to [12], the horseshoe vortex system consists of a pri-
mary and a secondary vortex, as illustrated in figure 5(a). There are two dominating
separation lines (S1,S2) and the vortices are separated by an attachment line (A). The
two separation lines, the footprints of the vortices, are clearly visible in the visual-
izations and their location matches. The typical flow topology on the cylinder top
(according to [11]) is illustrated in figure 5(b). The flow separates near the leading
edge and forms a separation bubble. There are two vortex systems that dominate the
flow topology: a pair of side tip vortices and a pair of tornado-like vortices evolv-
ing from the two foci. These vortex systems induce a downwash flow in the trailing
edge region of the cylinder top. The two foci and the distortion of the streamlines

Fig. 6 Comparison of an
infrared visualization of the
base flow and shear stress
vectors obtained from hot-
wire measurements with
delta probes [13]
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are clearly visible in the visualizations and their shape and position matches. The
separation line is easily discernible in the oilflow visualizations but harder to make
out in the infrared image.

Figure 6 shows a direct comparison of surface hot-wire measurements (red ar-
rows) and infrared visualization for the base flow. The hot-wire measurements were
carried out by C. Dobriloff using a novel delta surface hot-wire sensor that is capa-
ble of measuring shear stress magnitude and direction, [13]. The results agree very
well. All flow features that are visible in the infrared images also show up in the
measurements and their location matches. Furthermore, the direction and the shape
of the features (for example the horseshoe vortex) also coincide. More information
on the visualization technique and further results and discussion can be found in the
following publications, [14], [15], [16], [17].

4 Spatial Quantification of Wall Shear Stress Distributions

The correlation between momentum and heat transfer, which is the basis for the
quantification, only holds for simple flow configurations. Therefore, the quantifica-
tion can only be expected to produce reliable results for those types of flows. For this
reason, the investigations into the spatial quantification of wall shear stress distribu-
tions were carried out for the flow across a flat plate without pressure gradients. To
find a suitable correlation parameter that links the surface temperature distribution
to the shear stress, the temporal temperature evolution of the surface temperature
field was studied. There are two different ways in which such a quantification can
be carried out. Either the heated structure is uniformly heated until it reaches steady
state before the wind tunnel is turned on, or the structure is heated while the wind
tunnel is running and after the surface temperature distribution reaches steady state
the heating is reduced. Both methods result in a cooling of the surface temperature
distribution. Figure 7 shows the cooling curves of four points on the heated struc-
ture with varying streamwise position. Here, the first method was used. It can be
seen that the larger wall shear stress values towards the leading edge of the plate not
only result in a cooler surface temperature at steady state (which is to be expected,
since larger shear stress means higher convection), but also causes a faster cooling.
Furthermore, the spatial gradients in the transient state are much higher than in the
steady state, making it easier to resolve the temperature differences. The second
method produces similar results, however the order of the curves is reversed.

To correlate the temperature distribution to the shear stress, the area ratio of the
area underneath a cooling curve and a reference area was used. The area ratio is
defined by

f =

∫ tmax
t0

T (t)dt −Tmin (tmax − t0)
(Tmax −Tmin) (tmax − t0)

(1)

where the reference area is a rectangle defined by Tmax, Tmin, tmax,t0.
Using this correlation parameter, a calibration was found and applied to calculate

the spatial shear stress distribution from the infrared data. The result is displayed



Infrared-Based Visualization of Wall Shear Stress Distributions 243

Fig. 7 Temporal surface temperature evolution at varying streamwise positions on a heated
structure that was uniformly heated before the flow was turned on

in figure 8. The gray areas correspond to the reference measurements that were
conducted using a skin friction balance. There is a very good agreement between the
reference data and the data from the infrared measurements. The largest deviations
occur toward the boundary of the heated structure, where convection is no longer the
dominating heat transport mechanism and conduction into the surrounding structure
occurs.

Fig. 8 Comparison of the spatial wall shear stress distribution from an infrared analysis on a
flat plate with reference measurements using a skin friction balance (gray areas)
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The spatial resolution of this technique is limited by the resolution of the infrared
camera, which in turn is dependent on the optics and distance from the object. The
investigations were conducted with a camera distance of 0.9m, corresponding to
a field of view of 0.32m× 0.14m and a resolution of 1mm per pixel. Preliminary
numerical simulations yielded that the maximum temperature gradient that can be
expected for moderate velocities up to 20m/s is about 50K/m or 0.05K/mm. This
shows that the infrared camera’s spatial resolution is more than sufficient to capture
these temperature gradients.

During the investigation of the area ratio correlation, the resulting calibration
was found to depend on the Reynolds number and therefore applicable only to
constant free stream velocities. The reason for this was found to be the varying tem-
perature boundary layer thickness. With increasing streamwise position, the thick-
ness of the boundary layer increases, leading to different boundary conditions for
the convective heat transfer. When a calibration is carried out for one free stream
velocity, this effect is not fully accounted for. To further study the influence of the
thermal boundary layer thickness and to find a suitable correction method, unsteady
numerical simulations of a laminar flat plate where carried out using the ANSYS
CFX software package. A two-dimensional flat plate with a length of 40 mm that
was heated by a constant temperature boundary condition (T = 330K) was simu-
lated. The structure of the plate was similar to the heated structure and consisted of
a 1mm copper layer with a 0.1mm PVC coating. The simulations were carried out
for velocities ranging from 10m/s− 22.5m/s using the second method described
above. The structure is heated while the wind tunnel is turned on. After the surface
temperature distribution reaches steady state, the temperature boundary condition is
reduced by 15K, leading to a cooling of the surface temperature. Figure 9(a) shows
the resulting area ratios for six different Reynolds numbers. It is easily discernible
that the slope of the calibration, which for a laminar flow is a linear function of τw,
varies with the velocity and the Reynolds number. However, a correction was found,
adjusting the slope with respect to the free stream velocity

m =
0.97
u∞

(2)

(a) Area ratios for varying Reynolds
numbers and wall shear stress values

(b) Area ratio calibration and corrected
calibration curves

Fig. 9 Numerical results of the area ratio for a laminar plate flow without pressure gradients
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where m is the slope. With this slope correction, the structure has to be cali-
brated only once for one velocity and the calibration curves for all other Reynolds
numbers can be deduced from that first calibration, see Figure 9(b). A correction
method for turbulent boundary layers and the application to experimental data is
currently researched. The following publications provide further results and discus-
sion of the spatial quantification method, [14], [15].

5 Conclusion

A new infrared-based method for the spatial visualization and quantification of wall
shear stress distributions was developed and investigated. The technique is based on
the close relationship between heat and momentum transfer in the boundary layer
and exploits that changes in surface temperature of a heated structure are dependent
on the near wall flow and thus the skin friction. Therefore, the two main compo-
nents of the method are a heatable structure and an infrared thermography system
to measure the surface temperature field.

The visualization technique was applied to the priority program’s reference ex-
periment and compared to other techniques. The reference experiment was defined
as the flow around a finite, circular wall mounted cylinder with a height to diameter
ratio of H/D = 2 and a diameter-based Reynolds number of ReD = 200.000. The
visualizations were carried out in cooperation with Prof. Leder’s group at a closed
loop wind tunnel with an open test section at the University of Rostock. Temporal
temperature gradients ∂T/∂ t were found to provide the best shear stress visual-
izations and the image processing of the infrared data was aided by Prof. Jähne’s
group at the University of Heidelberg. The results were compared with oilflow visu-
alizations and surface hot-wire measurements. A very good agreement can be seen
for those three techniques. The flow topology at the cylinder base and the top also
agrees well with existing literature.

Investigations into the spatial quantification of wall shear stress distributions were
carried out for the turbulent flow across a flat plate at an open wind tunnel facility
at the TU Berlin. The temporal temperature evolution was found to correlate with
the wall shear stress and the ratio of the area underneath such a temperature curve
to a reference area was used as correlation parameter. The resulting calibration was
applied to the infrared data of the flat plate flow and the results agreed very well with
reference measurements that were carried out with a skin friction balance. Further
investigations showed that the calibration is Reynolds number dependent, since it
does not account for the varying thermal boundary layer thickness and therefore
the varying heat transport boundary conditions. However, a correction method was
found that adjusts the calibration with respect to the Reynolds number.

Acknowledgements. This project was funded by the German Research Foundation (DFG)
within the framework of the priority program 1147.
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Variational Approaches to Image Fluid Flow
Estimation with Physical Priors

Andrey Vlasenko and Christoph Schnörr

Abstract. We present several variational approaches for fluid flow estimation from
image sequences in experimental fluid dynamics. These approaches enable the con-
textual data analysis of particle images based on physical constraints, including
bounds on the variation of divergence and vorticity of flow patterns, vanishing diver-
gence for incompressible flows, and iterative estimation-prediction schemes based
on vorticity transport for spatiotemporal regularization. All approaches amount to
solving convex optimization problems that have unique solutions. They can be com-
puted by standard numerical algorithms exploiting sparsity even for large-scale
problems. We also present recent results on the physically consistent denoising of
corrupted three-dimensional fluid flow estimates.

1 Introduction

Particle Image Velocimetry (PIV) has been the prevailing image measurement tech-
nique for estimating turbulent flows in experimental fluid dynamics for more than
two decades [1, 11]. Local flow estimates are obtained by correlating local interro-
gation windows in subsequent image frames. Window parameters (size, shape) are
adapted to local flow variation in order to optimize the trade-off between accuracy
and resolution of flow estimation, and noise suppression.

A remarkable fact concerning correlation-based PIV is that prior knowledge, often
available in terms of the physics of the underlying problem [16], is not taken into
account. Furthermore, estimates at different locations do not explicitly depend on
each other, and an overall optimization criterion with respect to all estimates in the
whole image domain is lacking. This appears unnatural in view of the interaction over
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a large range of scales in turbulent flows. Accordingly, correlation methods bear little
resemblance to the Navier-Stokes equations that govern fluid flows.

Methods for combining prior knowledge and data processing have a long history
in other fields of image processing. Variational methods, in particular, are amenable
to incorporate physical constraints through additional variational terms. In constrast
to correlation methods, even the simplest variational method gives rise to algorithms
for flow estimation where estimates at different locations explicitly depend on each
other. Likewise, the corresponding Euler-Lagrange systems bear some resemblance
to the constitutive equations of fluid dynamics. In our opinion, this indicates an
important long-term research direction enabling synergy between experimental fluid
dynamics and numerical flow simulation.

In the remainder of this paper, we present past and ongoing own work within
the DFG priority program 11471 on the design of variational methods for fluid flow
estimation that incorporate physical prior knowledge [12, 13, 14, 15, 17, 18], along
with related work of our group developed in a European project2 [19, 20, 21, 2]. For
related work, we refer to [3, 4, 5, 8, 10] and [7] and references therein.

The focus of our work is on variational methods

• that effectively steer algorithms for image sequence processing towards physi-
cally plausible fluid flow estimates, and

• that are mathematically well-posed and have unique solutions which can be
computed even for large-scale problems with numerically stable algorithms.

The paper is organized as follows. We discuss unconstrained variational approaches
in section 2 and constrained ones in section 3. Recent work on efficient varia-
tional techniques for denoising fluid flow estimates both in 2D and 3D is dis-
cussed in section 4. We conclude and indicate promising directions for future
research in section 5.

Due to lack of space, we only present experimental results for our most re-
cent work. Detailed presentations of all approaches sketched below, including thor-
ough discussions of related work, can be found in the papers referenced above and
downloaded from the IPA homepage.

2 Unconstrained Variational Fluid Flow Estimation

Given the intensity function I : Ω → R+ (particle image) defined over a 2D or 3D
domain Ω ⊂ R

d , d = 2,3, the prototypical variational approach for estimating flow
u : Ω → R

d for a fixed image frame (point of time) reads

inf
u

J(u) , J(u) =
∫

Ω

{
(∇I ·u + ∂tI)2 + λ r(Du,D2u)

}
dx , λ > 0 . (1)

1 http://www.spp1147.tu-berlin.de/
2 http://fluid.irisa.fr/
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Minimizing the functional J entails minimizing the squared residuals of the conti-
nuity equation d

dt I(x,t) = 0 valid for incompressible flows, and a regularizing term
r(·) depending on the first- or second-order spatial derivatives of the flow. The latter
enforces spatially coherent flow estimates by bounding flow variation depending on
a weighting parameter λ .

Basic and advanced examples for regularizers include (formulated for 2D prob-
lems d = 2) [9, 19]

r(Du) = ‖∇u1‖2 +‖∇u2‖2 , r(D2u) = ‖∇div(u)‖2 +‖∇curl(u)‖2 . (2)

The former term leads to reasonable estimates of low-turbulent flows [12] whereas
the latter provides much more accurate estimates for highly turbulent flows. We
point out that this second-order regularizer requires a careful discretization along
with an additional term defined on the boundary ∂Ω , in order to obtain unique and
stable flow estimates from noisy image data [19]. By choosing a large weight for
the term penalizing the divergence, nearly incompressible flows that are typical for
2D scenarios can be conveniently estimated, whereas strictly incompressible flows
are better estimated by constrained variational methods as described next.

An extension of the first-order regularization approach to particle tracking ve-
locimetry was studied in [13]. Unlike all other approaches discussed in this paper,
however, this extension inherently leads to a nonconvex variational problem.

3 Constrained Variational Fluid Flow Estimation

Incompressible flows satisfy the constraint div(u) = 0 approximately in 2D settings
and strictly so in upcoming 3D scenarios. This section presents two variational ap-
proaches for estimating incompressible flows from image sequences.

3.1 Flow Estimation by Flow Control

The basic idea for constrained image flow estimation is to decouple data continu-
ity term and regularization in (1) into an objective function and constraints. This
enables regularization by enforcing flow properties strictly. A basic formulation
reads [14]

inf
u,p, f ,g

J(u, p, f ,g)

with

J(u, p, f ,g) =
∫

Ω

{
(∇I ·u + ∂tI)2 + λ‖ f‖2

}
dx + γ

∫
∂Ω

‖∂∂Ω g‖2ds (3)

and subject to

μΔu + ∇p = f in Ω , div(u) = 0 in Ω , u = g on ∂Ω . (4)
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The functional (3) is minimized over all flows satisfying the Stokes equation (4).
In comparison to (1), functional (3) additionally includes a multiplier function p
related to the incompressibility constraint and control functions f ,g as unknowns.
These additional degrees of freedom can be determined because the set of admissi-
ble flows is constrained, and because control variables steer the constrained flow so
as to fit as much as possible the observed optical flow in terms of the time-varying
intensity function I(x,t).

Additional regularization and numerical stability is achieved by slightly smoothing
the control variables. The constraints reveal f ∝ Δu, i.e. second-order regularization
as in (2), but in a physically more strict way.

