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9.7.1 Introduction
The principle drawback of all conventional double pulse PIV systems is the
missing temporal flow information and the relatively low measurement precision in regions where the particle image displacement is small [79]. While
the first problem can be solved nowadays by using fast CMOS cameras in
combination with high repetition rate diode-pumped lasers the second problem requires a completely new evaluation and recording approach because the
particle image displacement has to be adapted locally to reduce the relative
measurement error.
For this purpose an evaluation strategy was proposed by Kähler &
Kompenhans [200] that allows to increase the dynamic range, and thus the
measurement precision, by taking into account the temporal flux of information. By using this evaluation approach it becomes possible to study flows
with a very large dynamic velocity range such as laminar separation bubbles (see fig. 9.40) or boundary layer flows, according to [324]. The flow velocity inside a laminar separation bubble for instance is typically 40-times
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Table 9.12. Recording parameters for time–resolved PIV investigations on a
SD7003 airfoil.
Flow geometry
Maximum in-plane velocity
Field of view
Interrogation volume
Dynamic spatial range
Dynamic velocity range
Recording method
Recording medium
Recording lens
Illumination
Recording frequency
Seeding material

parallel to light sheet
0.1 m/s
27.35 × 21.9 mm2
0.68 × 0.68 × 0.5 mm3
≈ 40
≈ 1000 (Multiframe evaluation)
single frame / single exposure,
equidistant time intervals
CMOS-camera (pco.1200 hs)
f = 108 mm, f# = 2.8
cw Ar+ laser (8 W)
f = 636 Hz
Glass hollow spheres (dp ≈ 30 µm)

smaller than the outer flow velocity. The principle idea behind the so called
Multiframe PIV evaluation is the local optimization of the particle image
displacement, see [324]. This is achieved by calculating the local displacement with second order accuracy in space and time whereby the temporal
separation between a pair of image-templates (interrogation windows) is the
deciding optimization parameter. This requires a properly sampled flow field.
In order to obtain the largest possible particle image separation and thus
measurement accuracy a conventional multi-pass interrogation with standard
window-shifting and window-deformation technique is performed at first to
estimate the local displacement with standard accuracy. In the next iteration this displacement field determines the temporal separation between the
interrogation windows for each vector position by using properly selected criteria such as the desired particle image displacement, the signal strength and the
signal to noise ratio whereby gradient, curvature and acceleration eﬀects have
to be taken into account [323, 324]. In a next pass the evaluation is repeated
at each location with the optimized temporal separation whereby the spatial

Fig. 9.40. Laminar separation bubble (averaged velocity field).
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templates required for the calculation of the correlation are selected symmetrically around the given time instant. As the temporal separation aﬀects the
signal strength of the correlation peak, because of out-of-plane loss-of-pairs
and gradient eﬀects for example, the desired dynamic range is automatically
reduced when the validation criteria are not satisfied or increased when the accuracy can be further enhanced. This approach results finally in an optimized
displacement field with the best possible accuracy according to predetermined
criteria. After this evaluation at time t the procedure is performed at times
t+n·∆t whereby n has to be selected such that the temporal flow phenomena
are properly sampled.
9.7.2 Evaluation of a Simulated PIV Image Sequence
To demonstrate the capability of the analysis method quantitatively a synthetic image sequence was generated [323] based on the solution of a direct
numerical simulation (DNS) of a laminar separation bubble with transition
and turbulent reattachment [325]. The strong diﬀerences between the flow
velocities inside and outside the bubble can clearly be seen in figure 9.41.
Figure 9.42 shows the relative deviations to the exact solution of the DNS
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Fig. 9.41. Numerical simulation. Top: Velocities inside and outside the laminar
separation bubble (only every 4th vector displayed). Bottom: Enlargement of lower
left corner (every vector displayed, vector length 30 times higher than in the upper
figure).
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Fig. 9.42. Standard and multi-frame PIV evaluation based on DNS data. Top: Relative vector lengths deviations of the conventional evaluation to the exact solution.
Bottom: Relative vector lengths deviations of the multiframe PIV evaluation to the
exact solution.

for the conventional evaluation (top) and the multiframe evaluation approach
(bottom).
In case of the conventional evaluation the measurement error exceeds up
to 40% inside the bubble and in the transition region. This error becomes
about 15-times smaller on average when the multiframe evaluation approach
is applied. Only a few vectors could not be improved because of the strong
out-of-plane motions in this regions (total loss of information).
9.7.3 Investigation of Separation on a SD7003 Airfoil
To demonstrate the performance of the evaluation strategy experimentally, the
laminar separation on the suction side of a SD7003 airfoil at a Reynoldsnumber of Re = 2 × 104 was examined in the water-tunnel of the Institute of Fluid
Mechanics of the Technical University of Braunschweig, see figure 9.43 (top).
The PIV recording parameters for this application are given in table 9.12.
Due to the multi-frame evaluation method an extremely large dynamic velocity range of about DVR ≈ 1000 could be realized! The velocity inside the
separation bubble is about 50-times smaller than outside of it and it can be
seen in figure 9.43 (bottom) that the multi-frame evaluation works very well
even in practical situations.

9.8 Velocity and Pressure Maps Above a Transonic Delta Wing
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Fig. 9.43. Top: Airfoil SD7003. Bottom: Flow field in the field-of-view as derived
from multi-frame evaluation of PIV data.

These results demonstrate clearly the enhancement of the dynamic velocity range, and thus the measurement accuracy, that can be gained by using
the multiframe PIV evaluation strategy. For this reason this method is in particular suited for the validation of numerical flow simulations and turbulence
models because in that case a very high precision is required to decide between
computational concepts. For further details see [323].

