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Abstract Application of an axial slot Casing Treatment on a transonic compressor rotor can significantly influence the
performance of an entire stage. Aerodynamic effects in the blade tip region are not yet fully understood. The effects are
difficult to precisely capture in numerical simulations and require experimental validation. A very effective Casing
Treatment design with half heart-shaped axial slots is investigated using Stereo Particle Image Velocimetry in a
transonic one and a half stage test rig with variable inlet guide vanes. Three component velocity data were recorded on
a tangential plane at 92% relative channel height under and between Casing Treatment slots, as well as in the blade
passage downstream of the slots. Results show the shock system and the secondary flow structures for different
operating points on the design speed-line. The measurements are compared to the smooth wall configuration, showing
significant changes of the tip leakage vortex structure, which has a big influence on aerodynamic stability.
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Introduction
The main trend in modern compressor design for aerospace and energy applications is greater stage loading
and flexibility in operating ranges. Conventional methods for improving compressor performance are widely
exhausted. By increasing rotational speed, the achievable pressure ratio could be increased but
compressibility effects are a limiting factor. Typical front stages of multistage compressors work at transonic
conditions, resulting in shock systems at the blade tip. At higher relative speeds, the additional losses created
in these regions would reduce the overall efficiency in an intolerable way.
A rotor that is optimized for a specific mass flow and pressure ratio can be throttled until the aerodynamic
loading reaches the stability limit and rotor operation becomes unstable. If this happens in a multistage
compressor, the consequences can be devastating: breakdown of pressure rise and strong mass-flow
fluctuations can cause mechanical damage to the compressor and all surrounding components.
The flow structure in a rotor blade row is a composition of the main flow, which can be considered with
classic aerodynamic methods and strong three dimensional secondary flow structures. Secondary flows are
dominant in the tip region, where the flow through the gap between the blade and the casing forms the tip
leakage vortex (TLV).
By throttling the compressor, the loading at the blade tip rises and the axial velocity decreases. This
increases the vortex size and changes its trajectory to a circumferential direction. This effect is amplified by
the shock created by the leading edge of the adjacent blade. When the vortex passes the shock the static
pressure rises instantly while the velocity drops. The vortex tends to increase in size, as does the associated
blockage in the tip region, further reducing main flow velocity. Typical high-speed front stages with low
aspect ratio show this sensitivity in the tip region. They are ‘tip critical’ when the blockage in the tip region
triggers rotating stall. The combination of the shock structure and this vortex is shown in Fig.1.
At throttled conditions the shock detaches from the blade’s leading edge, resulting in a reduced distance
between TLV development and interaction with the shock. Due to the reduced distance, the TLV has less
time to regain axial momentum, since mixing with the main flow is reduced [4]. Below a certain energy level
the vortex disintegrates and vortex breakdown occurs, resulting in extensive blockage of the blade passage.
To enhance stability the aim is to reduce shock detachment and prevent the TLV from growing, inclining in
circumferential direction and from breaking down after interacting with the shock.