For scenarios with low Reynold numbers, this method yields physically con-
sistent and accurate flow estimates. In such cases, p and f indeed may be inter-
preted as pressure and force field, estimated from image data. For higher Reynold
numbers, these quantities become physically insignificant, yet still ensure highly
accurate estimates of turbulent fluid flows through weakly constrained control
functions f ,g.

3.2 Enforcing Temporal Coherency

A computationally more expensive but still feasible method for additionally en-
forcing temporal coherency has been suggested in [15]. Flow estimation through
constrained variational optimization

inf
u

J(u) , J(u) =
∫

Ω

{
(∇I ·u + ∂tI)2 + λ (ω −ωT )2 + κ‖∇ω‖2

}
dx (5)

subject to the linear constraints

div(u) = 0 , curl(u) = ω , (6)

is iterated with flow prediction through the vorticity transport equation

∂tω + u ·∇ω = νΔω in Ω × [0,T ] , ω(x,0) = ω0 . (7)

Each flow estimate u by (5), (6) obtained for some image frame (point of time)
defines the initial value ω0 = curl(u) in (7). A prediction ωT of the flow for the
period [0,T ] is then computed by (7). This curl field, in turn, is used to regularize
the next flow estimate u in (5).

Numerical experiments show that although the implementation of this approach
just needs two subsequent frames of an image sequence for estimating u at a spec-
ified point of time, the variational estimation-prediction framework effectively en-
codes a short-time memory over many frames that leads to physically consistent
flow regularization both in space and time.
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4 Constrained Fluid Flow Denoising in 3D

Our current work is focusing on a variational method for denoising fluid flow esti-
mates in a physically consistent way. On the one hand, this task is more involved
because we assume to be given as input data just a noisy vector field, without having
access to the image data from which this fluid flow estimate was computed. On the
other hand, our method is widely applicable, because vector fields produced by any
method can be processed.

A second prominent feature of our method is that no explicit noise model is in-
volved. Rather, the approach relies on modeling the class of physically admissible
vector fields and regards anything else as noise. By this a broad range of both ran-
dom and systematic errors can be removed by the very same approach, including
white noise and local bursts of outliers, automatic completion of fluid estimates
in local regions whose location is unknown, increasing the spatial resolution of
fluid flow estimates, etc. A thorough study of the 2D case is reported in [17, 18].
The method equally applies in 3D, and we report preliminary results for the first
time below.

4.1 Variational Approach

The method comprises four steps:

1. Solenoidal Projection
As a first step, the given corrupted vector field d is projected onto the subspace
of vector fields with vanishing divergence by solving

Δq = div(d) , q = 0 on ∂Ω , (8)

for q and removing the divergence from d,

v = d−∇q .

Fig. 1 Instantaneous snapshot of the vorticity of a four-cell vertical convection in three di-
mensions: noisy input (left), denoised result (center), ground truth (right)
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2. Lowpass Filtering
Next we remove high-frequency noise by filtering each component function of v
with a Gaussian lowpass filter gσ ,

vg = gσ ∗ v . (9)

The cutoff frequency is chosen large enough so as to preserve any relevant signal
structure.

3. Vorticity Rectification
The third step of the approach enhances the physical structures of vg. To this end,
we approximate its vorticity field

ωg = ∇× vg , (10)

by solving the optimization problem

inf
ω

J(ω) , J(ω) =
∫

Ω

{
‖ω −ωg‖2 + α

(
ν‖∇×ω‖2 + 2

〈
e(vg),ω

〉)}
dx ,

(11)
where e(vg) is a shorthand for the left hand side of the vorticity transport equation

e(v) := ∂tω +(v ·∇)ω +(ω ·∇)v = νΔω , (12)

whose 3D-formulation differs from the 2D case (7) by an additional term. The
criterion (11) embodies a compromise between the approximation of ωg in (10)
and satisfying the vorticity transport equation (12).

Note that e(·) is evaluated in (11) for the vector field vg computed in the previ-
ous step. Furthermore, we omitted the time derivative ∂tω in order to restrict the
computations to each individual image frame. This turned out to be a reasonable
approximation in the cases considered so far. As a result, ω can be computed by
just solving a large sparse linear system.

4. Velocity Restoration
The final step of our approach recovers an incompressible, denoised vector field

Fig. 2 Vertical cross-sections of the velocity fields through the centers of convective cells.
These vector fields correspond to the vorticities shown in Figure 1: noisy input (left), denoised
result (center), ground truth (right)
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Fig. 3 Top: Instantaneous snapshot of the vorticity of a flow around a cylinder in three
dimensions: denoised result (left) and ground truth (right). Bottom: the corresponding close-
up views

from ω by minimizing

inf
u

J(u) , J(u) =
∫

Ω

{
‖u− vg‖2 + β‖∇×u−ωg‖2

}
dx , (13)

subject to
div(u) = 0 . (14)

The minimizer u approximates both the velocity fields (9) and the rectified
vorticity field (11).

Problem (13), (14) leads to a simple version of the saddle-point problem cor-
responding to (3), (4). For a consistent discretization with mixed finite elements,
we refer to [14].
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Fig. 4 Vertical cross-sections of the velocity fields through the centers of convective cells.
These vector fields correspond to the vorticities shown in Figure 3: noisy input (left), denoised
result (center), ground truth (right)

4.2 Numerical Experiments

We illustrate the performance of our method by visualizing input and output data
of two experiments. In both cases, vector fields resulting from a direct numerical
simulation [6] served both as ground truth and as input data after corrupting them
with white noise.

The first experiment concerns a vertical convection process in 3D with a large
noise level. Figure 1 shows, from left to right, the vorticity of the input data, the
denoised vector field u from (13), (14), and ground truth. Figure 2 depicts corre-
sponding cross-sections to illustrate the signal-to-noise level.

Fig. 5 Close-up views of the vector fields depicted in Figure 4 corresponding to the sections
marked in Figure 3: noisy input (left), denoised result (center), ground truth (right)
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The second experiment concerns a turbulent flow around a cylinder with smaller
noise level. Figure 3 shows the vorticity of the input data (left panel) and the de-
noised output (right panel), respectively, together with two close-up views. Cross-
sections analogously to Figure 2 are shown in Figure 4. Close-up views of these
vector fields corresponding to the sections shown on the right in Figure 3, are
depicted in Figure 5.

5 Conclusion and Further Work

We presented a range of variational methods for physically consistent image pro-
cessing in experimental fluid dynamics. Our results demonstrate the ability of
variational approaches to seamlessly integrate physical prior knowledge. This is
particularly relevant for upcoming 3D scenarios in connection with tomographical
methods in experimental fluid dyamics.

Another important points is that the mathematical aspects of variational methods
and corresponding algorithms are similar to those used in numerical simulations.
This may help to tie together in the long run approaches of experimental fluid dy-
namics and numerical simulation in order to bring to bear the synergy between these
complementary fields of research.

This paper mainly focused on aspects of regularization and their physical
consistency. The data terms in all approaches above are based on the continuity
equation d

dt I(x,t) = 0, which is known to be less robust than correlation-based PIV-
approaches in very noisy scenarios. Hybrid variational approaches that combine
adaptive correlation-based schemes [2] or alternative more advanced local estima-
tion schemes [7] with nonlocal physical priors as presented in this paper (cf. also
[8]), is a promising direction for future research.
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19. Yuan, J., Schnörr, C., Mémin, E.: Discrete orthogonal decomposition and variational
fluid flow estimation. J. Math. Imag. Vision 28, 67–80 (2007)
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Real-Time Approaches for Model-Based PIV
and Visual Fluid Analysis

Polina Kondratieva, Kai Bürger, Joachim Georgii, and Rüdiger Westermann

Abstract. In this research project, approaches for the reliable reconstruction of flow
fields from captured particle images and their visualization have been developed.
One aspect has been on developing techniques that can generate a velocity field that
is consistent with a selected physical fluid model. Therefore, we have introduced
a model-based approach that integrates a priori knowledge of this model into the
reconstruction process. Another aspect has been on the design of techniques that
are capable of dealing with real-time constraints, and which thus have the potential
to be used in combination with high-speed camera systems to interactively steer
the reconstruction process. Programmable graphics hardware has been exploited
as a co-processor for numerical computations to achieve interactivity, both for the
reconstruction and visualization of generated fields. All these techniques have been
verified in an experiment on living microorganisms. In the last phase of the project
we have focused on the extension of the techniques towards the processing of 3D
particle images and the visualization of the reconstructed flow fields.

1 Introduction

Particle Image Velocimetry (PIV) has established as a powerful tool to experimen-
tally determine flow structures in real fluids. Such systems provide image pairs of
seeded particles at successive time steps, which are then registered on each other to
reveal the unknown velocity field. Unfortunately, due to limitations of the seeding,
imaging and registration processes, reliable reconstruction of velocity fields from
captured images is greatly complicated. This is especially the case when experi-
ments on living organisms are carried out, which implies that the illumination must
not be too powerful and the density and size of seeded particles are limited. Due
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to these restrictions the accurate reconstruction of velocity fields from such images
are prone to artifacts and outliers, and the resulting fields, in general, do not comply
with the physical model of the flow.

To address the aforementioned limitations, we have developed a model-based
approach for the reconstruction of the motion of seeded particles from particle im-
ages. This technique exploits a priori knowledge about the physical flow model to
make the motion consistent with the laws of physics. The reconstruction process has
been combined with advanced visualization techniques to enable immediate visual
analysis of the reconstructed fields, and it can thus be used to interactively control
parameters of the experimental apparatus as well as the reconstruction process. The
following specific contributions have been achieved in this project:

• FFT-based cross-correlation and multigrid optical flow have been implemented
and used to predict an initial flow field from particle image pairs.

• The predicted field is corrected iteratively by a global filter operation that imple-
ments a numerical solver to the incompressible Navier-Stokes equations.

• To simulate the interaction between the fluid and organisms in the flow, bound-
aries and boundary conditions are considered in the correction step.

• Particle-based 2D and 3D flow visualization techniques including a set of im-
portance measures like vorticity, helicity, lambda-2, or Lyapunov exponent have
been developed.

• All stages of the reconstruction and visualization process have been implemented
on programmable graphics hardware to achieve real-time performance.

The remainder of this paper is organized as follows. In Sect. 2 we briefly review
previous work that is related to ours. In Sect. 3 we describe our novel approach
for the model-based reconstruction of vector fields from particle images. The spe-
cific visualization options we have developed for the visual analysis of complex 2D
and 3D flow fields are discussed in Sect. 4. In each section with present a detailed
discussion and validation of the proposed techniques.

2 Related Work

Particle Image Velocimetry (PIV) is an optical technique used to measure the ve-
locity of seeded particles in a real flow [27, 26, 21]. It is performed by capturing
consecutive images of particles in the flow and then processing these images to de-
termine particle displacements over time. Over the last years, a number of different
approaches have been proposed for the reconstruction of these displacements from
recorded images, which can roughly be classified into two categories: techniques
based on cross-correlation (CC) analysis and optical flow (OF) computation.

CC-based techniques divide the image plane into small disjoint or overlapping in-
terrogation windows and then compute the cross-correlation between corresponding
window pairs in consecutive recordings. The spatial displacement that produces the
maximum cross-correlation approximates statistically the average displacement of
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particles in the interrogation window. For a thorough overview of these techniques
we refer to [26, 21]. There is also a vast body of literature on the improvement of
CC-based techniques that we will not attempt to overview here, however, [24, 16]
provide many useful references on this subject and discuss some of the numerous
approaches, including reduction of peak locking, predictor-corrector schemes, hi-
erarchical methods as well as advanced post-processing techniques for outlier re-
moval.

Whole-field methods based on the optical flow [7, 20, 23], on the other hand, can
avoid the direct correlation between spatial resolution and probability of false esti-
mates that is inherent to CC-based PIV-techniques. The optical flow estimates the
motion of brightness patterns in two images by minimizing a global cost function,
which represents the rate of change of image brightness. Since the original problem
is ill-posed, a regularizer assuming smooth movements between adjacent pixels is
typically used in the solution process.

To further improve OF-based reconstruction of flow fields from particle images,
regularizers taking into account the physical model of the flow have been presented
in [5, 3, 15, 4]. Recently, [22] proposed a variational approach using the Stokes
equation as prior knowledge. By incorporating the motion characteristics of a vis-
cous fluid in the optical flow estimation, the method computes a motion field that
satisfies the prescribed flow model.

3 Model-Based Flow Reconstruction

Given a pair of particle images, both CC- and OF-based reconstruction methods aim
at finding a non-parametric spatial transformation that deforms one image in such a
way as to minimize the difference between the deformed and the second image. This
non-parametric minimization problem can be solved using a regularization term ac-
cording to the properties of the deformed materials. For instance, it can be based
on the elastic potential (elastic registration) or the governing equations of fluid mo-
tion (fluid registration). A comprehensive survey and discussion of non-parametric
motion models can be found in [14].

In this project we have proposed a model-based approach for the computation of
a non-parametric transformation describing the motion of seeded particles in real
flows [9, 18, 10]. In particular, our goal has been to determine the flow induced
by living microorganisms, i.e., ciliates, and thus to gain insight into their feeding
mechanisms and fluid exchange characteristics. The flows induced by these organ-
isms are characterized by very low Reynolds numbers and they can thus be modeled
by the Stokes flow equations. In regard to this observation, our method takes as in-
put a predicted vector field and then corrects the field according to this specific flow
model. The input field is computed from experimental image pairs using CC or OF
estimation, and the correction is performed by applying a model-based global filter
operation on it. This filter implements a numerical solver to the flow equations. An
overview of the algorithm is presented in Fig. 1.
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Fig. 1 Illustration of the model-based reconstruction process: Module P reads images T and
R and computes the displacement field using CC or OF. Module F corrects the predicted field.
Module Defo deforms T towards R using the corrected field. This process is repeated with
the deformed image Di(T) until the average magnitude of the corrected field falls below a
selected threshold

3.1 Flow Prediction and Correction

To predict an initial displacement field from a given pair of particle images, we have
developed fast versions of both CC and OF on highly parallel graphics process-
ing units (GPUs). Recent developments have shown, that the GPU can significantly
outperform CPU implementations for both compute- and memory-intensive appli-
cations. A comprehensive collection of research papers in this particular area can be
found in [17].

The direct cross-correlation between window pairs is computed by means of the
discrete Fast-Fourier-Transform (FFT), i.e., by computing the cross-correlation be-
tween two signals in the frequency domain. Our GPU implementation of the FFT
as proposed in [25] exploits the fact that the FFT can be written as a matrix-vector
product, where the matrix can be further split into a chain of sparse matrices with
a fixed structure for a particular window size. The multiplication of an input vec-
tor with these matrices can be carried out very efficiently on recent GPUs, and, in
particular, due to the massively parallel nature of this architecture multiple window
pairs can be cross-correlated in parallel.

