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Stereoscopic recording techniques were used to perform detailed studies of the
unsteady rotor-stator interaction in a transonic turbine. The schematic of the
test section is given in figure 9.65. A total number of 24 stator blades and 36
rotor blades were used in this turbine with rotational speeds between 9600
and 10600 rpm. The inlet flow temperature was between 360 and 403 K. The
turbine’s control system (Bently Nevada) provided 12 TTL and one analog
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Fig. 9.65. Test section (measures in mm).

pulse per revolution. By combining both, a high resolution trigger signal was
obtained.
9.12.1 Optical Configuration
Most challenging about this application is the highly turbulent, high-speed
and unsteady flow where neither the observation window nor the light sheet
probe nor the seeding pipe is allowed to cause disturbances. Large amounts
of seeding particles have to be used and finally, a careful calibration of the
imaging geometry has to be done due to a curved observation window. The
benefit of PIV to immediately obtain unsteady flow field data outweighed
these diﬃculties.
The recording parameters for this flow are given in table 9.16. The details of the camera arrangement are shown in figure 9.66, with one camera
axis being perpendicular to the light sheet and the second camera axis being
inclined by 27◦ to the first. This angle was limited by the geometry of the
Table 9.16. PIV recording parameters for the transonic turbine flow.
Flow geometry
Maximum in-plane velocity
Field of view (both cameras)
Interrogation volume
Observation distance
Recording method
Recording medium
Recording lens
Illumination
Pulse delay
Seeding material
a

frequency doubled

perpendicular to trailing edges
Umax ≈ 450 m/s
47.5 × 37.5 mm2
1.2 × 1.2 × 2 mm3 (H × W × D)
260 mm
dual frame / single exposure
1280 × 1024 pixel, progressive scan CCD
f = 60 mm, f# = 2.8
dual cavity Nd:YAG lasera , 120 mJ/ pulse
∆t = 0.7 µs
DEHS, Palas-AGF 5.0D (dp ≈ 0.3 . . . 0.7 µm)
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turbine casing. The cameras were mounted according to the Scheimpflug condition (see figure 9.66). The light sheet probe was fixed to the cameras’ base
plate while a flexible silicon tube was used to seal the air inside the turbine.
This rigid system eased focusing and calibration. The laser light was guided
through an articulated arm to the light sheet probe. A high-temperature resin
was used to glue the single elements, especially the cover glass (three component resin, R&G GmbH). This glass shielded the aligned optical prism
against the fluctuating pressure caused by the flow. The light sheet was observed through a plan-concave quartz glass window (HERASIL; anti-reflection
coated) with dimensions 123 × 75 × 15 mm3 and a R = 264 mm curvature on
one side.
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Fig. 9.66. Optical setup (all measures in mm).

Seeding was provided approximately 500 mm upstream the stator blades
through a specially formed pipe (S-shape, 7 mm inner diameter). In the most
upstream part of the pipe a large number of holes with 1.8 mm diameter were
drilled (“shower head”). This part with a length of 130 mm was aligned in a
tangential direction upstream the light sheet.

9.12.2 Results
Since the flow through a turbine is highly directional with only the secondary
flow eﬀects (vortex shedding, rotor interaction) being of special interest, an image shifting technique was applied in the main flow direction (up to 11 pixel).
Additionally, a background image with no seeding was subtracted from each
of the single recordings in order to improve the contrast of the tracer particles.
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In some cases a peak locking eﬀect was observed from the images (see section 5.5.2). A slight defocusing using a step motor driven device for focusing
the camera lenses helped to avoid this eﬀect.
For each rotor-stator position investigated, approximately 200 recordings
(dual frame) were captured. A cross-correlation technique with 64 × 64 pixel
interrogation size and 50% overlap was then applied resulting in the individual
vector fields. A standard two-dimensional Gauss fit in a 3 × 3 pixel matrix was
used for sub-pixel resolution. The individual vector fields were validated using
the peak height, a maximum and minimum displacement range and a moving
average filter (5 × 5 nodes). This filter compares mean value and standard
deviation for the center vector with the values of the surrounding vectors
rejecting vectors whose deviation is too high.
Due to the high turbulence sometimes only a relatively small number of
vectors were validated (50%). Then, a higher number of recordings must be
used for the averaging. Additionally, the wake region is oftentimes poorly
seeded, due to the fact that the vortex shedding from the trailing edge of
the turbine blade contains boundary layer fluid without seeding. After averaging a number of recordings at a given phase of the vortex shedding,
the core of the vortices will contain less validated vectors compared to the
main flow. In these areas this might increase the uncertainty in the estimation of the mean value by 10% or even more compared to the rest of
the field.
Since the light sheet plane was observed through a curved window section
a higher order approach had to be used for de-warping the two camera images
[212]. After the recordings were taken, the window section was fixed to the
base plate of the two cameras (with the light sheet probe attached). So all
parts were removed from the turbine together to enable calibration outside
the turbine test rig.
Since the shock areas are most pronounced only at mid-span, focusing the
particles in the shock area is less a problem. Unfortunately, the displacement
gradients happen to influence the results, especially when the calibration target is misaligned. This eﬀect depends on the strength of the gradients and the
misalignment of the two camera projections due to a misalignment of the calibration target. When back-projecting the two vector sets to the measurement
plane, one camera will then provide the displacement value from upstream the
shock for a given position, while the other projection provides the displacement value from downstream the shock for the same position in the light-sheet
plane. This will lead to a measurement error which can be easily recognized
by an exceedingly large out-of-plane component. This eﬀect can be seen in
figure 9.67.
Finally we ended up with following error estimates:
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Fig. 9.67. Error in the out-of-plane component in the vicinity of the shock due to
a misalignment during the calibration procedure.

•

±2–4 m/s per recording (main flow section) with 10–12 pixel particle displacement, 0.1 pixel uncertainty (Gauss Fit) and more than 10 particles
per interrogation area,
• five times less sensitivity of the out-of-plane component compared to the
in-plane-component (due to only 27◦ between the camera axes),
• additional ±3 m/s in the vicinity of the shock (5 pixel misalignment)
• and after averaging ±1 m/s statistical error (in-plane) and ±5 m/s outof-plane with a minimum of 100 validated vectors per interrogation area
(outside the wake).
In a final step the in-plane and out-of-plane components have to be transformed into axial, tangential and radial components to provide the full data
set for comparison to data obtained by computational fluid dynamics. Two
results for the mean velocity (all three components) and the vorticity (from
the two in-plane components) are presented in figure 9.68.
When looking at the vorticity one can observe seven phases of vortex
shedding during one period of blade passing. This means the vortex shedding frequency is about 40 kHz. A detailed comparison with interferometric
measurements indicated that the tracer particles used started to act as lowpass filter at about 80 kHz. Therefore, only the first harmonic of the vortex
movement can be found in the PIV results. While high resolution CFD methods predict various shapes of vortices, PIV results showed vortices of more
or less circular type because of the band-pass filtering. On the other hand,
PIV provided the unique possibility to investigate the interaction between
shocks, shock reflections, vortex shedding and wake-wake interaction in these
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Fig. 9.68. Velocity (upper image) and vorticity (lower image) at mid-span in a
transonic turbine stage (10600 rpm).

turbulent and transonic flows. Further discussion of the results can be found
in [365, 366, 367, 368, 369].