Fig. 1 schematic of shock and vortex for a transonic
compressor blade

Fig. 2 Casing Treatment geometry and recirculation

Using complex casing structures in the rotor section to increase the operating range and the maximum
pressure ratio by influencing the flow structure in the tip region and reducing the associated blockage has
proven successful. A wide range of Casing Treatments (CTs), which can be divided into axisymmetric (ASCT) and non-axisymmetric (NAS-CT), have been developed and tested successfully. Non-axisymmetric
axial slots are very successful in transonic high-pressure compressors.
Despite the positive effects of CTs, there are disadvantages in efficiency in design conditions. There have
been several designs in the last decade that show the positive influence on stability and efficiency [10,12,18].
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The CT investigated (Fig. 2) consists of half heart-shaped slots in the rotor’s leading edge region, which
allows extraction of fluid from the blockage zone. The fluid is driven through the slots by the static pressure
rise and re-injected upstream with positive axial momentum. The slots are skewed against the radial direction
to improve the filling process. The design intent was to minimize influence at the aerodynamic design point
(DP) while significantly extending the operating range to include lower mass flow ratios.
Numerical methods for simulating the aerodynamic performance of a compressor with smooth casing or
axisymmetric Casing Treatments are mature, while simulation of NAS casings is remains challenging.
Recent publications of numerical investigations using time-resolved methods show good agreement with
measurements for moderately throttled conditions. Significant differences between simulations and
experiments occur near the stability limit [16].
For validation purpose, the literature contains mostly steady experimental results of the overall performance.
To make sure that local phenomena are captured and understood correctly, it is necessary to analyze the flow
field in the rotor experimentally. This requires laser-optical methods, which are high effort and complex to
realize in the presence of a Casing Treatment. Investigations of axisymmetric CTs can be found in [13].
A comparable NAS-CT that was aerodynamically investigated with laser-techniques is designed for optical
access rather than aerodynamic performance and so does not show the full potential [19].
In this investigation, a Casing Treatment, designed solely to be aerodynamic, was the subject of laser-optical
velocity measurements. The compressor used is representative for a front stage of an actual high-speed
compressor and shows tip critical behavior [16]. In previous investigations the flow field in the tip region
with smooth casing was resolved using optical measurements [3]. The shock structure and the tip leakage
vortex could be derived. The results showed the behavior with increasing vortex size and detaching shock, as
described above.
Since these flow structures are expected to be influenced by the CT, the current investigation has been
carried out to resolve the phenomena with CT for the whole operating range on the design speed-line, to
provide a detailed validation data basis.

Test Setup
The test rig shown in Fig. 3 consists of a variable inlet guide vane row, a rotor and a stator. Stationary
instrumentation is applied to measure the performance of the setup. The operating point can be observed
using inlet and outlet temperature and pressure, as well as applied shaft power.
Radially distributed instrumentation downstream of the stage provides information of the outlet flow when
traversing the stator (Outlet Guide Vanes – OGV) in circumferential direction.
To avoid clocking effects, the VIGV can be traversed together with the OGV. The operating point at
constant shaft speed is controlled with an outlet throttle.
To determine the operating range of the compressor, the mass flow is reduced by closing a throttle until
rotating stall occurs. The last stable operating point at which continuous measurements with traversing of
IGV and OGV can be performed is referred to as “near stall” (NS). The design point is referred to as “peak
efficiency” (PE).
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facility parameters
maximum pressure ratio

1.55

axial Mach number inlet

0.5

axial Mach number outlet

0.5

relative Mach number tip

1.2

Fig. 3 One and a Half Stage Darmstadt Transonic Compressor

In addition to the permanent instrumentation, there are optional time-resolved wall pressure measurements in
the rotor section as well as probe measurements at different axial positions.
In previous publications, the compressor setups with and without Casing Treatment were investigated using
time-resolved wall pressure sensors in the rotor region and a hot wire probe inside a cavity (Fig. 4). By
recording the signals of the pressure sensors over time, it was possible to reconstruct the unsteady wall
pressure field.
A method for deriving the shock position from the wall pressure data was developed and applied to both
setups. The wall pressure was measured in between two CT slots. Information on the instrumentation setup
and the shock derivation procedure are given in [4].

Fig. 4 unsteady instrumentation of Casing Treatment

Fig. 5 optical access to CT

Particle Image Velocimetry Setup
a) Cavity Section
The focus of this investigation is on the rotor tip region where recirculated flow mixes with the main flow
and interacts with the leading edge shock. Stereo Particle Image Velocimetry measurements have been
carried out at a relative channel height of 92% in the area underneath the Casing Treatment cavities.
A custom-made window was placed between two Casing Treatment cavities using a mounting system (Fig. 5
and Fig. 6). The window allows a view of the flow channel in two directions: the area underneath a cavity
(Field 1 in Fig. 6) and towards Field 2, the area between two cavities. By using a mirror (Fig. 6), it was
possible to capture both fields with a single camera. A second camera was used in a stereoscopic assembly
to generate three component velocity data in both fields.
Fig. 7 shows a raw image captured with one camera (upper camera in Fig. 8) that includes both fields, where
Field 2 is turned upside down. The lightsheet is introduced through a small slot, visible in the upper left of
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Fig. 5. The borders of this sheet are symbolized in Fig. 6. The stereo setup for the cavity section is shown in
Fig. 8.
The angle between the cameras was limited by the complex optical access. The cameras (pco 1600) were
mounted symmetrically with an angle of 28 deg towards each other. Field 1 was seen almost perpendicular to
the lightsheet; Field 2 in backward scattering, approximately -20 deg (Fig. 6 left). These values were mostly
restricted by the cavity geometry and not optimized for image quality. Two macro lenses (Zeiss f - 100 mm,
Nikon f – 105 mm) were used in this set-up, with apertures of f/8.0 and f/5.6 due to the slight difference in
image distance of the two fields (Fig. 6). Scheimpflug’s Condition could not be met for individual fields in
the cavity section. The camera sensor was tilted against the lens to passably focus both fields simultaneously.