For the implementation of OF-based flow prediction we have utilized a library
for linear algebra on GPUs [11]. Our implementation takes advantage of the spe-
cial structure of the OF system matrix, which is a sparse band-diagonal matrix for
which special classes are available in this library. Standard iterative methods like the
conjugate-gradient method can then be applied directly on the GPU to solve for the
unknown velocity field. To further improve the efficiency of the OF computation, for
the first time ever to our best knowledge we have developed a geometric multigrid
scheme on the GPU. For a good introduction to the theory and applications of multi-
grid approaches let us refer to [6], and to [13, 8, 23] for the design of multigrid OF.

Table 1 compares the performance of CC- and OF-PIV on the GPU. For CC-PIV
we have considered interrogation windows of different size. As can be seen, CC-PIV
is significantly faster than its OF-based counterpart. On the other hand, a qualitative
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Table 1 Performance of CC- and OF-PIV (in brackets) in ms. Since OF is a whole-field
method, the size of the window pairs has no meaning

window/image 2562 5122 10242

82 0.8(37) 2.5(160) 8.3(760)
162 1.1(37) 3.3(160) 12.4(760)
322 1.4(37) 3.8(160) 15.7(760)

comparison of both approaches in the context of model-based flow reconstruction
as given at the end of this section clearly reveals the strength of OF-based PIV.

3.2 Vector Field Correction

Vector field correction is performed by using the estimated field in a numerical
solution of the incompressible Navier-Stokes equations (NSE), equipped with the
Reynolds number of the fluid as well as appropriate boundary conditions and an
external force field. The NSE are solved on the GPU by first solving explicitly for the
velocity and then by solving implicitly for the pressure using a conjugate-gradient
method. Pressure is finally used as a correction term to make the vector field free of
divergence.

In all of our experiments, outflow boundary conditions have been enforced at the
outer domain border. In the experiments involving living microorganisms, we have
first extracted these organisms from the recorded template image using standard im-
age segmentation techniques, and we have then considered them as obstacles in the
numerical solution. Since the liquid surrounding the microorganisms is not pene-
trating the main body of the microorganism, no-slip boundary conditions have been
assumed at the organism boundaries. In every iteration a force field is computed
from the estimated displacement field dispesp according to Stokes’ law:

FStokes = 6 π μ r · (dispest ·pxsize/Δ t) . (1)

This yields at every pixel the external force that is required to move a spherical par-
ticle of radius r through the fluid of viscosity μ at a velocity that is equal to the
displacement in the pixel grid over one time step Δ t. We can thus derive an external
force field, which ideally results in a velocity field equal to the estimated displace-
ment field if considered in the NSE-solution. However, since the displacement field
does not comply with the underlying flow model in general, the resulting velocity
field will differ from this field in that it is corrected towards consistency with this
model.

3.3 Results

In a first experiment we have generated two images by passively advecting dye in a
swirl-like Navier-Stokes flow and by capturing the dye intensity at two different time
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Fig. 2 (a) Ground-truth Navier-Stokes flow. (b) Average error of the velocity magnitude as a
function of the number of iterations

steps. The flow was simulated using the following parameters: grid size of 256×
256 pixels, Reynolds number Re = 10, density ρ = 1000 kg/m3, dynamic viscosity
μ = 0.001 kg/(m · s), time between two exposures dt = 0.775 ms, and pixel size
pxsize = 3.906 μm. The simulation yields a maximum and average displacement
of 1.1 pixels and 0.2 pixels between two exposures, respectively. Fig. 2a shows the
ground truth velocity profile overlaid on one of the synthetic images.

Fig. 2b shows the graph of the average error of the velocity magnitude as a func-
tion of the number of predictor-corrector iterations. Due to the highly non-uniform
nature of the flow, including multiple small-scale structures, the CC approach has
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Fig. 3 Navier-Stokes flow: Ground truth vector field (black arrows) versus reconstructed
vector field (light gray arrows) using CC-NS (left) and OF-NS (right). Visually, the less of
the black arrows can be seen the more accurate is the reconstruction with respect to direction
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Fig. 4 Real-world experiment: Reconstructed velocity fields using OF and OF-NS. Only the
model-based approach can reconstruct one of the vortices typically observed in nature

severe problems in reconstructing the velocity field. After the first iteration the
model-based approaches (model-based correction with CC-based (CC-NS) and OF-
based (OF-NS) prediction) already yield better fidelity than the CC and the OF
method. With increasing number of iterations the predictor-corrector approaches can
improve the reconstruction quality even further, with the OF-NS approach showing a
much faster convergence than the CC-NS approach. Moreover, the CC-NS approach
stops improving the results after the 5th iteration, because corrected displacements
become too small and heterogeneous for the CC approach to be detected.

A comparative visualization of the reconstructed velocity fields using overlaid
arrow plots is shown in Fig. 3. Black arrows correspond to the ground truth velocity
field. Light gray arrows depict the vector fields reconstructed with CC-NS and OF-
NS. While the CC-NS approach can reconstruct most of the main flow structures,
it cannot compensate for the high rate of erroneous velocities introduced by the CC
predictor. The OF-NS approach, in comparison, recovers the flow at extremely high
accuracy. For a more thorough evaluation of our proposed model-based approach
let us refer to [10].

In Fig. 4, for two bio-compatible measurements of the particle distribution in
fluid flows induced by living ciliates the reconstructed velocity fields using OF and
OF-NS are shown. In the OF-NS approach, 8 predictor-corrector iterations were
performed. Both approaches are capable of recovering a flow that conforms to the
characteristic flow pattern observed in nature. However, in regions with low particle
density the OF approach reconstructs velocities close to zero, and it fails to recover
a strong viscous eddy induced by the movement of the active ciliate. The predictor-
corrector scheme, on the other hand, extracts a strong viscous vortex to the left of
the ciliate and estimates an admissible velocity distribution in low density regions.
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4 Particle-Based Flow Visualization

Besides the model-based reconstruction of vector fields from particle image pairs,
we have developed a particle system for the interactive visualization of 2D and 3D
vector fields as they are generated by PIV. For a thorough overview of particle-based
and related integration-based techniques for flow visualization let us refer to [19].
In particular, we have exploited features of recent GPUs to numerically integrate
particles along their trajectories and to immediately visualize these particles using
specific geometric shapes and colors [1, 12]. Figure 5 shows a number of different
particle shapes used for the interactive visualization of a 2D flow fields at fully
interactive rates.

Since particle-based visualization, especially in 3D, quickly overextends the
viewer due to the massive amount of visual information that is conveyed, we have
also developed strategies to reduce this amount at the same time revealing impor-
tant structures in the flow [2]. As an importance measure, we have introduced a new
focus for particle tracing, so called anchor lines. Anchor lines are used to analyze
local flow features by visualizing how much particles separate over time and how
long it takes until they have separated to a fixed distance. It is of particular interest if

Fig. 5 Particle-based visualization of a 2D flow induced by micro-biological structures.
From left to right, transparent ellipsoidal sprites, enlarged transparent ellipsoidal sprites,
transparent arrows and stream lines are shown. For 1 million particles, 60 integration steps
per second can be performed using an interpolation scheme of order 3 on a recent GPU

Fig. 6 Particle-based visualization of 3D instationary flows using semi-transparent sprites
(left) and path lines (right). Anchor lines (path lines) and particles seeded close to the anchor
lines starting points are shown on the right. Particle transparency is inversely proportional to
the separation distance of particles from the anchor line
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the finite time Lyapunov exponent - a scalar quantity that measures the rate of sepa-
ration of infinitesimally close particles in the flow - is used to guide the placement of
anchor lines. We employ this measure for the selection of characteristic trajectories
in the flow. Specifically, we seed particles close to the starting points of these lines,
and we only visualize those particles that leave the anchor. In this way, the amount
of visual information can be reduced significantly (see Figure 6), and quantitative
statements about particle movements over time and space can be derived.

5 Current and Future Work

In the last phase of the project we have put some efforts into the extension of the
proposed model-based approach for vector field reconstruction towards 3D. Even
though measured 3D particle distributions have not yet been available to us, we
have started to develop a 3D simulation engine that is able to correct a given 3D
displacement field in a model-based manner as described in Sect. 3. Therefore, we
have a) extended our GPU-based NSE solver towards 3D and b) realized a novel 3D
GPU-based Lattice-Boltzmann solver. Both solvers can handle free-moving obsta-
cles and can thus be used to determine the flow induced by living organisms. Fig. 7
shows two 3D simulations that have been generated using these solvers, including
obstacles and appropriate boundary conditions.

Fig. 7 3D fluid simulations on the GPU using 3D Navier-Stokes (left) and Lattice-Boltzmann
(right) solvers are shown. For a 1282×256 grid the numerical simulation runs at 8 and 35 sim-
ulation steps per second, respectively, including free-moving obstacles and inflow boundaries

Both solvers have been integrated into the particle engine to allow for an immedi-
ate visual feedback and analysis of the simulated fields. Thus, a general framework
for the model-based reconstruction of flow fields from 3D particle distributions has
been developed, which now has to be equipped with an appropriate method to es-
timate an initial displacement field from such measurements. In the future, we will
thus focus our research on the realization of 3D-OF on GPUs and the integration of
this approach into the proposed 3D simulation and visualization framework.
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Strömungsanalyse”. We would also like to thank our collaborators, Prof. C. Denz, University
of Münster, and Prof. A. Delgado, University Erlangen-Nuremberg, for their valuable advices
and support in this project.

References

1. Bürger, K., Schneider, J., Kondratieva, P., Krüger, J., Westermann, R.: Interactive vi-
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3. Corpetti, T., Mémin, E., Pérez, P.: Estimating fluid optical flow. In: 15th Int. Conf. Pattern
Recognition, vol. 3, pp. 1045–1048 (2000)
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Biocompatible Visualization of Flow Fields  
Generated by Microorganisms 

Bogumila Ewelina Zima-Kulisiewicz, Emanuela Botello-Payro, 
and Antonio Delgado* 

Abstract. Microflow induced by the ciliates called Opercularia asymmetrica is an 
interesting phenomenon in biofluidmechanics. Ciliates play an important role in 
the structural formation of microbial granules derived from activated sludge. Ad-
ditionally, flow induced by protozoa (ciliates) is treated as an efficient mean of nu-
trient transport with minimum energy requirement. For the first time powerful 
digital imaging techniques are used for studying microorganismic convection. In-
vestigations of the flow generated by Opercularia asymmetrica are carried out 
with help of digital micro Particle Image Velocimetry. Digital micro Particle 
Tracking Velocimetry is implemented to analyse cilia motion. In biological fluid 
mechanics flow visualization techniques must guarantee biocompatibility. Thus, in 
the present work appropriate light illumination and suitable seeding particles are 
used. Moreover, in order to predict artefacts and correct them novel neuronumeri-
cal hybrid is employed. 

1   Introduction 

Bioflow studies become an interesting field in microfluidcs. As an example flow 
induced by microorganisms living on Granular Activated Sludge (GAS) surface is 
given. Wastewater treatment based on growing GAS in a Sequencing Batch Reac-
tor (SBR) is a multiscale phenomena in which macroscopic effects are controlled 
by microscopic causes. Several studies show that GAS consists of bacteria, fungi 
and protozoa connected together by extracellular polymeric substances (EPS) [5, 
14, 16]. According to [16] and [20] protozoa (ciliates) are treated as backbone for 
the granulation process. The granules formation can be described as a three steps 
process [16]. Firstly ciliates settle on other organisms or particles and bulky 
growth of ciliates is recognized (e.g. Epistylis sp.). Stalks and zooids are colonized 
by bacteria. The cilia beats of the ciliates providing a continuous nutrient flux to-
ward biofilm improve the colonization process. As a result, the granule grows and 
the core zone is developed. Here, many ciliates cells are completely overgrown by 
                                                           
*Bogumila Ewelina Zima-Kulisiewicz . Emanuela Botello-Payro . Antonio Delgado 
Institute of Fluid Mechanics, Technical Faculty, Friedrich-Alexander University Erlangen-
Nuremberg, Cauerstrasse 4, 91058 Erlangen, Germany 
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bacteria and die. A dense core of bacteria and remains of ciliate stalks is formed. 
Subsequently, a mature granule is developed. Finally, granules are composed of 
two zones (core zone and loose structured fringe zone) and serve as a new sub-
strate for swarming ciliates. Investigations of [10] indicate that flow induced by 
the ciliates can be treated as efficient nutrient transport to the biofilm with mini-
mum energy requirement.  

However, microflow induced by Opercularia asymmetrica is poorly investi-
gated in the literature and an intensive research is necessary for making progress 
towards better understanding of these natural phenomena which have been opti-
mized in the course of evolution. In order to visualise fluid flow induced in bio-
logical systems powerful imaging methods for flow analysis are required. Flow 
induced by peritrichous ciliates was analysed for the first time by [13]. [15] stud-
ied flow field of marine peritrichous ciliates. First studies with Opercularia 
asymmetrica were carried out by [3, 6, 7, 10]. It is of crucial importance that the 
measuring and flow visualisation techniques employed must guarantee biocompatibility, 
i.e. they can not affect investigated biosystems. Unfortunately, this restricts possi-
bilities for optimizing the image generation in comparison to other flow field visu-
alisation problems in which no biological systems are present. In consequence, 
images of lower quality leading to erroneous artefacts are obtained. Thus, either 
novel detection techniques that are able to overcome these disadvantages or ad-
vanced evaluation methods enabling the sophisticated analysis and description of 
flow fields are requisite. In the present work detailed micro flow analysis with bi-
otic seeding particles is done by using digital micro Particle Image Velocimetry 
(μPIV). As written above, ciliates induce a fluid flow through their cilia beat. In 
the present work motor activity of cilia is analysed with the help of digital micro 
Particle Tracking Velocimetry (μPTV) for the first time. Moreover, in order to 
predict artefacts and correct them, a novel so-called neuronumerical hybrid dis-
covered by [10] is implemented.  

2   Materials and Methods 

Microorganisms are selected from GAS which grows in a laboratory scale SBR 
[19, 20]. Micro–fluid flow is observed by using an Axiotech 100 microscope (Carl 
Zeiss) with 10–, 20– and 50– fold optical magnification. In order to analyse cilia 
displacement 150– fold optical magnification is implemented. Granules removed 
from the SBR with a certain amount of seeding particles are placed on the glass 
plate. The prepared sample is covered with a cover–plate. Subsequently, the probe 
is analysed under a microscope. Experiments are repeated several times. 

