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ABSTRACT
A microscopic Particle Image Velocimetry (µ-PIV) system for measurements in a large scale wind
tunnel has been developed. The working distance of the µ-PIV system is 550 mm with a magnification
factor of 2.6.
The long distance µ-PIV system is a combination of a conventional PIV system with light-sheet
illumination and a µ-PIV system with volume illumination. For the evaluation of the velocity data an
iterative PIV cross-correlation algorithm is used. The performance of the measurement technique
depends on the particle density in an interrogation volume, which has a depth in the range of 200 µm.
For that reason we used a high load of tracer particles with a size of 380 nm. The smallest size of the
interrogation window was 32 x 32 px at which an unreasonably high number of outliers was found
(65 % good vectors at 21 µm resolution). With an interrogation field size of 64 x 64 px the number of
good vectors increased to more than 80 % at 42 µm resolution.
The measurement device is tested in turbulent pipe flow at Re = 15300. Fig 1. shows an overview of
the results. The resolution of the velocity data is 42 µm. The smallest structures in turbulent pipe flow
are expected in the range of 5 times the Kolmogorov scale, which is in the range 40 µm. The size of the
flow structure in Fig. 1 is about 200 µm.
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Fig. 1.: Test result of turbulent pipe flow at Re = 15300: A vortical structure with the size of 5 times the
Kolmogorov scale (left) and the Reynolds stress profile for turbulent pipe flow (right).
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1. INTRODUCTION
In most technological and industrial applications the flow is characterized by a Reynolds number that is
much higher than the Reynolds number that can be reached in standard laboratory experiments. As a
result current turbulence models cannot be tested under high Re number flow conditions. For that
purpose we plan to construct a high pressure wind tunnel in which turbulent flow experiments at high
Reynolds number are possible. Our aim is to reach a Reynolds number (based on the macro length and
velocity scale of turbulence) of the order of 105. The most important obstacle to perform turbulence
measurements at very high Reynolds number in such facility is that the micro-scales of turbulence will
become very small indeed. This follows directly from the relationship

η = l Re

−

3
4
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which for the Reynolds number mentioned above and l ≈ 0.05 m leads to η ≈ 5 µm.
Furthermore, if one wants to sample all flow scales simultaneously, i.e. from the macro- to the microscale, an area of the size of the largest scale has to be observed with the resolution of the smallest scale.
The ratio of the largest to the smallest resolvable scale is called the spatial dynamic range (SDR) and
from the ration of the macro- to micro length scale given above it follows that

SDR =

l

η

~ Re
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The SDR value determines the highest ‘effective’ Reynolds number that can be fully resolved. For the
aforementioned Reynolds number Re ≅ 105, the SDR must be equal to ∼10000.
The ratio of the highest and the lowest velocity that has to be resolved in one measurement is called the
velocity dynamic range VDR. For a mean flow of 1 m/s and a turbulence intensity of 1 % the VDR
becomes equal to 100 with smallest velocities to be resolved in the order of 10 mm/s.
It will be clear that theses requirements on the SDR, VDR and resolution will pose strong demands on
a measurement system.
Table 1: Requirements for turbulence measurements in a high pressure wind tunnel
Spatial Dynamic Range (SDR)

Spatial
resolution
measurement volume

of

the

Velocity Dynamic Range (VDR)
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∆ x ≈ 5 ⋅η
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~ 1% − 10%;
Um
1
u 'macro
~ Re 4
u 'micro
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Very high to fully resolve high
Reynolds-numbers

Very high to resolve smallest
flow scales
High, because of low turbulence
intensity (1-10 %)