Fig. 6 cavity window and mounting system

Fig. 7 raw image of cavity section

Fig. 8 stereo setup cavity section
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b) Passage Section
The passage area was captured using a different setup (Fig. 9). The two cameras were mounted almost
perpendicular to the machine axis. The angle between the cameras was 64.6 deg; the upper camera sees
backward scattering at 39 deg; the other camera, forward scattering at 25 deg.
Fig. 10 shows the optical access to the test rig, including both windows for passage and cavity section.

Fig. 9 stereo setup passage section

Fig. 10 optical access to test rig

Laser, Seeding and Calibration
A pulsed laser is used to illuminate a section of the flow that is enriched with seeding particles.
The laser is a commercial Nd:YAG system containing two cavities, each emitting a pulse with a wavelength
of 532 nm and 200mJ maximum energy. The two beams are collimated by a system of lenses and mirrors.
The high energy is necessary for achieving bright images of discrete particles travelling at high velocities.
The maximum velocity measured in the absolute reference frame amounts to 340 – 360 m/s depending on
the operating point.
A planar lightsheet is generated by an assembly of lenses and guided into the test area. A custom-made
optical probe was used for light introduction. The lightsheet exits the probe in an elliptical shape with a
thickness of approximately 1.5 mm, a width of 8 mm and a divergency angle (width direction) of 13 deg.
Through a manual adjustment system the lightsheet is focused (in the thickness direction) in the
measurement area. The minimum thickness is about 0.7 mm. All rotor and CT parts were painted in dull
black to minimize reflections.
A milled calibration target with two levels (2.5mm) and equidistant dots was positioned tangentially in the
measurement area to calibrate the optical deformation of the camera images. The lightsheet was then
adjusted through a groove in the target, achieving good alignment of measurement and calibration plane. The
procedure is visualized in Fig. 10 and Fig. 11. The calibration target geometry was designed to be aligned to
the CT in radial, circumferential and axial directions. A groove for the rotor blade through the target and a
secondary groove in the lightsheet direction were inserted at the desired channel height. The laser beam was
then adjusted to align exactly with the groove. Calibration images were taken and the target markers used for
image registration of both views. First order projection mapping was sufficient for accurate image overlay.
The camera positions had to be defined manually, since existing camera models (i.e. pinhole models) are not
capable of covering the course of the beam, as shown in Fig. 6. A CAD model of the diffraction indices and
the real camera positions was set up to calculate virtual camera positions for out-of-plane velocity
reconstruction. The calculated camera position was then used in the evaluation process.
Vaporized, petroleum-based smoke oil was inserted in the inlet area upstream of the settling chamber to
provide high-density homogeneous seeding. The droplet diameter varied between 300 and 800 µm
(manufacturer’s specification).
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Fig. 11 stereo calibration