In the biological flow biocompatibility of the measurement technique belongs 
to the most important issues. Effective results can be obtained only with appropri-
ate seeding particles and suitable light illumination technique. Artificial tracers 
(polystyrene particles of 4.8 µm from Microparticles GmbH, Germany) are instan-
taneously detected by microorganisms. While yeast cells (Saccharomyces cere-
visiae, dimensions approx. 3–10 µm) and milk, being an emulsion with scattering 
particles (fat and proteins, dimensions 0.3–3 µm), are implemented as tracers for 
flow visualization. They are well recognized by ciliates as nutrients and do not 
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disturb the natural behaviour of zooids. Built in microscope white light with mod-
erated intensity (upper light, light intensity level 1-10; lower light, level 1-7) is 
implemented as appropriate light source. 

2.1   Digital Micro Particle Image Velocimetry 

Micro flow induced by Opercularia asymmetrica is analysed with the help of digi-
tal micro Particle Image Velocimetry. Investigations are carried out with different 
aqueous solutions of yeast cells of 1:100, 1:200 and 1:300 (yeast to distilled water) 
and milk of 1:1, 1:2, 1:3, 1:4 (milk to distilled water).  

The pictures are recorded by a high speed CCD camera (Mikrotron GmbH) 
with a maximum speed of 520 frames/s. In the present case, the images of flow 
patterns are taken with two different speeds, namely 25 and 65 frames/s. The pic-
tures have a resolution of 860 x 1024 pixels, the interrogation window size is cho-
sen as 32 x 32 pixels and the grid size as 20 x 20 pixels.  

The calculation of the fluid velocity is carried out with the help of the software 
PIVview2C (PIVTEC GmbH), developed by [12]. The μPIV technique consists in 
comparing two images with known time spacing. The cross–correlation mode is 
used to extract the particle displacement [11]. The differences in position of the 
tracers in the first and second pictures represent the displacement. The knowledge 
of the time interval between two recordings permits computations of the liquid ve-
locity u [8].  

μPIV investigations are carried out by the multiple–pass interrogation algo-
rithm which is built in the PIVview2C software. This method increases the data 
yield due to the higher number of matched particles and reduces the bias error 
[17]. Sub–pixel displacement of the correlation peak is obtained by a 3–point 
Gauss fit [18]. Subsequently, velocity data from PIVview2C are further processed 
with TECPLOT (Amtec Engineering). 

2.2   Digital Micro Particle Tracking Velocimetry 

Micro Particle Tracking Velocimetry investigations are performed in order to 
characterise the cilia movement of Opercularia asymmetrica. In order to improve 
the activity of the ciliates during the measurements, a mixture of milk and distilled 
water with a concentration of 1:3 is used. The pictures are recorded by a high 
speed CCD camera (PCO AG) with a maximum speed of 636 frames/s at a high 
resolution of 1280 x 1024 pixels. The images are acquired with a recording speed 
of 100 frames/s at the above mentioned resolution.  

The motion analysis is carried out after calibration with OPTIMAS (Media Cy-
bernetics, L. P.). Similarly to the μPIV case, μPTV is based on comparing two im-
ages with known time spacing. The points (cilia) for which the velocity is to be 
determined are marked manually on both images. The difference in position of the 
markers represents the displacement of cilia, which for the known time interval 
between images can be recalculated as cilia velocity uC. The velocity vectors are 
visualised in TECPLOT (Amtec Engineering). 
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2.3   Novel Neuronumerical Hybrid with a Priori Knowledge 

It is well known that biological flow investigations can be influenced by erroneous 
artefacts occurring during the processing of PIV data. Previous work of [1, 3, 4, 9] 
shows the powerful role of hybrid methods in modelling, diagnosing and predict-
ing complex systems. In the present work, a novel neuronumerical hybrid being an 
efficient tool allowing to predict artefacts and correct them is implemented. It is 
based on the implementation of numerically expressed a priori knowledge on the 
flow field (Taylor’s hypothesis) into an artificial neural network (ANN) as a func-
tional node (see Fig. 1). Equation 1 expresses the Taylor’s hypothesis 
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Fig. 1 Novel neuronumerical
hybrid 
 

 
 
 
 
 
 
 
 
 
 

The classical ANN is connected with the functional node part of the network 
using weights with the constant value of 1. This means that they are excluded 
from the training but propagate the error back to the classic ANN part to minimise 
the sum squared error. ANN consists of one input layer with seven nodes (x, y co-
ordinates, two velocity components, one temporal and two spatial derivatives of 
velocity), three hidden layer with three nodes (two velocity components and Tay-
lor value) and one functional node. 

3   Results 

3.1   Digital Micro Particle Image Velocimetry 

Analysing µPIV investigations of the fluid flow in the vicinity of the granule sur-
face, a characteristic micro flow pattern with two counter rotating vortices gener-
ated by cilia beats can be observed (see Fig. 2). 
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Fig. 2 Characteristic flow pattern 
generated by one ciliate observed at 
50–fold magnification; seeding 
with milk (1:3) 

10 μm/s 50 µm 

 

 

Considering experiments with yeast cells as tracer particles, an aqueous solu-
tion of 1:100 (yeast to water) is required for the present investigations. In the case 
of the milk solution, the best results are obtained for several concentrations, 1:1, 
1:2, 1:3 and 1:4 (milk to water). Higher concentrations of tracer substance can in-
fluence the investigated flow. 

As shown by [10] experiments with yeast cells as seeding particles enable ob-
taining flow pattern for 10-fold optical magnification. However, more precise 
analysis is impeded in that case due to behaviour and size of tracer particles. In the 
present work, detailed investigations with higher optical magnifications (50-fold 
optical magnifications) are carried out. Exemplary experiments with yeast cells 
(1:100) and with milk (1:3) are compared. Fig. 3 proves that investigations with 
yeast cells at higher optical magnification are strongly limited. Calculated values 
of the velocity (maximal velocity amounts umax= 10 μm/s) are underestimated and 
loaded with high error. 

Moreover, it is impossible to obtain the flow field in a sufficient quality and 
quantify the velocity. Due to low density and large dimension of tracer particles 
many spurious vectors appear. However by using milk as seeding substance a de-
tailed visualisation of the flow close to the body of ciliates is enabled. The maxi-
mal noted dimensionless velocity amounts umax= 45 μm/s.  

Since the ciliates in their natural habitat tend to live in colonies, detailed analy-
sis and comparison of the action of a single Opercularia asymmetrica and a  
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Fig. 3 Velocity field observed by 50-fold optical magnification for one ciliate; (A) seeding 
with yeast cells; (B) seeding with milk 
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Fig. 4 Velocity distribution observed by 50–fold optical magnification for (A) one ciliate 
and (B) colony 

colony will be shown below for 50-fold optical magnification with a milk to water 
ratio of 1:1 (see Fig. 4).  

Here, an increasing tendency of velocity distribution with increasing ciliate 
number is observed. For the single ciliate the maximal velocity is equal to 
umax= 26 μm/s while for the colony it is more than four times higher umax= 113 
μm/s. The above analysis clearly shows that cooperative colony work influences 
significantly the velocity distribution displaying a bio–synergetic effect. More-
over, comparing both situations, the characteristic two vortices can be seen in the 
case of a single organism. In the case of colony, instead of typical flow each cili-
ate produces one vortex. Additionally, a synergetic vortex belonging partially to 
two different ciliates appears. 

Flow induced by ciliates on the micro–scale is in fact an efficient way of nutri-
ent transport to the biofilm surface from the bulk liquid with minimum energy re-
quirement. Presented above effective cooperative colony work can be confirmed 
by the investigations of the convective kinetic energy produced by living protozoa 
defined as 
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ρ represents liquid’s density and )v,u(u = velocity vector. Fig. 5 presents the cal-

culated two–dimensional spatial distribution of the kinetic energy generated by 
these microorganisms. Ciliates living in a colony produce more convective kinetic 
energy per single organism than a single ciliate. The synergy factor amounts to 
approximately 1.7. The analysed case concerns milk to water ratio of 1:3. 

Additionally to investigations on living organisms a first attempt was made to 
mimic the flow pattern generated by ciliates. Bionic mechanism was designed em-
ploying active composite elements based on piezoelectric PZT ceramics and  
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Fig. 5 Convective kinetic energy generated by one ciliate (left) and a colony (right) 

Fig. 6 Flow pattern generated by “arti-
ficial ciliate” 
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carbon fibres. The flow pattern induced by the developed “artificial ciliates” is 
shown in Fig. 6.  

3.2   Digital Micro Particle Tracking Velocimetry 

The oscillating motion of the cilia during 140 ms recording time is illustrated in 
Fig. 7, for three different exposures (A, B and C). It can be concluded that for one 
reciprocating beat, 140 ms are necessary. The time distance between each expo-
sure is 70 ms and the beat frequency is 14,28 Hz. This value is within the fre-
quency range of 10 to 80 Hz known from literature [6]. During one reciprocating 

 
Fig. 7 Reciprocating cilia movement 
during 140 ms recording time 
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Fig. 8 Cilia velocity during one re-
ciprocating cilia beat 

beat the velocity of one good visible cilia was observed. Therefore three different 
points (Fig. 7 D) at the top, middle and bottom of the cilia were selected. Knowing 
the distance between the position A and B, respectively B and C at the selected 
points and the time interval (70 ms), the velocity can be easily computed.  

In Fig. 8 it can be seen that the ascertained velocity range is between uC=5 μm/s 
at the bottom and uC=90 μm/s at the top of the cilia. It can be further observed that 
the cilia is displaced nearly with the same velocity sidewards (A  B) and back-
wards (B  C). The velocity magnitude is strongly dependent on the activity of 
the ciliates during the measurements. 

3.3   Novel Neuronumerical Hybrid with a Priori Knowledge 

In the biological flow artefacts can be caused by incorrect image evaluation or low 
image quality. As explained in the introduction part novel hybrid is implemented 
to prevent artefacts and correct them. Fig. 9 shows the effect of the Taylor hybrid 
applied on the PIV velocity field. It can be observed that the velocity field before 
application of the Taylor hybrid differs significantly from that processed by means 
of the neuronumerical hybrid method. Novel Taylor hybrid improves image qual-
ity reducing artefacts. 

Fig. 9 Velocity field before (red 
arrows) and after (blue arrows) 
Taylor hybrid application 
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4   Summary 

In the present work flow induced by microorganisms living on GAS surface is 
investigated. In order to analyse the fluid flow induced in biological systems 
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powerful imaging methods for flow analysis are required. Detailed fluid flow and 
cilia motion analysis is done by implementing two different digital imaging tech-
niques namely μPIV and μPTV. Artefacts are corrected and predicted by means 
of a novel neuronumerical hybrid image analysis method. μPIV studies indicate 
the existence of two characteristic vortices generated by cilia beats. However, the 
flow structure induced by one ciliate differs considerably from that induced by a 
colony. Studies with two different tracer substances, yeast cells and milk, show 
that a more detailed representation of the fluid field is possible by using milk. 
Comparisons of the velocity distributions for one ciliate and a colony reveal effi-
cient cooperative group work of more than one ciliate. Thereby, with increasing 
ciliate number, higher convective kinetic energy and velocities are seen. The syn-
ergy factor for convective kinetic energy amounts approximately 1.7 while the 
synergy factor for velocity is equal to 4.3. μPTV investigations show that the 
highest cilia velocity is observed on the top of cilia (uC=90 μm/s) while the low-
est values are seen close to the ciliates mouth (uC=5 μm/s). Finally, it must be 
emphasized that the flow induced by ciliates is very interesting subject in bioflu-
idmechanics. Thus, for better understanding of this phenomenon 3D μPIV and 
3D μPTV should be done. 
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Nonlinear Dynamic Phase Contrast Microscopy
for Microflow Analysis

Frank Holtmann, Mike Woerdemann, and Cornelia Denz

Abstract. For the investigation and control of microfluidic systems innovative mi-
croscopy techniques are needed which can comply the requirements regarding to
sensitivity and spatial as well as temporal resolution. A promising approach for this
challenge is nonlinear dynamic phase contrast microscopy. It is an alternative full
field approach that allows to detect motion as well as phase changes of unstained
micro-objects in real-time without contact and non destructive, i.e. fully biocompat-
ible. In this contribution we will present the dynamic phase contrast technique and
its applications in micro flow velocimetry and micro-mixing analysis.

1 Introduction

Micro- and nanofluidic devices are of growing interest in the fields of micro
scale chemical synthesis and medical diagnostics [25]. The ability to control small
amounts of fluids (10−9 to 10−18 litres) has induced several promising strategies
such as micro total analysis systems (μTAS) [15] or lab-on-a-chip devices (LOC)
[7]. For an optimization of the chip design its flow characteristics have to be ana-
lyzed. Important parameters for this characterization are velocities occurring in the
flow field and the mixing quality in reaction chambers.

Techniques for determining the velocity of fluid flows often rely on seeding the
fluid with tracer particles [1]. Common velocimetry techniques are particle image
velocimetry (PIV) and particle tracking velocimetry (PTV). In microfluidics the in-
tensity of reflected light from tracer particles is usually too low for PIV evaluations
[23], so that mainly fluorescent particles are employed [21].

The second important issue in microfluidics is mixing of reagents [23]. The de-
sired control of quality and temporal behaviour of mixing requires a non-intrusive,
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label-free analysis tool with high spatial and temporal resolution. Although fluores-
cence based techniques such as laser induced fluorescence have a great potential
according to chemical sensitivity and spatial resolution [6] they can cause problems
due to biotoxic implications [18, 23].

Here we present a different approach that can overcome the above mentioned
challenges. A dynamic phase contrast (DynPC) microscope transfers temporally
changing phase or amplitude information of an object into intensity information.
This microscopy technique is a nonlinear optical filter, applied to the microscope
image before its detection on the camera, thus allowing for real-time phase visu-
alization [2] and measurement [11]. Hence the phase changes introduced by fluid
flows or moving tracer particles can be visualized without using any fluorescent
markers [13]. After an introduction of the working principle and the basic character-
istics of nonlinear DynPC microscopy we will present applications in microfluidic
velocimetry and quantification of micro-mixing processes.

2 Nonlinear Dynamic Phase Contrast Microscope

Nonlinear dynamic phase contrast microscopy is based on real-time holographic in-
terferometry [8] by photorefractive two-beam coupling [28]. The image information
transmitted by an optical system is used as the signal beam which is overlaid with
a coherent reference beam within a photorefractive material. It is realized in a mod-
ular design, by mounting the photorefractive filter between a microscopes output
and a camera (figure 1) [3]. In steady state the output equals zero intensity, due to
an energy transfer from the signal to the reference beam. As a direct result of the
interferometric nature of two-beam coupling, any novelty within the input signal in-
stantaneously is detected as an intensity peak in the output signal. The novelty may
be a change of amplitude or phase of any part of the input image [11]. After detect-
ing an input change, the output falls towards zero intensity within a characteristic
time τ which is determined by the grating time constant τg of the photorefractive
material [29]. Although the decay of output intensity is known to be best described
by an exponentially decaying term weighted by an infinite sum of Bessel functions
[10], in most experimentally relevant situations it can be estimated very well by a
purely exponential decay with an effective time constant τ [22].

