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Abstract

Particle Image Velocimetry (PIV) is a well established measurement technique for the qualit-
ative as well as quantitative description of flow fields and structures. To achieve a quantita-
tive estimation of the PIV images analyzed with different algorithms, extensive investigations
on mostly synthetic images have been published in the past (Raffel et al (1998), Keane &
Adrian (1992)). For example, Willert & Gharib (1991) showed that the error based on real
measured PIV images is one order of magnitude larger when compared with theoretical es-
timated errors based on synthetically generated images where the flow field is a priori known.
To measure the turbulent velocity fluctuations, however, Laser Doppler Anemometry (LDA) is
still the most widely accepted non intrusive optical method. LDA measurements of turbulent
quantities have also been validated extensively against other measurement techniques such
as hot wire measurements.

The experiments presented in this article were conducted for a quantitative validation of PIV.
Combined LDA and PIV measurements were carried out in the wake of a circular cylinder
such that both measurements were taken simultaneously at the same position and during the
same time with the same number of samples. The PIV raw images were subsequently ana-
lyzed with various commercial codes. Additionally, the Optical Flow was used as a new anal-
ysis method and compared with the classical algorithms.

The analysis’ show that at least 2500 samples are needed to reach less than 1% deviation to
the value at a statistic of 4000 samples. The velocity fluctuation at 2500 samples differ about
3% from the converged value. Regardless, the difference between LDA- and PIV-
measurements is still huge, and varies strong with changing the PIV processing parameters.

Introduction

PIV is a non intrusive laser-optical principle to measure planar two- or three-component ve-
locity fields. The base method of determining the flow velocity based on an observation of the
shift of tracer particles in a fluid during a defined time interval has been known for a long
time. First developments in the direction of PIV were published by Barker & Fourney (1977),
Dudderar & Simpkins (1977) and Grousson & Mallick (1977) in conjunction with Laser



Speckle Velocimetry. Adrian (1984) and Pickering & Halliwell (1984) suggested to observe
the shift of an ensemble of particles, and this led to the development of PIV technology. In
contrast to the first experiments, modern PIV systems now benefit from the advantages of
CCD and CMOS cameras, up to date laser technology and powerful computers. Combined
with extensive programs for digital image processing, modern PIV is known as a very power-
ful measuring principle.

Nevertheless, the uncertainty of real PIV measurements is difficult to quantify, and the mea-
surement uncertainty usually depends strongly on the analysis chain actually used (prepro-
cessing, velocity calculation, postprocessing) as well as the choice of the analysis parame-
ters. In particular, the number of PIV velocity fields used to derive averaged quantities in ad-
dition to the use of noise reduction algorithms and the choice of the interrogation area size all
influence both the magnitude of the Reynolds stresses as well as the mean quantities.

New image processing algorithms like the Optical Flow, introduced in Horn & Schunk (1981),
improved by Rhunau (2005) and further adapted by Kapulla et al (2010), are expected to
deliver better results for special applications.

To quantify the uncertainty of the mean velocity and the turbulent velocity fluctuations, PIV
and LDA measurements were simultaneously performed at the same position, during the
same time and with the same number of samples, with the LDA-measured velocities used as
reference.

Methods

For the LDA measurements, a two-component DANTEC LDA System consisting of an Ar-
gon-lon Laser and two Burst Spectrum Analyzers was used. The bursts were analyzed with
the software BSAFlow 2.0.0. To synchronize the LDA bursts with the PIV images the trigger
signals from the PIV-Q-Switches were logged and written into the LDA files. Three methods
were chosen for the calculation of the mean velocity and the velocity fluctuations of the LDA
recordings. In method one all of the approximately 100 000 bursts were analyzed. Method
two used only the bursts between the first and the last Q-Switch-Triggers, which resulted in
about 80 000 samples. In method three only the first burst (following Q-Switch-1-Trigger) was
used, resulting in 4096 samples. Method 3 guarantees the same number of samples and the
same statistic for LDA and PIV.

The PIV measurements were recorded at a repetition rate of 15 Hz, resulting in a measuring
time of 4 minutes and 33 seconds for 4096 double frame single exposure images. Since the
analysis of the PIV images is the main focus of the present study, a number of different algo-
rithms implemented in various commercially available software codes were used without
knowing the results of the LDA-measurements. For the calculation of the mean and turbulent
quantities only the validated and non rejected vectors were used.