Fig. 12 lightsheet adjustment

At all investigated operating points, 600 double frame images for each phase angle were recorded.
The commercial PIVview toolbox was used to evaluate the images, applying a common set of parameters
and image preprocessing settings for all phase angles. The raw images were processed before image
registration as follows:
• Image alignment towards reference calibration image (Window edge cross correlation, no sub pixel
shift, maximum displacement 5 px)
• Sliding minimum image of each 20 images calculated and used for background subtraction (due to
water and oil condensation on windows)
• High Pass filtering with kernel size 7 px, 70 db damping.
Image registration required spatial transformation of each image prior to PIV evaluation. A two-dimensional
2nd order polynomial transformation was necessary due to non-uniform magnification of the cylindrical lens
in combination with the camera arrangement.
Each image pair was processed separately to generate a two-dimensional velocity field. Comparison of the
two slightly varying velocity fields allows a point-wise calculation of the velocity perpendicular to the
lightsheet in the area observed by both cameras. A multi-grid algorithm was used for image evaluation,
starting with a window size of 128 x 128 px and resulting in a final window size of 24 x 24 px, with 50
percent overlap for the cavity section and 32 x 32 px with 50 percent overlap in the passage section. Subpixel image shifting and deformation (1st order) and Whittaker reconstruction were enabled. The validation
restrictions for the correlation peaks found were reduced to a maximum displacement difference. The
average displacement in the passage area at peak efficiency operating point is 7 – 9 px, depending on the
phase angle, and 6 – 10 px in the cavity section. The maximum absolute accuracy of the correlation peak
position is described in the literature as 0.1 pixels, depending on the signal quality. This results in an average
relative error of 1.6 percent, assuming a displacement of 6 px. Statistical errors were reduced through the
large number of pictures taken. The accuracy of the operating point is affected by measurement errors in
temperature, pressure and speed, and is generally summarized as being below one percent but is not
explicitly addressed for the results shown.
Velocity was converted to Mach number using the simultaneously recorded inlet total temperature. Local
temperatures were calculated according to the one-dimensional theory for compressible flow based on local
flow velocities as well as the local circumferential velocity of the rotor at a given channel height.
Assessing the out-of-plane movement, geometry inaccuracy, diffraction limitations, operating point
inaccuracy and the low pass filtering effect of oil particles in flows with high velocity and density gradients
allows only a rough estimation of the measurement error. For comparable setups [19] the relative error in
calibration and low-pass errors was estimated at 4 percent.
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Geometry and phase angle reduction
The flow field in a rotor running inside a smooth casing wall without inlet guide vanes can legitimately be
considered as steady. Even for a system with inlet guide vanes, it is quite accurate to neglect the disturbances
through the stator vane row, as long as the turning angle of the VIGV and hence the wake intensity is low. A
rotor stage with an axial slot Casing Treatment shows a very periodic flow field rather than a steady one,
especially at throttled conditions. It is therefore necessary to subdivide the cavity filling and ejection process
into single time steps.
A single rotor blade passage flow field cannot be captured all at once. Due to the small extension of the
cavities in the circumferential direction, the number of frames necessary to cover a whole rotor blade
passage (RBP) was higher than in the passage section. Subdivision of a rotor passage into 12 frames was
geometrically sufficient in the cavity section. In the passage section, 6 frames would have been sufficient,
but 12 were recorded to match the cavity partition.
Due to the ratio of approximately three CT slots per rotor passage and twelve recorded frames, it is possible
to derive four different time steps per CT slot passage. Assuming periodicity, these four time steps repeat
themselves three times per RPB, as seen from the rotor relative frame. The left side of Fig. 6 visualizes the
three frames and fields as well as the virtual window positions for one Rotor position. These virtual positions
are practically realized through a subsequent measurement with different rotor timing.
Another parameter that influences the periodicity is the circumferential position of the inlet guide vanes
relative to the Casing Treatment and the rotor. The subdivision of the rotor passage is realized by the phase
timing of the image against the rotor shaft position (phase locking). The Casing Treatment is always fixed to
the laser sheet and the cameras. The IGV could be traversed in circumferential direction to maintain the
position towards the rotor. While traversing the IGV, the relative position to the CT slots changes.
Two independent phases result in the rotor relative frame:
• Phase RC: the relative position of the CT against the rotor, with a periodicity of approximately three
per RBP, as in Fig. 12 (a).
• Phase RI: the relative position of the IGV against the rotor, periodicity 0.5 per CT cavity, 1.5 per RBP,
as in Fig. 12 (c).
Phase IC describes the relative position of the CT against the IGV and is dependent on Phase RI. Tab.1
summarizes the different phases and the number of recorded angles.
IGV average
To isolate the influence of the CT on the flow field, all measurements with constant Phase RI are averaged,
as visualized in Fig. 12 (c).
IGV + CT average - Steady in-rotor reference frame
For comparison of different operating points against the smooth casing results Rotor – CT relative positions
are averaged, which means that the periodic effect of the Casing Treatment is blurred. This CT-averaged
flow field never takes place in reality but represents what would hypothetically be measured with steady
instrumentation in the rotor relative frame. With smooth casing, this averaging method is not necessary,
since the passage flow is assumed to be only periodic with the IGV.
Name