In comparison to conventional phase contrast techniques the dynamic phase con-
trast is not a Fourier filter in the spatial domain, but a dynamic filter in the time
domain with adjustable filter characteristics. Thus the method is often described as
a temporal high pass filter, which detects temporally dynamic signals while sup-
pressing the static background (novelty filter) [2, 4]. The particular features of this
technique leads to several applications of the method, ranging from bio-compatible
dynamic phase contrast microscopy [5, 20] and holographic phase contrast opti-
cal tweezers [27] to micro-flow velocity field analysis [26] and micro-mixing vi-
sualization [9, 13]. Detailed investigations of micro-organismic induced flow fields
can be found in references [19, 30]. Here we will concentrate on the analysis of
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Fig. 1 The modularized
DynPC microscope consists
of an optical system (e.g.
microscope), which images
the object under investiga-
tion onto a camera and the
photorefractive filter, where
signal and reference beam
interfere, which is mounted
between the optical system
and the camera

C
C

D

photorefractive
material

specimen
(e.g. microchannel)

reference
beam

cameraoptical system
(e.g. microscope)

microfluidic velocity fields and the measurement of concentrations in micro-mixing
devices.

3 Features of Nonlinear Dynamic Phase Contrast Microscopy

In the last section we described nonlinear DynPC microscopy as a temporal filtering
system, sensitive for amplitude and phase changes. Therefore the temporal response
of the system is of utmost importance. Figure 2 shows the intensity response for
rectangular objects, moving with velocity v and length l from left to right through
the field of view. The object velocity decreases from a) to c). If the ratio v/l is
very large in relation to the inverse time constant of the system 1/τ (figure 2 a)), the
object shape is reproduced exactly, as in conventional microscopy, with a spatial res-
olution down to the diffraction limit. However, the contrast is enhanced significantly
due to a suppression of any static background and phase information is transferred
quantitatively in intensity information. Both features will be described in detail in
the following sections. If, on the other hand, τ is chosen such that v/l ≈ 1/τ , trail
formation is exhibited (figure 2 b)). Intensity and length of the trail depend on the
velocity of the object [11, 13] and consequently can be utilized for measurement of
the object velocity [26]. For ratios of v/l much smaller than 1/τ , contour formation
is visible (figure 2 c)) . This feature can be used for optical edge enhancement for
edges perpendicular to the direction of motion [22]. The three cases can be realized
experimentally by changing the photorefractive time constant τ . This is possible
from milliseconds to hours by adjusting the reference intensity [11, 13].

a) b) c)

v

Fig. 2 Intensity response for rectangles, moving from left to right. Three cases are shown
for different velocities v in relation to the system time constant τ for objects of length l. a)
v/l � 1/τ , b) v/l ≈ 1/τ , c) v/l � 1/τ
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Fig. 3 Particle contrast for a polystyrene sphere with a diameter of 2 μm (images shown in
the inset). Intensity profile under bright field illumination (left), and as observed with dynamic
phase contrast (right). Lines are guides to the eye

3.1 Contrast Enhancement

The contrast enhancement feature of the dynamic phase contrast microscope can be
demonstrated with a defined particle as used for PIV measurements. Figure 3 shows
the intensity profile of a polystyrene particle (d = 2 μm) that is driven through the
field of view by a laminar flow. In comparison with the conventional bright field
image, a significant improvement (here by a factor of 3) of particle contrast is ob-
served due to the phase sensitivity of the dynamic phase contrast microscope and the
suppression of any background with slower dynamics than the particle velocity. The
factor of contrast enhancement is depending on the phase shift by the particle and
the ratio of signal and reference beam intensity. Optimization of contrast is achieved
already at very low light intensity in the order of micro or even nano watts, due to
the optical amplification by the reference beam which is not transmitted through the
sample and thus does not contribute to the total light pollution.

3.2 Spatial Resolution

The spatial resolution of a microscopic technique is usually derived from the point
spread function of the system. Therefore, a point source is imaged and the width
of its airy disk is taken as a measure for the spatial resolution. For larger objects,
e.g. μm thick tracer particles or biological cells, Mie scattering is getting relevant
and has to be taken into account. For microfluidic applications this was investigated
by Ovryn in detail [17]. Therefore here we concentrate on the system response for
particles in the μm-range. The nonlinear dynamic phase contrast microscope de-
tects moving objects or changes in phase and amplitude of an object. Static scenes
are completely suppressed. Thus the definition of resolution is only well defined for
moving objects. The lateral resolution of dynamic phase contrast microscopy, as can
be seen in figures 2 and 3, is the same as in conventional microscopy. In contrast
to conventional phase contrast microscopy we introduce no aperture in the Fourier
plane and therefore we can utilize the full numerical aperture of the microscope
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Fig. 4 Z-stack of a 5.6 μm
thick, absorbing particle ob-
served by conventional (top)
and dynamic phase contrast
microscopy (bottom). On
the right the axial intensity
profile is plotted. Intensities
are normalized to the maxi-
mum
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objective. For the axial resolution one can distinguish two different cases. The first
one occurs when using completely absorbing tracer particles. A typical z-stack for
a 5.6 μm thick completely absorbing particle is displayed in figure 4. For this mea-
surement the particle is moved laterally and than an image is taken for every axial
plane. Stacking the lateral intensity profile of the particle in one image yields the
z-stack. Both systems show a symmetric response when focussing through the par-
ticle. For comparison of the z-stack intensity profile we normalized the intensity to
its maximum. The intensity profile of the z-stack shows, that the axial width of the
particle image is the same for both systems,which implies the same axial resolution.

The more interesting case is given when using transparent particles. Then Mie
scattering and focussing effects by the particle come into account. In figure 5 it can
be seen, that the maximum intensity is not congruent with the particle position. In
μPIV or μPTV applications this effect can introduce an offset of several microns in
the estimated axial position of the particle [17]. In DynPC microscopy this effect is
suppressed and the phase shift of the particle is more important for the axial response
of the system, yielding a symmetric response. This behaviour can be utilized for
determining the correct axial position in scanning PIV or PTV measurements.

Fig. 5 Z-stack of a 4.4 μm
thick, transparent particle
observed by conventional
coherent (a)) and dynamic
phase contrast microscopy
(b)). On the right the axial
intensity profile is plotted
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Fig. 6 Two-wavelength
phase transferfunction of
DynPC microscopy. The
intensity tuple I532 and I633
is a direct measure of an
introduced phase shift φ I 6
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3.3 Phase Sensitivity

The output intensity Iout of nonlinear DynPC microscopy is directly dependent on
phase variations introduced to the signal beam. Based on theoretical and experi-
mental investigations, the dependence of the dynamic phase contrast output on a
phase shift φ can be described by Iout = Imax sin2 (φ/2 + χ −π/2) where Imax is
the maximum signal intensity used in the system, which is fixed during the mea-
surement process [13]. The extra phase term χ takes a possible grating phase shift
into account, either introduced by the photorefractive material or an external phase
shift applied to one of the two beams. For a measurement of phase shifts, the phase
transfer function (PTF) of the system has to be determined experimentally by intro-
ducing known phase shifts onto either the signal or the reference beam. With this
PTF a simple look-up table can be created to determine an unknown phase shift.
The simplicity of this dependence allows real-time measurements of phase changes
such as those introduced by density changes in fluids [13]. The output intensity Iout

shows that the PTF has a quadratic sinusoidal dependence on the introduced phase
shift φ . This causes a limited range of uniqueness within the interval from zero to π
radians. For measurements of larger phase shifts in realistic liquid and gaseous fluid
flows, this limitation has to be eliminated.

A phase triggering method can be employed to extend the phase measurement
range to 2π radians [12]. For larger extensions of the phase measurement range a
two-wavelength method can be used, because the PTF for a second wavelength is
slightly different from the first one. The tuple of the two intensities I532 and I633 is
than used as PTF for phase change evaluations (figure 6). With this technique phase
changes of several π radians are possible [9].

4 Optimized Data Acquisition for Flow Field Analysis

Seeding a fluid with tracer particles to measure the velocity field has proven to
be a reliable concept, but imaging the tracer particle field is a challenging task in
microfluidics due to the usually poor signal to noise ratio on microscopic scales.
DynPC microscopy is used to acquire high contrast images of tracer particle fields
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Fig. 7 PIV-measurement of a typical laminar flow field in a T-channel. The y-component of
velocity is visualized by the colour coded background. On the right the maximum velocities
of a 500 μm height rectangular channel are plotted for different z-levels

with a high signal to noise ratio (see section 3.1). For the demonstration of the
capabilities of DynPC microscopy for μPIV measurements we determined the 2D
velocity field of a micro-T-mixer, which will be described in section 6. In figure 7
the velocity in the middle layer of the channel with a heigth of 500 μm and width
of 1 mm at the inlets and 2 mm at the outlet is shown.

Due of the particular axial response of dynamic phase contrast microscopy as
described in 3 it is also possible to realize scanning-2D PIV evaluations. On the
right side of figure 7 the maximum flow velocity for different z-positions of a 500
μm high rectangular channel is shown. Because the photorefractive filter unit is
a modul mounted between the microscope and the camera all typical methods to
obtain 3D velocity informations, like optical sectioning [16] or stereoscopic μ-PIV
[14] can be realized with DynPC microscopy.

5 Photorefractive Velocimetry

The basic concept of photorefractive velocimetry is based on the unambiguous de-
pendence of trail length and trail intensity on the object velocity (section 3). Trail
length and object velocity correlate linearly and thus enable measurement of the
object velocity by determination of its trail length [26]. Measurement of the trail
intensity yields an additional, independent value for the object velocity and offers
the opportunity of an instant validation of the measured velocity values.

As a first example of application we simulate a laminar tube flow on a spatial
light modulator, taking dark amplitude objects as tracer particles. With the previ-
ously calibrated system the particle velocities are detected by analyzing their trail
lengths. Figure 8 faces the measured particle velocities with the known velocity dis-
tribution. The measured values differ less than 1 px / s from the expected ones. A
detailed discussion of photorefractive velocimetry, its velocity measurement range,
and errors in velocity determination can be found in [26].
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Fig. 8 Laminar tube flow
(a) and corresponding ve-
locity profile (b)). The
parabolic curve shows the
known velocity distribu-
tion and the dots indicate
the velocities obtained by
evaluating the trail lengths
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6 Concentration Measurement in Microfluidic Mixing
Processes

The phase transfer function of the dynamic phase contrast microscope can be used
to quantitatively analyze phase and concentration distributions of mixing processes
in fluids and gases [9, 13]. To study micro-mixing of liquids, we constructed a T-
shaped mixing channel with a height of 500 μm and a channel width of 1 mm for the
input channels and 2 mm for the outflow. After measuring the PTF, we started the
phase change measurement and let a NaCl-solution in water (85.5 mmol/l) flow into
the channel. These two liquids are barely distinguishable in colour and transparency
and show an optical phase difference of approximately 1.5π radians. Because of this
large phase difference we implemented a two-wavelength dynamic phase contrast to
measure the concentration changes in this channel [9]. In this experiment the liquids
were pumped into the channel with a syringe pump with an average flow rate of 36
ml/s, resulting in a laminar flow. Due to the laminar flow, the two liquids do not mix
with each other. A diffusive mixing process was introduced by stopping the flow and
was analysed by comparing the output intensities with the PTF. Owing to a linear
relationship of the refractive index and the concentration C of an aqueous sodium
chloride solution for the used wavelengths (λ1 = 532 nm and λ2 = 633 nm) [24] we
can calculate the concentration change ΔC from the optical path length difference
OPD. Figure 9 shows the result after the calibration has been applied to the images.
The minimum change in the optical path length that we can currently detect with the
system is related to λ/40 which corresponds to a concentration change of 4 · 10−6
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Fig. 9 Measurement of concentration changes due to diffusive mixing of a NaCl solution
(85.5 mmol/l) in water. The inflow of the two fluids was stopped after taking the first image.
Timespan between the three images is 30 seconds (framerate of the imaging system is 30 fps)
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mol/cm3 for a channel thickness of 500 μm. The maximal concentration change in
the unique reconstruction range is up to 10−3 mol/cm3 [9].

7 Summary

Nonlinear dynamic phase contrast microscopy is a phase sensitive method that en-
ables real-time observation of dynamic processes on microscopic scales. In the
wide field of microfluidic flow analysis the DynPC microscope can be profitable
in three ways. Firstly, tracer particles are highlighted, while any static background
is suppressed. This yields optimal image data for subsequent PIV/PTV evaluations.
Secondly, if the system time constant is chosen appropriately, trail formation is ex-
hibited and trail lengths and intensities allow for a direct access to flow velocities.
Thirdly, micro-mixing processes can be observed without any labelling processes
at all. The phase transfer function of the DynPC microscope enables a quantitative,
spatially resolved analysis of concentration distributions in real time.
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Spatiotemporal Image Analysis for Fluid Flow
Measurements

Christoph S. Garbe, Daniel Kondermann, Markus Jehle, and Bernd Jähne

Abstract. In this chapter, a framework will be presented for measuring and mod-
eling transport processes using novel visualization techniques and extended optical
flow techniques for digital image sequence analysis. In this way, parameters besides
the 2-D xy velocity components can be extracted concurrently from the acquired
2-D image sequences, such as wall shear rates and momentum transport close to
boundaries, diffusion coefficients, and depth z in addition to the z velocity compo-
nents. Depending on the application, particularly the temporal regularization can be
enhanced, leading to stabilization of results and reduction of spatial regularization.
This is frequently of high importance for flows close to boundaries. Results from
applications will be presented from the fields of environmental and life sciences as
well as from engineering.

1 Introduction

The standard techniques for measuring fluid flow optically in experimental fluid
mechanics is based on Particle Image Velocimetry (PIV) or on Particle Tracking
Velocimetry (PTV) [24]. Particularly PIV relies on tracer particles illuminated by a
laser and a flavor of cross correlation for the subsequent estimation of motion from
pairs of such images. For PTV, particles are usually segmented and tracked. This
leads to a significantly lower density of seeding that can successfully be handled.
Apart from algorithmic differences, both approaches have conceptual differences.
While PIV measurements are linked to an Eulerian frame of reference, PTV mea-
surements are Lagrangian in nature.

The proposed methods presented in this chapter open up novel possibilities of
fluid flow measurement. This ranges from new techniques for fluid flow visualiza-
tion to advanced digital image sequence analysis. Especially when trying to extract
additional parameters of the flow, a strong linkage between visualization technique,
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modeling and estimation technique are essential to success. This marks the main
difference of our techniques to current state of the art PIV or PTV techniques, were
usually only the motion of visualized particles is of interest. For our techniques, not
only the velocity, but also velocity profile or constant of diffusivity are accessible
through an adaptive modeling.