2. EXPERIMENTAL SET-UP
2.1 Measurement Technique
We have chosen Micro Particle Image Velocimetry (µ-PIV) as a measurement technique. To
demonstrate that measurements, which satisfy above requirements, are feasible, a pilot project has been
carried out.
Comparable measurement devices have been used by Urushihara et al. (1993) and Dieterle (1997). In
our case we use a µ-PIV system with an extremely large working distance of 0.55 to 1.3 m, which is
needed to avoid flow disturbance for the future application in the wind tunnel. The µ-PIV system
consists of a frequency-doubled Nd:YAG laser operated at 130 mJ / pulse, a 1k x 1.3k double shutter
CCD-camera and a long distance microscope. We have chosen a Questar QM-1 long distance
microscope with at the minimum working distance of 550 mm.
Extra effort is necessary for guiding the laser light to the measuring area and to realize a high seeding
quality. Particles in various sizes from 200 nm to 1.5 µm have been tested. Based on these tests we
have chosen stabilized fluorescent silica particles with a nominal diameter of 380 nm (Verhaegh and
Van Blaaderen, 1994).
In order to evaluate the recordings with a high accuracy enough tracer particles have to be in the
measurement volume. Unlike in stationary flows in microscopic channels we cannot use ensemble
averaging (Meinhart et al., 2000) for the µ-PIV evaluation. Ensemble averaging of 8 pictures would
result in a time average of 1.0 sec, which is several orders higher than the Kolmogorov time scale for
turbulent flows in which we aim to measure. First measurements with a long distance microscope with
a depth of field of about 200 µm showed that the limiting factor for a successful PIV measurement is
the number of particles in the three-dimensional measurement volume. Therefore we decided to use
tracer particles of 380 nm in diameter, in order to achieve a very high particle density without a high
volume fraction of tracer particles.
Figure 2 shows the illumination principle in standard PIV compared to µ-PIV. For PIV a quasi-twodimensional light sheet illuminates the tracer particles. The depth of the measurement volume z0 is
defined by the thickness of the light sheet δz. The depth of focus of the photo lens is much larger than
the thickness of the light sheet. Whereas for µ-PIV volume illumination is used (Meinhart et al 1999,
2000). The depth of focus of the optical system z therefore defines the depth of the measurement
volume z0. The disadvantage of the volume illumination set-up is the appearance of out of focus
particles, which appear blurred in the image (Wereley et al, 2000). For µ-PIV using microscope lenses
the very sharp edge of the focus plane partly compensates the negative effect of out-of-focus particles.
With the help of image processing the remaining blurred images of particles that have a much lower
intensity than in-focus particles, are in that case removed from the PIV-recordings.
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Fig. 2.: The illumination set-up for standard PIV (left) compared to µ-PIV (right)
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Fig. 3.: The illumination set-up for µ-PIV applied a set-up with a long-distance microscope.
The long distance microscope which we use for our µ-PIV measurements does not have a sharp edge of
the focal plane. For that reason out-of-focus particles have the same intensity as in-focus particles and
as a result they form an important error source. We solve this problem with an optimized illumination
set-up in figure 3. In this set-up the depth of focus of the long distance microscope δz and the thickness
of the light sheet z are the same size so that out of focus particles are no longer illuminated and no
longer lead to noise in our images. The disadvantage of this method is, that the two laser light sheets
have to overlap perfectly. The accuracy of the overlap of the two laser light sheets has to be better than
20 µm, which is about 10% of the light sheet depth of 200 µm.
Such an accurate overlap is achieved with the use of height of the peak of the cross-correlation-function
as an indicator of the overlap of the two light sheets.
Another effect of this special illumination set-up for µ-PIV is the influence of the polarization direction
on the scattering behavior of small particles (particle diameter dp < wavelength λ). Fig. 4 taken from
Born and Wolf (1975) presents measurements carried out by Blumer (1926) which illustrate that the for
polarized light (e.g. from a Nd:YAG laser) the particle scattering cross-section for small particles
depends on the polarization direction.
Table 2 gives an overview over the differences between µ-PIV and long distance µ-PIV
Fig. 4.: The scattering behavior of small
particles (dp<λ) for polarized light (from
Born and Wolf, 1975). Polarized light
illuminating a particle from the left (small
arrow) is reflected at different intensities of
the two orthogonal polarization directions
(permanent and dotted lines). This effect
depends on the scattering angle. It is
maximum at 90° and minimum at 0° and
180°.
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Table 2: Differences in image acquisition between µ-PIV and long distance µ-PIV
Working distance

0 – 30 mm

550 – 1300 mm

Illumination

Light sheet

Mode

Volume
δz < z0

Scattering angle

0°, 180°

90°

Polarization

Not important

Important

δz

z0

2.2 Flow Facility
As mentioned above the experiment serves as a pilot project to prove the feasibility of turbulence
measurements in a high Reynolds number flow facility. We have chosen to carry out our test
experiment with a turbulent pipe flow in a closed loop water facility. A frequency-controlled pump is
used to set the flow rate. The test section, where the measurements are carried out, consists of a smooth
pipe with an inner diameter of 50 mm. At the inlet of the straight pipe the flow is triggered to
turbulence by a flow disturber. The flow is expected to be fully developed at the test section, which is
mounted 80 diameters downstream of the inlet. The measurement section consists of very thin glass
pipe (2.0 mm thickness of the walls) with the same inner diameter of 50 mm as the rest of the pipe. The
thin pipe is surrounded by a square, water filled box, in order to minimize optical distortions due to
curved pipe surfaces.
The maximum flow velocity that could be achieved in this facility is 0.3 m/s, which is equivalent to
Re = 15300 based on the diameter and the mean velocity. Higher flow velocities are possible, but in
that case we found that the onset of cavitation in the pump generates micro bubbles in the flow. These
micro bubbles would disturb the measurements.
3. MEASUREMENTS
With the µ-PIV set-up we measured the velocity profile in the upper half of the pipe. The flow was
measured in the center region of the pipe only. In this region reflections did not disturb the
measurements. Due to the low particle density and as a consequence the low signal measurements in
the wall region of the flow were strongly disturbed by the high noise level from reflections at the
curved wall. The region of interrogation for one set of measurements is 3.3 x 2.6 mm². By traversing
the camera together with the long-distance microscope we measured the velocity distribution at 7
positions from r/D = 0 to r/D = 0.3 from the center of the pipe.
The PIV-measurements are evaluated with standard cross-correlation methods. Each image frame is
interrogated in 32 x 32- pixel sub images with an overlap of 50% corresponding to intervals of 16
pixels. With a scale factor of 383 px/mm the corresponding width of the measurement region is 41 µm.
The information density (vector spacing) is 20 µm.
Urushihara et al. (1993) explain that due to the low particle image density in their PIV measurements
with a macro lens, they could only evaluate 70 % good vectors with a interrogation field of 128 x 92
px. In our case for the evaluation with a 32 x 32 px interrogation field we evaluated only 65 % good
vectors. For that reason the evaluation has been redone with an interrogation field of 64 x 64 px. In that
case 80 % good vectors were obtained. The resolution is 82 µm for the width of the measurement area.
The information density (vector spacing) is 41 µm.
Figures 5 to 8 present examples of flow structures observed at the center of the pipe. In all vector plots
we present the instantaneous velocity distribution relative to the average convection velocity of the
individual measurement. The convection velocity of an individual measurement is different from the
convection velocity of all measurements, which is Uc = 0.301 m/s. The Kolmogorov length scale is
about 40 µm.
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2.6 mm