Description

Changes with

Number of recorded angles

Phase IC

IGV vs. CT

circumferential trav. of IGV

12 [ IGV Passage / 12]

Phase RI

Rotor vs. IGV

circumferential trav. of IGV

144 [ 12 x 12 ]

and Rotor timing
Phase RC

Rotor vs. CT

Rotor timing

12 [ Rotor Passage / 12]

Tab. 1 Phase Dependency

-8-

17th International Symposium on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 07-10 July, 2014

Fig. 12 Field composition, geometry wound up in circumferential direction

In Fig. 12 (e) a selection of Cavity Field 1 recordings that are representative of the specific RC Phase zero is
shown. An approximation had to be taken since the RC periodicity is not exactly equal to three. The selected
measurement fields are composed in Fig. 12 (f). Figure 13 shows the measurement fields with colored Phase
RC.
For convenience, the measured values were interpolated onto a common grid with constant radius. Fig.6
shows the location of the interpolation plane. The area between the cavity and the passage region, where no
values could be recorded, was linearly interpolated as well, as shown in Fig. 14.
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Fig. 13 measurement fields

Fig. 14 interpolation area

Visualization
The following figures show the measurement results for the rotor relative meridional Mach number
(vectorial sum of axial Mach number and relative circumferential Mach number) in the upper half and the
radial Mach number in the lower half of the figure. Positive radial velocities point from the machine axis to
the casing (colored in red). Superimposed on both colored velocities is the low supersonic range of relative
meridional Mach number, representing the shock and expansion regions. The meridional Mach number
characterizes the operating point, showing shock and expansion structures as well as blockage regions. The
secondary flow structure in the tip region is represented by the radial Mach number. The tip leakage vortex
can be derived by considering positive and negative regions of radial Mach number in the blade passage. For
convenience and orientation, the more familiar results of the smooth casing configuration are shown first in
Fig. 15. These results have been published in [4], where a more detailed description of the visualization and
the characteristic velocities is given.

Steady Effect comparison between Casing Treatment and Smooth Casing (Fig. 15)
In the upper two figure rows of Fig. 15 a comparison of SC and CT Configuration is given at three and five
operating points; the throttle degree is visualized in the adjacent compressor map. The IGV angle is the
nominal aerodynamic design configuration for the 100 percent speed-line. Additionally, the operating points
IMCT and NSCT are shown for the CT configuration. At PE, the flow field appears to be in good agreement
with the two configurations. While the stage pressure ratio is almost equal, the CT System is slightly higher
throttled in the tip region, showing a further detached shock and a blockage region further upstream in the
passage. This blockage region is surrounded by a steady vortex structure, as can be seen in the radial Mach
number. Throttled to IM and NSSC, the Smooth Casing configuration exhibits a large blockage area with
detached shocks as well as a clearly visible vortex structure. At these operating points, the blockage is
suppressed by the CT, even though the shock detaches by a comparable amount. The time averaged
secondary flow structure, as seen in the radial Mach number, is more fragmented and has its negative peaks
upstream of the detached shock. The radial Mach number amplitudes are reduced by about 50 percent
compared to SC, even though the pressure ratio is already significantly higher with CT. A vortex trajectory
can still be derived and is comparable to the smooth casing system.
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When the CT configuration is further throttled to IMCT and NSCT, the magnitude of the radial Mach
number reaches the maximum values of smooth casing at NSSC but in a completely different structure. The
area of positive radial Mach number close to the suction side increases in size and extends through the
complete passage. Regions of negative radial Mach number appear upstream of the shock. Even at this
throttle degree, the minimum values of meridional Mach number are higher than at NSSC with Smooth
Casing wall, meaning that the chord-wise diffusion at the blade tip is reduced or at least maintained through
the CT.
Results of steady probe measurements are published in [4]. The circumferential flow angle downstream of
the rotor is shown in Fig. 15, comparing SC and CT. The radial profiles show a significant reduction of the
flow angle in the tip region through the CT at the NSSC point. A high circumferential flow
angle in the tip region is an indicator for blockage.
As can be seen, the turning in the core region at relative channel heights from 0.2 - 0.8 is more than 5
degrees higher at the respective stall operating point. Due to early stall occurrence of the smooth casing
system in the tip region, the blade loading of operating point NSCT can never be reached without CT.