Techniques of flow visualization presented here include (i) thermographic tech-
niques in which patches of water are heated up at the air-water interface and surface
flow as well as shear rates from velocity gradient below the water surface can be
measured, (ii) an approach of molecular tagging velocimetry (MTV) in which Tay-
lor dispersion is modeled explicitly, (iii) fuel/air ratio measurement by laser induced
fluorescence (FARLIF) and two particle based approaches where a dye is added to
the water body and the depth of particles below the interface is reconstructed from
the intensity change of the particle. This technique has been applied to a medical
application for measuring wall shear rates in artificial heart pumps and at the free
air-water interface. In addition, a thermographic technique is presented that makes
wall shear rate measurements in wind tunnels feasible.

In Section 2 we will outline the extended optical flow models used for these
applications and in Section 3 two techniques for estimating the model parameters
are presented. Finally, in Section 4 a brief outline of the aforementioned applications
will be given with references for in depth descriptions.

2 Extended Optical Flow Models

In this chapter, optical flow is computed in a gradient based approach, as opposed
to correlation based techniques as found in PIV. The reason for relying on gradient
based techniques is that they offer a much greater flexibility [24]. As we shall see in
this section, gradient based approaches make it feasible to precisely model physical
processes and experimental characteristics. This can be done both locally, relating
image intensities to parameters of motion or globally by imposing spatial constraints
on neighboring flow locations. In this section we will introduce local data terms,
while [26] establishes techniques for imposing physical priors globally. We will
show that local gradient based approaches are highly flexible and can be applied to
a wide range of applications, extracting additional information than only flow fields
from the image data.

Computing motion with gradient based approaches from image sequences is
an inverse problem. As such, it is important to derive a correct model for relat-
ing the parameters of motion to image intensities or changes thereof. We regard
n−dimensional signals, or image intensities, I(x) defined over a region Ω , e.g., im-
ages and image sequences. Motions (translations) and orientations correspond to
linear d-dimensional subspaces E of Ω with 1 ≤ d < n, such that

I(x) = I(x+ ku) ∀k ∈ R and ∀x,x+ ku ∈ Ω and u ∈ E. (1)

In order to estimate motion in the regarded volume, one needs to detect the existence
of such a subspace E and to estimate the parameter vector ku, which corresponds.
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The values of I can be scalar as in gray-level images or vector valued (denoted
I) as in color or multi-spectral images. The estimation is often based on the fact
that constancy of the signal in a certain direction in Ω can be relied upon. This
constancy as is reflected in (1) implies linear differential constraints such as the
classical brightness constancy constraint equation (BCCE)

∂ I
∂u

= 0 for all u ∈ E . (2)

This is the simplest special case of general partial differential equations which result
from applying a suitable differential operator α(u) on the signal:

α(u)◦ I = 0 (3)

in the following section we will introduce more elaborate operators α(u). Assuming
the constancy of a moving brightness pattern, motions can be interpreted as local
orientations in spatio-temporal signals. Many motion models are based on Taylor
expansions of (1) (see e.g. [6]). Writing (1) with time t as individual parameter, we
obtain

I(x(t),t) = I(x+ u(x,t)Δ t,t + Δ t) , (4)

where I is interpreted as the constant brightness signal produced by a spatial point
x(t) moving in time t. First order approximation of (4) yields

dI
dt

= 0 ⇔ ∇T
(x,t)I · (uT ,1)T = 0 , (5)

where ∇ is the gradient operator with respect to parameters given as indices and
the general differential operator α(u) from (3) takes the form α(u) := ∇T

(x)u + ∂
∂ t .

Being based on derivatives, such models are called differential models. One may
further model the motion field u(x,t) locally by applying a Taylor expansion

∇T
x I(u+ AΔx)+

∂ I
∂ t

= 0 (6)

where the matrix A = ∇xuT contains the spatial derivatives of u, and Δx = x0 − x
are local coordinates. This is called an affine motion model. These and other mo-
tion models, i.e. parametrizations of u, can be found e.g. in [6]. Parametric motion
models of high orders pose the problem of overfitting in the presence of noise. This
problem can be resolved through model selection, such as by performing statistical
tests on the residuals of the fit [1].

2.1 Diffusion of Brightness

In a number of applications, particulary in thermographic image sequence analysis,
the simple BCCE does not hold, as conduction of heat (or more general diffusion
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a) b) c)

Fig. 1 Isotropic diffusion of heat in a polymer heated with a laser. In a and b two frames of
the sequence are shown and in c the computed diffusivity and optical flow field. The images
were recorded with an infrared camera. Reproduced from [8]

of a substance) leads to a change of image intensities along motion trajectory. This
change of image intensity has to be modeled accordingly.

Diffusion is the process by which matter is transported from one part of a system
to another due to random molecular motions driven by a concentration gradient. In
the transport of heat by conduction, energy is also transported by random molecular
motions, where the transfer comes about due to a temperature gradient. As can be
deducted by intuition there exists a strong analogy between the two processes. This
was first recognized by [5], who derived diffusion on a quantitative basis by adopting
the mathematical framework of heat conduction derived earlier by [7].

Fick’s Second Law describes the non-steady state of a system subject to diffu-
sion. The rate of change of a concentration in a given volume is given by the efflux
through the volume’s boundary. This results to

∂C
∂ t

= ∇ (D∇C) = DΔC, (7)

where Δ I = (∂ 2I/∂x2 +∂ 2I/∂y2) is the Laplace operator. The last transform is valid
only for a scalar, isotropic diffusivity D.

In digital image processing, the gray values correspond to the concentration C in
Equation (7). The corresponding equation is then given by[−Δ I Ix Iy It

] · [D u1 u2 1
]
= D ·p = 0, (8)

where D is the constant of diffusivity. An example of such a process is the conduc-
tion of heat in an isotropic material. Results of such an image sequence recorded
with an infrared camera are presented in Figure 1.

The case of a direction dependent diffusion, the constant of diffusivity is in fact
a tensor D. Therefore, the last simplification in Equation (7) is not valid. This yields

Ix ·u1 + Iy ·u2 + It −∇(D ·∇) I = 0, (9)

with the anisotropic diffusion tensor D. This tensor is given by

D =
[

d00 d01

d10 d11

]
=
[

d00 d10

d10 d11

]
, (10)
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Fig. 2 Fluid flow in an U pipe. Depth is measured through exponential decay of Lambert-
Beer’s law. This allows to measure 3D velocity from Equation (13). Pictures from [15]

where use was made of the fact that the diffusion tensor D is a symmetric tensor, that
is di j = d ji. Inserting this expression in Equation (9) leads to the following vector
equation

[
Ix Iy −Ixx −Iyy −2Ixy It

] · [u1 u2 d00 d11 d10 1
]� = 0. (11)

2.2 Exponential Brightness Change

Apart from diffusive processes, which are dominant source of intensity change in
thermal image sequences, exponentially decreasing intensities are often encoun-
tered. An important application of this type of model is the visualization of chemical
reactions. On global scales, satellites can measure chemical species in our atmo-
sphere, the motion of which has then to be estimated with an exponential decay
model. On smaller scales, the exponential decay can be used when light is attenu-
ated due to Lambert-Beer’s law. One application will be presented in Section 4.1
and more detailed in [14]. Here, light of particles is attenuated by a special dye
in the fluid. The attenuation follows again Lambert-Beer’s law and can be directly
correlated to the depths of particles inside the fluid. Similar applications is that of
measuring shear rates close to a wall in medical applications as will be outlined in
Section 4.2.

For this measurement technique, the intensity of a particle is given by I(z) =
I0 exp−2z/z∗ = I0 exp−z/z2∗, where I0 is the incident monochromatic lights in-
tensity before penetrating into the fluid, z is the distance of the particle below
the surface, and z∗ is the penetration depth of light inside the dyed water body
and z2∗ = z∗/2. The factor 2 is due to the fact that light has to traverse the dis-
tance of the particle below the surface once to it and once back. This technique
can be extended to a measurement with incident light of two wavelengths with
the benefit of independence of particle sizes, since only ratios of intensities are
considered [14].

A particle moving below the surface thus leads to the differential equation

dI
dt

= u1
∂ I
∂x

+ u2
∂ I
∂y

+
∂ I
∂ t

= −I0
1

z2∗
∂ z
∂ t

exp

(
− z

z2∗

)
= − u3

z2∗
I, (12)
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A B

Fig. 3 In A and B two frames of a microfluidic image sequences are shown. The implication
of Taylor dispersion (Poiseuille flow, n = 2) can clearly be observed. Structures seem to
diffuse in the direction of fluid flow. Reproduced from [11]

where u3 is the velocity orthogonal to the interface. This equation can be expressed
in vector notation, leading to

d�p = [Ix, Iy, I/z2∗, It ] · [u1,u2,u3,1]� = 0. (13)

Again, partial derivatives are denoted by subscripts. By generalizing the concept of
parametric affine motion models to 3D flow fields, it is possible to estimate the wall
shear rate directly [15] as shown in Figure 2.

2.3 Integration across Flow Profiles

When visualizing fluid flow, often a tracer is visualized with digital cameras. Due
to the projective nature of the imaging process, the tracer is integrated across a
velocity profile. For a number of fluid flow configuration, the velocity profile can be
approximated to leading order by

u(x3) = A · xn
3,

where A is a term independent of the coordinate direction of integration x3 and time
t. Integration across such a profile leads to an intensity change, modeled by the
differential equation [9]

ds
dt

= u1
∂ s
∂x

+ u2
∂ s
∂y

+
∂ s
∂ t

= − 1
n · t s . (14)

This equation presents a generalization of the results obtained for Couette flow
(shear driven flow, n = 1) and Poiseuille flow (pressure driven flow, n = 2). These
brightness change models take into account effects such as Taylor dispersion and
have been applied successfully to microfluidics in Section 4.4 (c.f. [11]) or in shear
driven flows at the air-water interface 4.3 (c.f. [10]).
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3 Solving the Flow Problem

Estimating motion from the previously proposed brightness constraint equations
represents an ill posed problem. Generally, only one constraint equation is avail-
able and multiple parameters need to be solved (2D motion field and parameters
of intensity change, i.e. constant of diffusivity or exponential decay). To overcome
this problem, additional constraints have to be imposed. Different approaches have
been proposed in literature. A distinction can be made between local approaches in
which constancy of parameters is required in a small spatio-temporal neighborhood
and global techniques in which global smoothness of parameters is assumed. Here
we will confine ourselves to local approaches. The application of global approaches
to fluid flow measurements can be found in [26].

3.1 Local Spatiotemporal Approach

A commonly made assumption is that of a locally smooth motion field. Therefore,
the equations of motion can be pooled over a local neighborhood. This leads to one
such equation for each pixel in the local neighborhood. In addition, we require a
weighting for the resulting over-determined system of equations. This is introduced
to weigh central pixels stronger than those at the border of the neighborhood. The
resulting system of equations for the diffusion model (8) is given by

WD ·p = W

⎡
⎢⎢⎢⎢⎢⎢⎣

−
(

∂ 2I1
∂x2 + ∂ 2I1

∂y2

)
∂ I1
∂x

∂ I1
∂y

∂ I1
∂ t

−
(

∂ 2I2
∂x2 + ∂ 2I2

∂y2

)
∂ I2
∂x

∂ I2
∂y

∂ I2
∂ t

...
...

...
...

−
(

∂ 2In
∂x2 + ∂ 2In

∂y2

)
∂ In
∂x

∂ In
∂y

∂ In
∂ t

⎤
⎥⎥⎥⎥⎥⎥⎦
·

⎡
⎢⎢⎣

D
u1

u2

1

⎤
⎥⎥⎦ = 0, (15)

where W is a n× n diagonal weighting matrix, D is the n× 4 data matrix and p is
the sought parameter vector. Naturally, this approach is readily adapted to the other
motion models proposed previously or combinations of them. Subscripts Ii indicate
the i-th pixel in the local neighborhood. Depending on the noise in the data, typical
neighborhoods are chosen to be 11×11 pixel, leading to a system of n = 121 equa-
tions. The entries of the weighting matrix W are set by a two dimensional Gaussian
distribution, centered at the center pixel. The spatio-temporal image intensity gra-
dients ∂ I/∂ x, ∂ I/∂ y and ∂ I/∂ t are computed from optimized Sobel filters [13]. Efficient
implementations are available, significantly speeding up the estimation process. For
instance, the weighting with W can be performed by convolving the gradient images
∂ I/∂ k, k ∈ x,y,t with a separable Gaussian blurring filter [12].

The system of equations (15) can be solved for the parameter p using a weighted
total least squares approach [25]. This boils down to an eigensystem analysis of the
square matrix J = W�D�DW, where in this example J ∈ R

4×4, also known as the
extended structure tensor. The parameter vector p is then given as the normalized
eigenvector to the smallest eigenvalue. This parameter vector is found for the pixel
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centered in the local neighborhood. The parameters for all pixels of the image se-
quence are computed by repeating this analysis for each pixel in a sliding window
type fashion.

In this gradient based approach, parameters can only be retrieved at locations
were an intensity structure due is present. To prevent wrong information (no mo-
tion) from areas without visible tracers diffuses into these regions, integration of the
structure tensor is performed using a normalized convolution [17]. The normalized
convolution weights the smoothing with a certainty, which can be set to zero for
areas without any tracer.

In addition to performing a normalized convolution, confidences for the com-
puted parameter fields are estimation in a post-processing step. Due to its adaptation
to typical flow fields, the approach proposed by [19] was chosen for computing con-
fidence values. For added accuracy, estimated parameter vectors can be discarded
based on these values. This will naturally lead to sparse motion fields. For applica-
tions, in which dense fields are required, a subsequent parameter field interpolation
can be conducted [18]. The required regularizer can be any of those presented by
[26]. This leads to highly accurate dense flow fields.

3.2 Trajectory-Based Approach

Another approach was developed for highly turbulent, non-stationary flows with
complex and often occluding motion of the tracers. Most optical flow estimators
concentrate on spatial regularization techniques, ignoring the rich temporal struc-
ture of such long sequences. Therefore spatially nearby trajectories are bundled into

Fig. 4 A one-dimensional example
for a trajectory ensemble in a three-
neighborhood around (xc,0,tc). Each
trajectory consists of four flow vectors
relative to the position of the trajectory at
time frame t. By the application of PCA
to a large set of training ensembles, this
representation can be described by just a
few parameters

Fig. 5 Example for a trajectory ensem-
ble with l = 5 and w = 1 of a diverging
(c.f. black trajectories in front) and rotat-
ing flow
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an ensemble, parameterized by linear subspace estimation. Thereby, an adaptable
representation of the abundant temporal information is obtained which accounts
for diverging and converging pixel neighborhoods. Using this model, accurate mo-
tion estimates can be extracted without requiring spatial smoothness or piecewise
constancy.