The basic analysis was carried out with FlowManager 3.7 (Dantec Dynamics). For compari-
son with this analysis method DaVis 7.2.2.260 (LaVision) was used, as well as the Optical
Flow as implemented at Ism and already published in Kapulla et. al. (2009). The algorithms
used by FlowManager are published in Dantec (2002). In all cross-correlation methods the
extended adaptive correlation was used with validation algorithms to reject non physical out-
liers. For further processing, the outlying vectors have not been taken into account. The dif-
ferent analysis parameters for image processing with the cross-correlation technique are
shown in Table 1.



Tab. 1: Settings of the correlation algorithms

Software FlowManager | FlowManager | FlowManager | FlowManager | DaVis
Run 1 Run 2 Run 3 Run 4

Image pre- | subtract subtract subtract subtract Intensity  nor-

processing mean mean mean mean malization

Interrogation Area | 128x128 128x128 128x128 128x128 64x64
64x64 64x64 64x64 64x64 32x32
32x32 32x32 32x32 32x32 16x16

Overlap 0% 0% 0% 0% 50%

Refinement Steps | 1,2,1 9,9,9 9,99 1,2,1 2,22

Peak Validation 2.0 2.0 2.0 1.0 1.3

Subpixel Refine- | Yes Yes No Yes Yes

ment

Deforming Win- | Yes Yes Yes Yes No

dows

Local Neighbour- | No No No No Yes

hood validation

Another promising technique to analyze PIV double frame images is the optical flow method.
The first description of this method was given by Horn & Schunk (1981), in which the authors
show the potential of the method to calculate dense motion fields. In contrast to the standard
2D FFT based correlation methods, optical flow treats the whole velocity field. In this method,
the motion of the particles between a double image recording is taken as a continuous sys-
tem of flow structures. With the assumption of a continuous system, a brightness transport
equation can be derived to calculate the velocity field for every pixel in a single step.

To derive the governing equations it is assumed that the position dependent image bright-
ness I(x,y,t) is conserved in time, which - using the Einstein summation convention - leads to:
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The unknown velocity components u; denoted as u and v for the two dimensional cases con-
sidered here describe the apparent motion of the brightness pattern recorded. With this equ-
ation it is not possible to calculate the movement of the brightness pattern along iso-
brightness contours at right angles to the brightness gradient. To overcome this shortcoming,
an additional constraint must be introduced. According to the idea of Horn & Schunck (1981)
a simple first order regularization term is used. With the assumption that neighboring pixels in
the image represent similar velocities, the magnitude of the optical flow velocity gradient eg
has to be bounded :
ou; ou;
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To obtain a unique solution for the velocities u and v we must integrate the additional con-
straint into the conservation equation using a Lagrange multiplier a.:
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The corresponding Euler Lagrange differential equation is derived from the functional F by
use of variational calculus.
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This system of differential equations may be solved numerically using standard methods
such as FDM (finite difference method) published by Mitiche & Mansouri (2004) or FEM (fi-
nite element method), shown in Ruhnau et al (2004). It is also possible to use higher order
regularization terms as presented by Corpetti et al (2006) which use more physical back-
ground than the original model of Horn & Schunck. It should be noted, however, that this
implies an increased numerical effort. The major problem of all optical flow schemes is the
estimation of large displacements as discussed in Heitz et al (2007). To overcome this prob-
lem, the solution procedure is embedded in a multi resolution and multi scale scheme similar
to Ruhnau et al (2004) and Kapulla et al (2009).

Experimental Setup

The measurements were conducted in the wake of an infinitely circular cylinder at different
positions. For the generation of the flow, the Goéttingen type wind tunnel (open area
0.65 x 0.65 m?) at the University of Rostock was used. The LDA was aligned perpendicular to
the incident velocity so as to measure the velocity components u and v. Due to the expanded
field of view of the PIV-camera, this alignment allowed simultaneous measurements at the
same place. Figure 1 shows a principle sketch of the setup.
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Figure 1: Principle setup of simultaneous PIV/LDA-measurements.