CT Periodic Effects (Fig. 16 and Fig. 17)
The ratio of Casing Treatment slots per rotor blade count approximates three. The subfigures RC1 - RC4 in
Fig. 16 and Fig. 17 from left to right represent four time steps, while the Casing Treatment travels one cavity
width, visualized by a line in the upper half. The observer is assumed to be in the rotor relative frame, i.e. the
rotor blades appear to be stationary while the CT travels upwards. These four time steps would repeat
themselves three times during one rotor blade passage. The operating point presented in Fig. 16 is NSSC.
The averages of these figures result in the CT average as already shown in Fig. 15.
With the periodical passing of the CT, the shock structure changes in shape and detachment.
The blockage region can be seen by low relative meridional velocity in the blade passage. An indicator for
the extension of the blockage region is a surrounding isoline of approximately Mach 0.5, symbolized
exemplarily in Fig.15.
The blockage region remains at a constant circumferential position and does not change in amplitude. The
more interesting radial Mach number shows three negative injection spots upstream of the leading edge,
travelling with the CT and causing the shock to fluctuate. It is clear that the re-injected fluid travels
downstream in spots along the blade suction side where the unusual shock structure appears. The main
portion of reinjection fluid appears at RC=2.
The positive radial velocity area in the passage fluctuates axially as well. At RC=3 a spot at the leading edge
pressure side appears where the cavities are filled periodically. This effect changes when regarding the
NSCT operating point, as shown in Fig. 17. The area of positive radial velocity in the passage extends
upstream up to the cavities in every time step. The reinjection zones and the main portion at RC=1, close to
the leading edge suction side, appear blurred. The shock is penetrated periodically by the re-injected fluid,
resulting in a supersonic peak at RC=4 and strongly fluctuating regions upstream of the leading edge.
These figures can easily be compared to numerical simulations of the system to analyze whether the reinjection spots and shock structures agree.
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Comparison to Wall Pressure Measurements (Fig. 18 and Fig. 19)
A method to derive the shock location using unsteady wall pressure measurements was published in [4]. The
gradient of the measured wall pressure contour in the chord wise direction was calculated and local maxima
derived. If these maxima exceeded a critical value, the position was seen as a valid shock location.
The shock reference position was defined as the intersection of the detached bow shock with the leading
edge tip as an extension of the chord, normalized with the chord length. Negative values equal a further
detached shock. Examples are shown in Fig. 18. Compared to the Mach number profiles, a good agreement
at the Peak Efficiency operating point can be seen. The shock shape and position are comparable, even
though the pressure was only measured between two cavities. The zone of interaction of the tip clearance
vortex with the shock close to the suction side is captured with both measurement techniques.
A bigger discrepancy can be seen at the NSCT operating point. The shock structure in particular appears
different. The wall pressure shows a strong gradient almost perpendicular to the suction side, with a clearly
depicted interaction zone, as indicated by the S-shape at the suction side. The CT average Mach number
profile at 92% span has the odd shock shape close to the suction side, which results from the reinjection fluid
bubbles, as shown in Fig. 16 and 17.
Since wall pressure was only measured between two CT slots, the measured contour cannot be seen as rotor
stationary. It is only comparable to simulation results edited in the same manner as it was presented in [4].
To generate knowledge about the rotor stationary field in a circumferential direction, it is necessary to
perform the optical measurements shown in this publication.
Nevertheless, the results sustain each other: although two completely different measurement systems were
used at different channel heights and circumferential positions, the characterization of the CT effect is
captured in equal measures.
Fig. 19 shows the results of the two measurement techniques for the shock position as function of inlet mass
flow rate. The absolute value at throttled operating points has a maximum difference of about 10% chord
length between the casing and the PIV measurement plane. The difference between the two setups (CT and
SC) is in good agreement along the whole speed-line. Hence, the reduction of shock detachment through the
Casing Treatment compared to the smooth casing is validated by the PIV measurements. In numerical
simulations published in [17], the effect was also seen but was overestimated by about 100% at near stall
condition.
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Operating