A trajectory ensemble as a set of trajectories in a spatial neighborhood can be de-
fined as follows. Let Ω ⊂ N

3 denote the domain of a given image sequence and
I : Ω → R a map to the image intensities. Furthermore, let x = (xc,yc,tc) ∈ Ω
be the location at which the flow is to be estimated. Then we define the (frame-
independent) pixel-grid neighborhood of x of width and height 2w as:

Nx := [xc −w,xc + w]× [yc−w,yc + w],w ∈ N (16)

A single trajectory of length 2l at this location can be defined as a parametric
function:

Tx : [tc − l,tc + l] → Ω , l ∈ N with Tx(tc) = (xc,yc,tc) (17)

This definition ensures that a trajectory always crosses the image plane in frame tc at
the predefined location (xc,yc,tc). Furthermore, let d = (xd ,yd ,0) ∈ Nx be a spatial
displacement vector. Then we define a trajectory ensemble as:

TNx := {Tx+d(t)|x+ d ∈ Nx} (18)

A two-dimensional example for this description is given in Figure 4. The result-
ing trajectory ensemble model consists of a discrete set of flow vectors. Techniques
from unsupervised learning can be used to parameterize the flow within a neighbor-
hood of fixed size. Here we confine ourselves to the standard technique of princi-
pal component analysis [16]. Based on the training data, these subspace estimation
methods yield a map from a set of k parameters to an actual trajectory ensemble:
M : R

k → TNx . The inverse mapping M−1(TNx) can be used to find the best match-
ing parameters describing a given trajectory ensemble, e.g. in order to transform an
initial guess flow field into parameter vectors p.

Several options for the choice of training data for learning M exist. Many physical
fluid flows can be simulated by Computational Fluid Dynamics, which we success-
fully utilized as highly application specific training data.

For the optical flow estimation based on trajectories, we define an energy function
based on the discrete set of flow vectors of TNx together with a similarity measure
S (x,d, I):

E(p,x) := ∑
d∈M(p)=TNx

S (x,d, I) (19)

Here, squared differences (SD) was chosen as the similarity measure:

S (x,d, I) := (I(x)− I(x+ d))2 (20)

A wide range of optimization techniques can be applied for minimizing the non-
linear energy functional E(p,x(t)), such as line search and trust-region methods
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[4]. As it turns out, the optimization problem can be regarded as continuous and
bounded. Here, we choose a trivial gradient descent method with one minor mod-
ification: in order to increase the probability of finding a global energy minimum,
similar to particle filtering, we seed a number of random parameters by adding noise
to the initial guess.

4 Applications

4.1 3D-3C Measurements at the Free Air-Water Interface

Using the previously described approaches to motion estimation, a technique was
developed that makes the three dimensional three component (3D-3C) measurement
of fluid flow directly at the free water surface possible. A fluid volume was illumi-
nated by light emitting diodes (LEDs) perpendicularly to the surface. The set-up
can be seen in Figure 6. The fluid was seeded with small spherical tracer particles.
A monochromatic camera pointing to the water surface from above recorded the im-
age sequences. The distance of the spheres to the surface was coded by means of a
dye in the water phase, which absorbs the light of the LEDs according to BeerLam-
berts law. By applying LEDs with two different wavelengths, it was possible to use
particles variable in size. The velocity vectors were obtained by using an exponen-
tial brightness change model for the optical flow as presented in Section 2.2. The
vertical velocity component was computed from the temporal brightness change.
The set-up was validated with a laminar falling film, which served as a reference
flow. The result of this measurement is presented in Figure 6. The method was also
applied to buoyant convective turbulence as an example for a non stationary, inher-
ently 3D flow. Details of this application and results can be found in [14].
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Fig. 6 In a the set-up for the falling film experiment is shown, in b the velocity measurements
are compared to the theoretically expected values
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a) b) c)

Fig. 7 In a the result of a CFD simulation is shown, in b the visualized particles integrated
through time and in c the results of the motion estimation

4.2 Shear Flow at Moving Boundaries in Artificial Hearts

The time resolved measurement of three dimensional flow fields next to non-planar
surfaces is of great interest in biofluidic mechanics. Many diseases, such as throm-
botic events and atherosclerosis, directly depend on shear stresses and shear rates
near vaulted walls in arteries or in artificial organs. The matter is further compli-
cated by the fact that these walls often move due to non-constant blood pressure.

Here, a measurement technique termed Wall-PIV was developed, which is similar
to the one described in section 4.1. The major difference between PIV and Wall-PIV
is the used light: in most PIV set-ups, the flow is illuminated by a laser sheet, which
cannot be aligned to a vaulted surface. Hence, in Wall-PIV, the transparent flow
phantom is fully illuminated from the outside with a diffuse monochromatic light
placed next to the camera. To limit the depth of view of particles to approx. 0.3 mm,
a molecular dye with a high absorbance for the emitted wavelength of light is added
to the fluid. Similar to PIV the fluid flow is visualized with tracer particles. Contrary
to PIV, the 3D-3C flow estimation uses the motion estimation technique described
in section 3.2. As training data, the CFD simulation of a blood pump similar to the
one used in the experimental set-up was used in order to make use of as much prior
knowledge as possible. Such a simulation in addition to real world data and fluid
flow results are presented in Figure 7. More details concerning this application can
be found in [2].

4.3 Viscous Shear at the Air-Water Interface

In small scale air-sea interactions, the friction velocity is an important parameter,
indicating the momentum transport from the atmosphere to the ocean by wind forc-
ing. This quantity is the driving force in a number of exchange processes that could
previously not be measured directly. Here, a technique based on active thermogra-
phy was used to measure this parameter directly at the air-water interface for the
first time [10]. Measurements have been conducted by heating up patches of wa-
ter with a CO2 laser leading to linear patterns across the wind direction. From the
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Fig. 8 In a the set-up for the active thermographic system in the laboratory is presented and
in b results of a measure of u� are shown [10]

velocity profile of Couette flow, the shear at the interface was computed leading to
the friction velocity u�, an important parameter for air-water interactions. The anal-
ysis was based on a TLS approach (see Section 3.1) and Equation (14) was used
as motion model. For comparison, u� has also been measured with an alternative
instrument for ground truth. The comparison of these measurements is presented in
Figure 4.3. The difficulty of measuring the friction velocity is reflected in deviations
to the standard measuring technique.

4.4 Molecular Tagging Velocimetry

A novel approach to Molecular Tagging Velocimetry (MTV) was developed for mi-
crofluidic flows [11]. Here, a pressure driven flow through a microfluidic mixer leads
to Poiseuille type flow and Equation (14) for n = 2 was applied in a TLS framework
(c.f. Section 3.1). To test the performance on microfluidic flows, a spatially homo-
geneous flow was set up in a microfluidic chamber [20]. Ground truth was derived
from accurate measurements of the water flow through the chamber and by using

Fig. 9 In a the results of a MTV-based flow measurement inside the cuvette is shown and in
b a comparison between our new approach and μPIV is presented
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μPIV. Results are presented in [11] and recapitulated in Figure 9. The slight bias in
some measurements can be attributed to calibration errors of the flow meter [11].
The data points were measured by integrating over the center part of three frames.
The standard deviation was computed over the same area of the three frames. It can
clearly be seen that there exists a good agreement between measurement and ground
truth. For most data points, the ground truth value is well within the error bar. An in
depth description of this application is presented in [3].

4.5 Mixture Formation Analysis with Fluorescence Motion
Analysis

Double-pulse LIF imaging was used to gain insight into dynamic mixture formation
processes. The set-up consists of a modified standard PIV assembly. The fuel/air
ratio measurement by laser induced fluorescence (FARLIF) approach is used for
a quantification of the LIF images and therefore to obtain pairs of 2D fuel/air ra-
tio maps. Optical flow was used in order to estimate the motion of fluorescence
(i.e. mixture) structures, and gives insight into the dynamics showing the distortion
and the motion of the inhomogeneous mixture field. Results for this fluorescence
motion analysis (FMA) are presented in Figure 10. For the validation of the ap-
proach, synthetic LIF image pairs with predefined motion field were generated and
the results compared with the known original motion field. This validation shows
that FMA yields reliable results even for image pairs with low signal/noise ratio.
An image with deviations from the ground truth are shown in Figure 10. Also,
the experimental combination of double-pulse FARLIF imaging with FMA and
simultaneous PIV measurement was demonstrated. The comparison of the FMA
motion field and the flow velocity field captured by PIV shows that both results
basically reflect complementary information of the flow field. Details concerning
these techniques and a discussion of the results have been published in [23] and are
outlined in [21].

Fig. 10 In a the velocity estimation of the fluorescence motion analysis is presented and in b
the comparison to a synthetic ground truth sequence [23]
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Fig. 11 The visualized temperature difference due to wall shear rate in an air flow around a
cylinder [22]

4.6 Wall Shear Rates Using Thermography

The wall shear stress is a quantity of great importance in fluid mechanics, partic-
ularly in the analysis of flow processes close to walls. Optical flow measurements
and orientation analysis was used to develop a technique to quantitatively measure
shear rates and visualize the results. The physical principle of this technique is the
analogy between momentum and heat transport at a heated surface. An airflow was
blowing on top of the surface and different flow structures where placed on it to
vary the wall shear rates. With the help of an infrared camera system, the tempo-
ral evolution of the surface temperature field was measured non-invasively. A result
of such measurements is shown in Figure 11, where the airflow around a cylinder
can be seen. The results were validated in a measurement combined with standard
measurement techniques.

5 Conclusions

In this chapter, a framework has been presented that consists of (i) refined fluid
flow visualization techniques, (ii) modeling of both the measurement process as
well as the underlying physical principles and (iii) a subsequent image sequence
analysis.

Only in encompassing these three vital steps, highly accurate fluid flow measure-
ments where feasible while additional parameters of the flow could be estimated si-
multaneously. This makes it feasible to measure velocity gradients close to free sur-
faces in addition to the surface velocity fields. The novel techniques contrast current
PIV or PTV techniques by measuring gradient fields directly and inherently model-
ing transport processes. Applications of these novel techniques were presented from
medical and environmental sciences and from engineering.
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Extraction and Visualization of Flow Features

Kudret Baysal, Tobias Schafhitzel, Thomas Ertl, and Ulrich Rist

Abstract. This paper presents tools which allow an advanced investigation of spatial
and temporal progress of segmented vortex structures in flow fields with the consid-
eration of vortex dynamics. The work is based on the local and Eulerian detection and
segmentation of vortex structures and the visualization of these structures with recent
visualization methods, e.g. the application of LIC-textures on the surfaces of 3d struc-
tures. The second step is the tracking of vortex structures based on the time-dependent
integration of vortex core lines. In the third step, according to the vortex dynamics, the
individual degree of impact is determined by computation of induced velocities via
the Biot-Savart equation for each vortex. The induced velocities are used to determine
the induced kineticenergy and enstrophy,which allows theevaluation ofaglobalvalue
of influence for each vortex structure, that can be tracked in time.

1 Introduction

The physical understanding of boundary layers or mixing layers is of fundamental
interest for fluid dynamical research. A principal method in the investigations of
physical aspects of flow fields is the observation of characteristic features of the
flow fields, which are coherent in space and time. Although the so-called coherent
structures or vortex structures are well-known in the analysis of flow fields, e.g.
laminar-turbulent transition or effects of flow control mechanisms, the investigations
of real-life flow fields based on coherent structures are not straightforward.
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The aim of this paper is to present techniques for an advanced investigation of
three-dimensional and time-dependent flow fields. The first goal of this work is the
automatic identification and segmentation of vortex structures in order to find an
appropriate visualization, which allows the engineer to investigate the extracted fea-
tures in an interactive manner. For the visualization, recent algorithms have been ap-
plied, which exploit newest graphics hardware features. This is followed by vortex
tracking, i.e., the time-dependent mapping of individual vortex structures to capture
their temporal development. For this purpose, a framework has been developed,
which provides, beside the investigation of vortices in a single snapshot, also the
time-dependent visualization of these structures. This allows an advanced analy-
sis of kinematic properties of the vortex structures, e.g. size, shape, and vorticity
strength. The results of these studies allow the acquisition of quantitative informa-
tion for flow fields, which are necessary in the development of flow field models or
in the comparison and validation of experimental and numerical studies.

The second goal is the consideration of vortex dynamical effects, which allows
the study of interactions between vortex structures, e.g. vortex merging, and self-
excited effects, e.g. the autogeneration of hairpin vortices, which is a significant
mechanism in the generation of turbulence. The strategy of this work is the determi-
nation of the velocity field induced by each vortex structure in a flow field and their
influence in the time-dependent development of other vortex structures. In order to
support the consideration of vortex dynamics within our framework, the engineer is
able to select an arbitrary vortex structure, which is then used to determine the time
as well as the vortex structure which perturbs the selected vortex strongest. The
time-dependent dynamical investigation of interactions between structures enables
the investigation of effectiveness of flow-control mechanisms.

2 Flow-Features Identification

The main vortex identification methods are based on the widely accepted defini-
tion of a vortex structure as a finite volume of fluid particles with a vortical mo-
tion around a center line. The complexity of the vortex structures and lacks in the
understanding of these structures caused discussions of different aspects of vortex
structures and their identification. This resulted in several approaches for vortex
identification, whereby the focus was for the last few years on the influence of axial
stretching and shearing [3] on vortex identification, as investigations of vortex re-
gions with high shear had revealed a gap in the reliability of the widely used criteria,
e.g. λ2 [2] or the Okubo-Weiss criterion, also known as Q criterion.

Although the influence of high-shear regions in the identification of vortex
structure regions is in the focus of discussions, the understanding of it is still not
clear. Hence it is necessary to analyze the effects of shearing on vortex structure
identification and vortex dynamics.

One of the latest approaches, which is considering the effects of shear in the vor-
tex identification, is the approach of Kolář [3]. The triple decomposition method of
Kolář is an extension of the classical decomposition of the velocity gradient tensor
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∇u into a symmetric and an asymmetric part. The motivation of the new decompo-
sition is the fact that the asymmetric tensor, which holds the vorticity, is not able to
distinguish between pure shearing motion and vortical motion. Therefore, the de-
composition of ∇u into three tensors is desirable, where the third tensor describes
pure shear motion and the new corrected vorticity tensor considers only vortical mo-
tion. Although the application of the new criterion for two-dimensional examples,
e.g. mixing layers, is promising, the lack of an algorithm for three-dimensional flow
fields makes a general application impossible, at present.

For the examples in the following sections the λ2 criterion is used, which
is, despite its inaccuracies in high-shear regions, the most reliable criterion for
three-dimensional flow fields.