To distinguish the LDA from the PIV signal and also to enable undisturbed cross-talk-free
PIV measurements, both systems had to be separated optically. The LDA measurements
were therefore performed with a 2-component-2-beam-LDA in backscatter mode, equipped
with an Argon-lon-laser using the wavelengths Ay =514.5nm and A, =488 nm. The PIV
measurements were carried out with a frequency-doubled Nd:YAG-laser at a wavelength of
As = 532 nm. The optical separation of both signals was realized with a narrow band interfe-



rence filter of 3 nm bandwidth in front of the PIV-camera. With the optical configuration de-
scribed above, it was possible to perform simultaneous LDA and PIV measurements at the
same location.

a. with simple color filter, 10 nm bandwidth b. with interference filter, 3 nm bandwidth

Figure 2:  LDA beams recorded with the PIV camera using a simple color filter in front of the lens
(a) and the same recording with narrow band interference filters in front of the PIV
camera (b).

The effect of the narrow band interference filter in front of the PIV camera is shown in Figure
2. After removing the interference filter, it was possible to precisely locate the LDA measuring
volume within the PIV light sheet.

PIV and LDA results

For a first comparison of the PIV and LDA results, measurement locations at low and ele-
vated rates of turbulence fluctuations in the flow past the cylinder were chosen. The mean of
the two measured velocity components u and v, the corresponding autocorrelation of their

fluctuations u’'u’ and v'v’, the number n of averaged vectors and the deviation of the com-
puted quantities related to the LDA measurements (u*, v*, k*) for the high turbulence case
are presented in Table 2, and Table 3 for the low turbulence case. In contrast to the usual
definition using all three components of the velocity vector, here we have calculated the tur-
bulent kinetic energy k according to

k=2 +vw).

The FlowManager processing setup with the Refinement steps 1, 2, 1 (see Table 1, second
column) shows the best results in comparison with LDA. These best run results of the Flow-
Manager analysis are presented in Tables 2 and 3. For the high turbulence case it was found
that the PIV-based mean velocity deviates by approximately 7% for the high velocity value u
when compared with the LDA result. This velocity, u=11 m/s, corresponds to a pixel dis-
placement of approximately 8. For the low velocity value v with an average of less than one
pixel shift, but also a high velocity fluctuation corresponding to an instantaneous shift of ap-
proximately 8 pixels, the deviation is greater than 40%. In contrast to this, it is solely the Opt-
ical Flow analysis which shows small deviations also for small pixel shifts. The deviations for
both velocity components calculated with the optical flow method have the same order of
magnitude =8 %, irrespective of the underlying pixel shift. The turbulent quantities
(W, v'v'and k), measured with PIV are consistently smaller than those measured with

LDA. This appears to be a principle problem of PIV and the optical detection of particles with
cameras.



Tab. 2: Results from the different analysis runs for high turbulence case

Principle LDA PIV/FlowManager | PIV/DaVis PIV/Optical Flow
u [m/s] 11.5 10.7 10.8 10.6

v [m/s] 0.7 1.0 1.0 0.6

u'u’ [m2s? 40.79 38.59 447 40.33

vV [m?/s? 221.55 192.70 180.2 175.95

n 4096 3060 3922 4096
100-{(u*-u)/u*} [%] 100 93 94 92
100-{(v*-v)/v*} [%] 100 145 143 92

k/k* [%] 100 88 86 82

For the low turbulence case (Table 3) the calculated high velocity values u=24.7 m/s are
more consistent throughout the different analysis algorithms than for the high turbulence
case. Excluding the optical flow based result, the low velocity value v=0.3 m/s results deviate
from the nominal LDA value by 30 to 50 %; this matches the magnitude of the high velocity
case (30 %). Due to the very low turbulence, the absolute turbulent kinetic energy is very
small and the relative deviation therefore becomes very high.

Tab. 3: Results from the different analysis runs for low turbulence case.