PE

NSSC

IMCT

NSCT

IGV average

IM

IGV average
IGV + CT average

IGV + CT average

rotor relative meridional Mach number
radial Mach number
radial Mach number

rotor relative meridional Mach number

Smooth Casing
Casing Treatment

Casing Treatment

Smooth Casing

Point

Fig. 15 Time average Mach number profiles – comparison of SC and CT at different operating points
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RC=1
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RC=2
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Fig. 16 Rotor – CT Phase depending Mach number profiles at operating point NSSC
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Fig. 17 Rotor – CT Phase depending Mach number profiles at operating point NSSC
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Unsteady Wall Pressure

PIV

100 % channel height (casing)

92% channel height

Peak Efficiency

Casing Treatment

p/pin (DP)

Near Stall Casing Treatment

Casing Treatment

p/pin (DP)

Fig. 18 Comparison of wall pressure and Mach number at PE and NSCT;
Wall pressure results from [4]
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Summary
Stereo PIV Measurements have been performed successfully in the blade tip region of a transonic
compressor rotor with axial slot Casing Treatment. Through a complex optical setup, the flow field under
and between cavities could be resolved. Results showed the three-component Mach number field, including
shock and secondary flow structures. Comparison with smooth casing measurements shows a reduced
blockage in the tip region with Casing Treatment and a systematical change in the structure of the secondary
flow. Periodic effects caused by the Casing Treatment are presented and show distinctive spots related to
recirculated fluid.
Measured shock locations at different operating points show good agreement compared to unsteady wall
pressure measurements performed in previous investigations. The reduction of shock detachment through
the CT is confirmed quantitatively. This value is critical for blockage development and aerodynamic stability
and may now be compared to numerical simulations.
The real working principle of the CT is resolved through insight into the critical rotor area.
Results are seen as a substantial database for validation of numerical simulations of bidirectional interactions
between blade rows and Casing Treatment to be performed in the future.

Fig. 19 Comparison of shock position measured with different techniques; Wall pressure results from [4]
(At NSCT the PIV-measured shock position in different Rotor-CT phases varies from 12% to 26% chord and is averaged to -19 %;
Error bars represent standard deviation of shock detection during 1000 recorded revolutions )

The authors would like to acknowledge the support of Rolls-Royce Deutschland Ltd. & Co Kg, ALSTOM
(Switzerland) Ltd. and Bundesministerium für Wirtschaft und Technologie (BMWi), who sponsored this
investigation as part of the AG-Turbo COORETEC 1.2.3 project (FKZ 0327830).

- 17 -

17th International Symposium on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 07-10 July, 2014