3 Visualization of Vortices

The goal of our project was to provide an interactive visual representation of vor-
tex structures. Therefore, the following subgoals should be accomplished: (1) vortex
segmentation. This step is crucial for separating arbitrarily connected vortex struc-
tures, like those resulting from conventional isosurface-generation algorithms; (2)
vortex visualization. Based on the foregoing segmentation step, the vortices need
to be visualized appropriately; (3) multi-field visualization, i.e., the visualization of
vortices and additional quantities, e.g., the velocity field; (4) vortex tracking. Since
most of the underlying velocity fields represent a time-dependent flow, an appropriate
time-dependent visualization of vortex structures is needed.

3.1 Vortex Segmentation

The role of vortex segmentation can be illustrated by a simple scenario. Imagine we
have a scalar field like the one that results from the λ2 computation. Then, from the
point of view of visualization there are various methods for drawing an isosurface
of this input data, which represents, according to the theory of λ2, the vortex bound-
aries if the isovalue is set to a small value below zero in order to avoid artifacts due
to noisy data.

Our goal was to provide the engineer more interactivity in terms of selecting
single vortex structures, fading them out, or simply to investigate them in more
detail. Therefore, a criterion, which delivers a list of segmented vortices must be
found–the vortex core line. We define a vortex core line as a connected set of local
pressure (or λ2) minima. The end points of a vortex core line are found by searching
for discontinuities of the core line tangent or by checking if the function value of
the core line becomes positive. A predictor-corrector method by Stegmaier et al. [8]
is used for computing the vortex core lines: first a list of seed points is generated.
Since 3D minima of λ2 are a subclass of the local λ2 minima discussed above, they
must be part of the vortex core line and, therefore, can serve as seed points without
any restrictions.
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Once the list of seed points has been generated, the algorithm starts by process-
ing them in a consecutive order. Each seed point is tested if it is inside the vortex
boundaries, the λ2 = 0 isosurface, of an already detected vortex. If this is the case,
the seed point is discarded. Otherwise it serves as first point p0 on the growing vor-
tex core line, where both a prediction and a correction step are performed. Since
the vorticity can be regarded as the local axis of rotation and we assume that the
vortex rotates around the vortex core line, it can be used for predicting the next
position on the core line. However, an integration along the vorticity vector would
involve a numerical error, which need to be corrected in a second step. Here, again
the vorticity is computed, now at the predicted position. The corrected position pi+1

is finally found by searching for the λ2 minimum on a plane perpendicular to the
vorticity. Then the loop is repeated, using pi+1 as starting point until a discontinuity
of the core line is detected or λ2 becomes positive. In order to identify all vortex core
lines, the algorithm is performed over all seed points. For a more detailed discussion
we refer to [8].

In a last step, the isosurfaces are computed for each vortex individually by creat-
ing planes at the computed positions pi. The geometrical data is stored together with
the points and the topology of the vortex core lines into appropriate data structures,
which are discussed in Section 3.2.

3.2 Vortex Visualization

Once the vortices and their respective core lines are computed, they to need be stored
into data structures which are appropriate for an interactive visualization. Here, the
goal of vortex visualization exceeds a simple visualization of their λ2 isosurfaces—
apart from a good visual representation, the user should be able to interact with the
visualized data. Therefore, the following features should be supported: (1) global
transformation of all vortices; (2) selection and transformation of individual vortex
structures; and (3) removal of uninteresting vortices.

Although the first condition could also be fulfilled when only λ2 isosurfaces
would be drawn, for (2) and (3) the vortex segmentation of Section 3.1 is abso-
lutely crucial. Since (2) and (3) intend to perform any actions on individual vortex
structures, the most appropriate data representation would consist of a scene graph,
i.e., a data structure, which stores each element of the scene individually and where
for each scene element a separate transformation matrix is attached. In this case, the
vortex core lines and their related λ2 isosurfaces build the leaves of the scene graph
and drawing can be performed for each leaf individually.

Drawing the vortices in a consecutive order with one global transformation ma-
trix fulfills condition (1); enabling the local transformation matrices additionally al-
lows the transformation of single vortex structures and, therefore, fulfills condition
(2); condition (3) exploits again the fact that the vortices are drawn in a consecutive
order. If a vortex should not be drawn, a small quad is created at the upper part of
the screen and represents the invisible vortex. Figure 1 shows the vortex visualiza-
tion, where the colors represent the vortex strength according to the λ2 values on
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(a) (b)

Fig. 1 Visualization of a segmented vortex field: Figure (a) shows the λ2 isosurfaces col-
ored according to the vortex strength. Here, the gradient goes from green (= weak) to red (=
strong); Figure (b) demonstrates the interactivity of our framework. Individual vortices can
be selected and transformed while uninteresting vortices are blended out and drawn as small
quadrilaterals at the top of the screen

the vortex core line. In Figure 1 (a), the segmented vortices of a transitional flow
are shown. Figure 1 (b) illustrates how an individual vortex is picked, while unin-
teresting vortices are faded out and displayed as small quadrilaterals in the upper
left corner of the window. Due to the underlying scene graph, the selected vortex
can be transformed independently. Applying color coding to the isosurfaces (green
= weak, red = strong) helps the user to identify stronger vortices at a glance.

3.3 Introducing Line Integral Convolution

So far, vortices have been extracted from a velocity field, vortex core lines were
computed, and an appropriate visualization framework was developed in order to
enable an interactive investigation of the extracted vortices. However, up to now,
only the locations, the spatial extents, and the vortex strengths are perceptible for
the user—there is no possibility to identify the direction of rotation of the individual
vortices so far! This information, though, is quite important because it plays a crucial
role in vortex dynamics, where the direction of rotation of a vortex is of special
meaning considering the amplification of other vortices (see Section 5).

For this purpose, the flow feature visualization described above is combined
with a real-time texture-based flow visualization technique–the line integral con-
volution (LIC) algorithm [1]–which is a common method in computer graphics.
The major advantage of this algorithm is that it exploits the capabilities of modern
graphics hardware and, therefore, is highly interactive. Without going into technical
detail, LIC is actually used to draw stream lines by integrating along a given vec-
tor field, whereby stream lines appear as lines of low frequencies. A result of 2D
LIC is shown in Figure 2 (a). Since the original LIC algorithm is not appropriate
for drawing stream lines on curved surfaces as those which result from our vortex
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(a) (b) (c)

Fig. 2 Line integral convolution (LIC)—a texture is smeared out in direction of the vector
field. This results in low frequencies along the stream line and high frequencies perpendicular
to its gradient: (a) shows LIC on a 2D planar surface with additional dye advection; (b) LIC
has been applied on a curved surface, here the λ2 isosurface representing a vortex region. The
vector field is projected onto the isosurface to achieve long line-like patterns; (c) the shape of
the particle traces are further emphasized by enabling illumination

visualization algorithm of section 3.2, an extended version by Weiskopf and Ertl [9]
has been applied to the λ2 isosurfaces. Based on the fact that the velocity field is
almost tangential to the λ2 = 0 isosurface, the vector field is projected onto the iso-
surface. This results in line-like patterns on the λ2 isosurfaces and has the following
advantages: (1) the motion of a particle close to a vortex region is perceptible at a
glance; and (2) applying animated LIC, the direction of rotation is perceptible as
well without loosing the information provided by the vortex visualization. Figure 2
(b) and (c) show LIC on vortex surfaces, whereby in (c) the particle traces are further
emphasized by illumination. For a more detailed discussion we refer to the work of
Schafhitzel et al. [5].

4 Vortex Tracking

Considering unsteady vector fields instead of individual snapshots, the temporal
behavior of the extracted vortex structures are of special interest because this infor-
mation can be used for detecting temporal events. The mapping of vortex structures,
which have been extracted at time t to their counterparts at a later time step t +Δ t is
called vortex tracking and builds the base of any temporal investigation of vortices.

The tracking algorithm we used is based on the work of Schafhitzel et al. [6],
where the vortex core line at time t is sampled and particles are integrated along
the vector field in order to estimate the new position of the vortex core line at time
t + Δ t. This method is simple and reliable, since the vortex core line is supposed
to be the region inside a vortex which exceeds at least the upper boundary of λ2

(λ2 = 0) and, therefore, the particles seeded on the vortex core lines do not tend to
leave the vortex from t to t + Δ t.
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(a) (b)

(c) (d)

Fig. 3 The visualization of an experimental data set [4]. The data was measured using tomo-
graphic PIV and shows a circular cylinder wake at Reynolds Re = 360. The cylinder, which is
located parallel to the left edge of the data set is not visualized. In this example, vortex dynam-
ics are considered: (a) initial situation at t = 0. All vortices are color coded according to their
strength. The red bounding box gives feedback about the vortex selected for tracking; (b) the
moment of strongest perturbation at tp = 4. The representation has changed to time tp where
the green vortex influences the selected structure (red); (c) backward tracking. The wire frame
representationshowswhere thestructurescamefrom; (d) forward tracking. Here, thewire frame
representationshows the furtherdevelopmentof both structures [6]. c©2008bySchafhitzel et al.

Our framework, which is represented in Figure 3, supports user interactivity in
the following manner: (1) the user is able to select a single vortex at an arbitrary time
step in order to track it forward and backward along the time-dependent vector field.
Here, all the relationships between the vortices at the different time steps are created;
(2) a time line is provided, which can be used to manipulate the time at which
the vortex should be visualized. By smoothly sliding the red bar along the time
line, the transitions between the time steps are visualized; (3) topological changes
are supported when a vortex core line hits more than one structure. Note that the
detection of vortex reconnection events depends on the quality of the underlying
vortex core line detection method. For a topology-preserving λ2-based vortex core
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line detection method we refer to the work of Schafhitzel et al. [7]. Altogether,
this method provides a fast and interactive investigation of vortices inside a time-
dependent flow because once a vortex has been selected and tracked, the user is able
to switch between the different time steps very fast.

5 Considering Vortex Dynamics

The analysis of coherent structures is based on the purpose to gain physical un-
derstanding of the mechanisms in fluid dynamics, which is necessary for a reli-
able comparability of experimental and numerical studies, the reproducibility of
these studies, or predictive modeling of flow field regions, e.g. separated flows and
wakes. A method for the detection of vortex core lines is described in Section 3.1;
the tracking of vortices is discussed in Section 4. These methods enable the spatial
and temporal investigation of kinematic properties (e.g. size, vorticity, and energy)
of vortex structures and, therefore, provide quantitative information for an advanced
comparison of studies and physical models.

However,ananalysisofcoherentstructures,whichislimitedtokinematicproperties
cannot be sufficient in the investigation of central questions in the development of flow
fields. Hence, an additional investigation of the dynamic properties (e.g. emergence,
growth, and stability) of the coherent structures is necessary to answer these questions.

A straightforward strategy for the consideration of vortex dynamics in the analy-
sis of coherent structures is the observation of dynamical values, e.g., kinetic energy
or enstrophy, which are defined by

Ekin =
1
2

∫
V

(u(x,t))2 d3x and Erot =
1
2

∫
V

ω (x,t)2 d3x , (1)

respectively, where ω denotes vorticity. Thereby, several problems arise: the first is
the lack of a proper definition of the region of integration. In test cases with two
vortex structures like collision of vortex rings, it is sufficient to integrate over the
whole domain. However, in real flow fields containing hundreds of structures of
interest, each of them needs a more specified definition of the integrated volume. A
reasonable choice are the spatial extents of the vortical regions.

The second problem addresses a major aspect in the investigation of dynamical
properties–the interaction between coherent structures–like the merging of coherent
structures or the self-excited effects of complex coherent structures (e.g. hairpin
vortices). A technique which deals with these effects is the determination of the
induced velocities of each coherent structure. The fundamental equation for this
technique is the Biot-Savart equation, which computes the induced velocity field
out of the vorticity field:

uind(x,t) =
1

4π

∫
V

ω(x′,t)× (x−x′)
|x−x′|3 d3x′ , (2)

where the influence of x′ on x is computed.
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Fig. 4 Program flow of our framework: first, the vortex core lines are computed; second,
the structures are tracked and computed for their influence on each other. This stage can
be interactively manipulated by the selection of the structures to be tracked [6]. c©2008 by
Schafhitzel et al.

A pure monitoring of the induced velocities has only a limited significance for a
characterization of the interaction between coherent structures because the consid-
eration of the influences on a vector field is not straightforward. Hence, an approach,
which combines both methods described above is used to determine the interaction
of coherent structures. For this purpose, the influence of one vortex structure on an-
other is described by a characteristic integral value, e.g. the kinetic energy, which
depends on the induced velocity field uind . Figure 4 shows the overall program flow
which is separated into two independent parts: (1) the preprocessing, where the core
lines and the vortex segmentation are computed; and (2) the real-time processing,
which consists of the tracking and the consideration of vortex dynamics. In contrast
to the first stage, the second stage can be widely influenced by the user.

The example presented in Figure 3 shows results of the tracking method, which
has been extended by taking into account vortex dynamics in order to find the time
where the selected structure is perturbed strongest by another vortex. The computa-
tion results in a list containing the strongest perturbing vortices and the appropriate
information in terms of kinetic energy and enstrophy.

The resulting time instant tp defines the time of the strongest perturbation, and
therefore, the visualization is set to tp for both the focus and the context. In Figure 3,
the detection and visualization of tp is shown. By selecting a vortex at an arbitrary
time (Figure 3(a)), the vortex with the strongest influence is computed, displayed
as green vortex in Figure 3(b) at time tp. Starting from here, both structures are
tracked backward and forward to gain information about their origin and their fur-
ther development (Figures 3(c) and (d)). Additionally, the detailed information about
the detected and the selected vortex, e.g., the energy induced, IDs, length, etc. is
displayed as text.

A detailed investigation of areas of interest inside a flow field or selected vortex
structures as described in Figure 3 reveals additional temporal information about
interactions between vortex structures and their effects on flow-field events. This
helps the researcher to perform detailed studies of unsteady flow fields like, e.g. the
wake of a circular cylinder, that has been selected as a reference configuration for
this DFG priority research area. However, in absence of suitable experimental data
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from other projects we had to work on data provided by Scarano et al. [4] for the
present example.

6 Conclusions

Recent flow-field measurements techniques such as those considered within the
present DFG priority research program are capable of producing several gigabytes
of raw data within a short time. Without appropriate post-processing and visualiza-
tion methods the physical insight hidden in these data would remain unexplored.
The methods presented here allow the researcher an interactive exploration of such
data on a higher abstraction level based on the concept of “vortices”. As such, vor-
tex identification, segmentation, quantification and tracking are a prerequisite for
any detailed investigation of unsteady separated flows, which might be encoun-
tered after boundary layer separation, in mixing layers or in wakes. However, the
present tool is not yet complete,. It still lacks more methods for an automatic track-
ing of events like vortex creation out of shear or vortex merging. According work is
necessary and in progress.
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