Principle LDA PIV/FlowManager | PIV/DaVis PIV/Optical Flow
u [m/s] 24.6 24.9 24.8 24.7

v [m/s] 0.4 0.3 0.2 0.1

u'u’ [ms? 0.12 0.08 0.5 1.25

vV’ [ms?] 0.10 0.10 0.8 0.89

N 4096 3688 4048 4096
100-{(u*-u)/u*} [%] 100 101 101 101
100-{(v*-v)/v*} [%] 100 65 40 26

k/k* [%] 100 84 587 869

When using =4000 samples, the results for the low and high turbulence cases as presented
in Tables 2 and 3 for the mean velocities may be summarized as follows: for the larger veloc-
ity component, u, in the main flow direction, a maximum uncertainty of 7 % is found. For con-
siderably smaller velocity component v, deviations in the range of 30 - 50 % are seen. These
deviations depend on the cross-correlation based software package used. The turbulent
quantities for the high turbulence case are measured with approximately 20% uncertainty in
comparison with the LDA results, whereas the relative deviation at low turbulence is very
large due to low absolute values. This result may be affected by randomly distributed correla-
tion maxima due to small particle shifts.

Convergence plots are then used for the mean and fluctuating quantities, and the results are
normalized to the algorithm individual final value for the maximum number of samples avail-



able. This leads to all of the plots converging to one, and the differences of the results as
discussed above are neglected, Figure 3. It is found that for the mean velocities at least 2500
samples are necessary to achieve results which deviate less than 1% from the more accu-
rate value for n=4000. In line with expectations, the turbulent quantities reach 5% of the con-
verged value at around 500 samples. To attain less than 1% deviation from the converged
values at n=4000, 3000 samples is not enough. Furthermore, it may be noted that LDA con-
verges slightly faster, but not significantly.
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Figure 3:  Convergence of the velocity component u (left) and the fluctuation u’'u’ (right) for high

turbulence case

To consider also the absolute deviations for the different analysis algorithms applied, we
present convergence plots at the high turbulence case where the results are related to the
LDA reference case, Figure 4. This comparison was performed for the cross-correlation
based FlowManager result in the left part of Figure 4, and the optical flow algorithm in the
right part of Figure 4. One finds that the absolute difference between the FlowManager and
LDA based result as well as between the Optical Flow and LDA based result are both quite
small. The velocity component u shows a difference of about 1 m/s for both analysis proce-
dures. This corresponds to a relative deviation of about 10% as already stated above. The
absolute difference in v converges to close to zero because of the low absolute values. How-
ever, the relative deviation constitutes more than 20% (see Tables 2 and 3). The result for

Ju'u’' also shows small absolute differences, whereas for Yv'v’ we obtain differences of
more than 1 m/s.
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Figure 4.  Convergence of the difference of the velocity components and the fluctuations to the con-

verged LDA results for Cross Correlation with FlowManager (left) and Optical Flow (right)
at the high turbulence case.



Taking the mean of the relative deviation of 7 different measurements and the 5 processing
setups (optical flow, DaVis and 3 times FlowManager), the deviation of the higher velocity
values about 6 % whereas deviation of the lower velocity values more than 55 %. With a
relative error of more than 300 % compared with the LDA measurements for the case of low
turbulence, the calculated fluctuations are far from being regarded as satisfying. For the high
turbulence case, both cross correlation and Optical Flow reach only 80 % of the turbulent
fluctuations measured with LDA. However, the absolute deviation over all is negligible. This
indicates that a quantification of the turbulence level with PIV, especially the extraction of
maximum values, must be done very carefully. Furthermore, the quantification of high turbu-
lence seems to depend strongly on the post processing algorithm. Additionally, the results
show the tendency of cross correlation based algorithms to underestimate the velocity fluctu-
ations in high turbulence areas.

Parameter Dependence

All PIV images were processed with FlowManager using different user adjustable parame-
ters, Table 1 Runs 1 through 4. In particular the number of refinement steps was varied, and
the peak validation ratio and subpixel refinement option (by Dantec) was switched on and off.
The results of these analyses’ runs for the high turbulence case are presented in Table 4.
Somewhat surprisingly we found that increasing the number of refinement steps does not
necessarily lead to more accurate results (Run 1 versus Run 2), but the number of valid vec-
tors increases while the peak validation ratio is kept constant at 2.0. The use of the subpixel
refinement option results in better values for the fluctuating quantities (Run 2 versus Run 3).