References
[1] Adamcyzk, J.H., Celestina, M.L., and Greitzer, E.M., 1993, The Role of Tip Clearance in High-Speed Fan Stall.
ASME J. Turbomachinery, Vol.115, pp 28-38
[2] Biela, C., Brandstetter, C., Holzinger, F., Schiffer, H.-P. Influence of Inlet Guide Vane Wakes on Performance and
Stability of a Transonic Compressor. Proceedings of Int. Symposium of Air Breathing Engines 2011 (ISABE2011-1209), September 12-16, 2011, Göteborg, Schweden
[3] Brandstetter, C., Kegalj, M., Biela, C., Schiffer, H.-P. PIV-Measurements in a Transonic Compressor Test Rig
with Variable Inlet Guide Vanes. Proceedings of Int. Symposium of Air Breathing Engines 2011 (ISABE-20111222), September 12-16, 2011, Göteborg, Schweden
[4] Brandstetter, C., Streit, J.A., Wartzek, F., Heinichen, F. Schiffer, H.-P., An Advanced Axial-Slot Casing
Treatment on a Tip-Critical Transonic Compressor Rotor - Part 1: Unsteady Wall Pressure and Hot Wire
Measurements, European Turbomachinery Conference, ETC10, Lappeenranta, Finnland, 2013
[5] Denton, J. D., 1993, Loss Mechanisms in Turbomachines. ASME J. Turbomachinery, Vol. 115, pp 621-656
[6] Furukawa, M., Inoue, M., Saiki, K., Yamada, K., 1999, The role of tip leakage vortex breakdown in compressor
rotor aerodynamics. ASME J. TurbomachineryVol.121(3), pp 469–480
[7] Göttlich, E., Woisetschläger, J., Pieringer, P., Hampel, B., Heitmeir, F., 2006, Investigation of Vortex Shedding
and Wake-Wake Interaction in a Transonic Turbine Stage Using Laser-Velocimetry and Particle-ImageVelocimetry. ASME Journal of Turbomachinery, Vol.128, pp 178-187
[8] Goinis, G., Vos, C., Aulich, M., Automated Optimization of an Axial-Slot Type Casing Treatment for a Transonic
Compressor, Proceedings of ASME Turbo Expo 2013, GT2013-94765, San Antonio, Texas, USA, June 3–7, 2013
[9] Hembera, M., Kau, H.-P., Johann, E.: Simulation of Casing Treatments of a Transonic Compressor Stage,
Proceedings of the 12th Int. Symp. on Transport Phenomena and Dynamics of Rotating Machinery (2008b),
ISROMAC12-2008-20042, Honolulu, Hawaii
[10] Hathaway, M. D., 2002, Self-Recirculating Casing Treatment Concept for Enhanced Compressor Performance,
Proceedings of ASME Turbo Expo, GT2002-30368, Amsterdam, The Netherlands, June 3–6, 2002
[11] Kegalj, M., Schiffer, H.-P., 2009, Endoscopic PIV measurements in a low pressure turbine rig. Exp Fluids, Vol 47,
pp 689-705
[12] Legras, G., Castillon, L., Trébinjac, I., and Gourdain, N., Flow Mechanisms induced by Non-Axisymmetric
Casing Treatment in a Transonic Axial Compressor, ISAIF10-158, Proceedings of the 10th International
Symposium on Experimental Computational Aerothermodynamics of Internal Flows, 4-7 July 2011, Brussels,
Belgium
[13] Mueller, M.W., Voges, M., Hah, C., Investigation of Passage Flow Features in a Transonic Compressor Rotor
with Casing Treatments, Proceedings of ASME Turbo Expo 2011, GT2011-45364, Vancouver, BC, Canada, June
6-10, 2011
[14] Raffel, M., Willert, C., Wereley, S., Kompenhans, J., 2007, Particle Image Velocimetry, a practical guide (Second
Edition). Springer Berlin Heidelberg, ISBN 978-3-540-72307-3
[15] Ragni, D., Schrijer, F., van Oudheusden, B.W., Scarano, F., 2011, Particle tracer response across shocks measured
by PIV. Exp Fluids 50, pp 53–64
[16] Streit, J. A., Brandstetter, C., Heinichen, F., Kau, H.-P., An Advanced Axial-Slot Casing Treatment on a TipCritical Transonic Compressor Rotor - Part 2: Taking a Closer Look with CFD, European Turbomachinery
Conference, ETC10, Lappeenranta, Finnland, 2013
[17] Suder, K. L., Celestina, M. L., Experimental and Computational Investigation of the Tip Clearance Flow in a
Transonic Axial Compressor Rotor. Journal of Turbomachinery, Vol.118,1996
[18] Tuo, W., Lu, Y., Wei, Y., Sheng, Z. and Qiushi, L. , Experimental Investigation on the Effects of Unsteady
Excitation Frequency of Casing Treatment on Transonic Compressor Performance, Journal of Turbomachinery,
Vol. 133 / 021014, 2010
[19] Voges, M., Willert, C., Mönig, R. Schiffer, H.-P., The Effect of a Bend-Slot Casing Treatment on the Blade Tip
Flow Field of a Transonic Compressor Rotor, Proceedings of ASME Turbo Expo 2013, GT2013-94006, San
Antonio, Texas, USA, June 3–7, 2013
[20] Voges, M., Willert, C., Mönig, R., Müller, M.W., Schiffer, H.-P., 2010, The Challenge of Stereo PIV
Measurements in the Tip Gap of a Transonic Compressor Rotor with Casing Treatment, 15th Int. Symposium on
Applications of Laser Techniques to Fluid Mechanics, July 5-8, Lisbon, Portugal
[21] Wernet, M.P., Zante, D.V., Strazisar, T.J., John, W.T., Prahst, P.S., 2005, Characterization of the tip clearance
flow in an axial compressor using 3-D digital PIV. Experiments in Fluids 39, pp 743-753
[22] Westerweel, J., 2000, Theoretical analysis of the measurement precision in particle image velocimetry.
Experiments in Fluids 29, pp 3-12

- 18 -