Fig. 5.: A typical instantaneous flow structure in the center of the pipe. The vector plot represents the
velocity distribution relative to the mean velocity of all data in this vector plot. This mean velocity is 20
times larger than the largest vector of the relative velocities. The vector plot shows a large vortical
structure with dimensions larger than the field of view (3.3 x 2.6 mm2).

2.6 mm

Fig. 6.: Another example of a typical instantaneous flow structure in the center of the pipe. For
information about the vectors shown we refer to figure 5. The vector plot shows high shear, which
seams to coincide with numerous small vortices.
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2.6 mm

Fig. 7.: A rare instantaneous flow structure in the center of the pipe. For information about the vectors
shown we refer to figure 5. Two counterrotaing vortices are recorded in this measurement.

2.6 mm

Fig. 8.: A rare instantaneous flow structure in the center of the pipe. For information about the vectors
shown we refer to figure 5. In the lower part of the vector plot a small vortex can be seen. The size of
the vortical structure is about 5 times the Kolmogorov scale.
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The most common flow structures are large vortices (Fig. 5) and regions of high shear with numerous
small vectors in the high shear region (Fig. 6). Figures 7 and 8 present some rare events that we
captured. Fig. 7 shows a counterrotating pair of vortices, while in Fig. 8 a small vortex is recorded. The
dimensions of the vortex shown are about 200 x 280 µm², which corresponds to 5 times the
Kolmogorov scale. The vortex has the size of the smallest expected structure in the flow.

4. RESULTS
The mean profile for the velocity component U in main flow direction and the component in radial
direction V are presented in Fig. 9. Each mean velocity data point consists of 1000 statistically
independent PIV-measurements.
The measurements of the velocity U in the main flow direction give a good representation of the
turbulent velocity profile at Re = 15300. The measurement of the velocity V, which shows that this
component is zero (0.05 px), indicates a negligible misalignment.
In Figs. 10 and 11 we show the r.m.s. values of the axial and radial velocity fluctuations normalized
with the friction velocity u* as described in Westerweel et al. (1993).
As reference the results of the DNS computation by Eggels et al. (1994) and PIV measurements by
Westerweel et al. (1996) are plotted in the same figure.
The measured turbulence data follow the reference DNS data very well. The velocity fluctuations in the
main flow direction are in the same range. The velocity fluctuations in the axial direction are slightly
higher than the DNS data.
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Fig. 9.: The velocity profile in the main flow direction (U velocity) and the velocity in the radial
direction (V velocity) as a function of the dimensionless distance r/D from the centerline.
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Fig. 10.: The profile of the axial and radial turbulence intensities (u’ and v’ respectively), normalized
by the friction velocity as a function of the dimensionless distance r/D from the centerline.

1

0.8

mean(u'v')/u*^2

0.6

0.4

Micro PIV (Re=15300)
0.2

DNS (Re=5300), Eggels et al. 1994
Standard PIV (Re=5300), Westerweel et al., 1996
0
-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

-0.2
Vertical Position (r/D)

Fig. 11.: The profile of the Reynolds stress < u’v’>, normalized by the friction velocity as a function of
the dimensionless distance r/D from the centerline.
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5. CONCLUSIONS
We have successfully measured turbulence in fully developed turbulent pipe flow at Re = 15300 with a
long distance microscope. The experimental quality of the profiles of the velocity fluctuations and the
Reynolds stress prove the ability of the long distance µ-PIV system to measure turbulence at high
Reynolds-number. Based on the measurements system we have visualized the smallest turbulent
structures sized 5 times the Kolmogorov scales. The size of the smallest scales is about 200µm. We
need 3 x 3 vectors to resolve a vortical structure. With a resolution of the µ-PIV system of 21 µm we
would be able to measure structures of size 63 x 63 µm².
The resolution of the system can be further improved by the use of a customized long distance
microscope, improvement in seeding and the application of adapted evaluation algorithms.
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