Tab. 4: Results for high turbulence of the different FlowManager settings

Software LDA FlowManager | FlowManager | FlowManager | FlowManager
Run 1 Run 2 Run 3 Run 4

Refinement - 1,2,1 9,9,9 9,9,9 1,2,1

Steps

Peak Validation - 20 20 20 1.0

Subpixel - Yes Yes No Yes

Refinement

u [m/s] 11.5 10.7 10.5 10.7 10.3

v [m/s] 0.7 1.0 1.0 1.1 0.9

Uy’ [m?/s?] 40.79 38.59 4415 38.26 59.55

V'V’ [m#/s?] 221.55 192.70 190.73 192.19 198.13

N 4096 3060 3232 3005 4090

100-{(u*-u)/u*} 100 93 91 93 90

[%]

100-{(v*-v)/v*} 100 145 147 154 128

[%]

k/k* [%] 100 88 90 88 98

The strongest impact on the results of the turbulent quantities is noted for the peak validation
ratio (Run 1 versus Run 4). A decreased peak validation ratio results in a considerable num-
ber of false positive vectors. These false positives may then be conceptually treated as the
addition of noise with the consequence of higher turbulent quantities calculated. If we as-



sume the false positive vectors are distributed at random in space but with comparable ve-
locity magnitudes as the true mean velocity this would result in a decrease of the mean ve-
locity as for the u component presented in Table 4. This postulated noise component intro-
duced by the variation of the peak validation ratio is expected to depend on the size of the
interrogation area used; larger areas correspond with fewer false positive vectors since the
amount of particles comprising the velocity information increases correspondingly. These
simple considerations already demonstrate that the turbulent quantities computed from PIV
may vary in a large range just by changing the parameter used for the analysis. Thus it is
necessary to precisely know the effect of each validation and processing algorithm in ad-
vance before treating PIV recordings. This would necessitate more intensive study of the
influence of the relevant parameter of the kind we tried to initiate in this article. Consequently,
it is recommended that a quality check corresponding to the grid size independence proof
mandatory for numerical calculations is developed for PIV calculations. This check could as-
sume the form of a parameter independence proof specific to the PIV setup.

Advantages of PIV and Optical Flow

The main advantage of PIV compared with LDA measurements is the possibility to analyze
and visualize instantaneous flow structures to obtain a qualitative and quantitative overview
of the vortex and turbulence structures. These instantaneous velocity fields can subsequently
be used to compute instantaneous spatial gradients of the velocity and gradient fluctuations.
For this reason, PIV allows the detection of vortex structures and the calculation of compo-
nents for the turbulent kinetic energy balance such as dissipation and production of turbulent
kinetic energy. This is still with the limitation, however, that quantitative descriptions must be
handled with care as discussed in the previous section.

One instantaneous flow structure from the PIV measurement for the high turbulence case is
presented in Figure 5. A part of the von Karman vortex street forming behind the cylinder is
shown. A considerable number of vectors (the grey vectors) are rejected by the validation
algorithms.
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Figure 5:  Instantaneous PIV-Measurement, processed with cross correlation.

In comparison to this, the same image analyzed with the optical flow method is shown in Fig-
ure 6. It is apparent that the vector density is considerably enhanced as depicted in the lower
part of Figure 6, and also that smaller flow structures which are not resolved with the cross-
correlation approach become visible. Due to the principle of the optical flow method which



forces a homogeneous spatial velocity distribution, the optical flow appears to be very useful
for characterization of small scale flow structures from PIV-images.
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Figure 6: Instantaneous PIV measurement, processed with Optical Flow
Summary and Conclusion

The comparison of PIV with LDA measurements has revealed that reliable mean velocities
which deviate less than 1 % from their converged value can be calculated from 2500 sam-
ples. Using this minimum number of samples n=2500, the corresponding fluctuating quanti-
ties differ by 3% from the converged values. It must be noted, however, that applying differ-
ent analysis codes or using different user adjustable parameters as the peak ratio validation,
even for the converged data using up to 4000 samples, results in differences of the result
with the same magnitude when compared with LDA. PIV measurements can give a very
good overview of the flow and turbulence structures. Up-to-date processing algorithms such
as adaptive correlation and Optical Flow in particular result in very detailed information about
flow structures. Regardless, a quantification of turbulence with PIV must still be handled with
care as it depends strongly on the choice of the processing parameters.
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