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Figure 5: Wall Pressure Measurements with superimposed pressure gradient detections

while the error bars are defined by the standard deviation during the 1000 recorded revolutions for
each operating point. In order to describe the shock contour, the gradient detection points were
connected by a curve fit. The intersection of this curve with the extension of the blade chord is defined
as SP. The value shown equals the distance of this position to the blade leading edge, normalized with
the blade chord length at tip, see Fig. 5 (f). Negative values describe a detached shock.

Transient Measurement
To acquire information about the compressor and CT behavior during a transient reduction of mass

flow, the test rig throttle was continuously closed from near choke to stall while the unsteady pressure
probes and the hot wire probe were recorded simultaneously. The procedure to measure the shock
position was used to identify the associated operating point during transient measurements. The mea-
surement of the transient mass flow with conventional rig instrumentation is too slow and inaccurate
since it requires a relatively long measurement time to stabilize. The method was calibrated using
continuous measurements described above to achieve a correlation between conventionally measured
mass flow and the unsteadily measured shock position. It enables to determine a time resolved op-
erating point when exemplarily approaching rotating stall. To stabilize the method against natural
shock vibration and detection inaccuracy, a sliding median filter was applied to average the detections
for each rotor revolution. Figure 6 (b) shows the results for the pressure ratio over the CT slot in the
upper figure.
The wall pressure in the axial area, where the flow is presumably induced into the slots is designated
as fill pressure (fp), the pressure in the upstream part of the slots (reinjection area) designated reinjec-
tion pressure (rp), see (Fig. 2 (b)). The difference of these values indicates the driving force for the
CT activity. In Fig. 6 and 7 the slot pressure difference is made dimensionless with the reinjection
pressure rp. The lower part of Fig. 6 (b) shows the velocity measured inside the slot. In each case,
the maximum, the minimum and the average for each revolution is marked. The time-resolved recir-
culation velocity and slot pressure ratio for 12 different shock positions (marked with vertical lines)
is shown in Fig. 7.

At high mass flow rates (DP and PE), the CT does not significantly influence the blade tip flow
structure (Fig. 5). The shock position, shape and strength do not vary until the shock starts to de-
tach. At these operating points the axial Mach number profiles (Fig. 4) are quite similar, which is
important for eventual stage matching problems that might occur through CT application. Despite the
weak influence on the main flow, the recirculation velocity reaches about 50% of its maximum value
at PE. As far as the tip leakage vortex trajectory is derivable from the wall pressure measurements,
no difference is observable. When further throttling the mass flow until NSSC is reached, the recir-
culation velocity increases, corresponding to the slot pressure ratio. During this process, the shock
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Figure 6: Comparison of Shock Position/Strength and Recirculation Velocity. Values (a) in Relation
to respective Design Point CT - Numerical Results from Part 2 of this publication
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detachment is reduced in the CT configuration, as can be seen in Fig. 6 (a). Near stall, the smooth
casing configuration shows a sudden decrease in shock pressure ratio even though the detachment
distance increases. Since the shock pressure ratio corresponds to the Mach number, it is assumed that
a sudden change of blockage establishes due to an increased vortex size, eventually forcing a vortex
breakdown. This degree of shock detachment is not reached with casing treatment, nor is there a
sudden breakdown of the shock pressure ratio at NSCT.

The five-hole probe measurements show almost equal axial Mach numbers between DP and NSSC
at 95% - 99% span with CT. The high recirculation activity reduces the blockage of axial mass flow
in the outer span regions.
Since no stall occurred with casing treatment at this operating point, the stage could be throttled fur-
ther than NSSC while still increasing its pressure ratio. From NSSC equivalent mass flow to NSCT
the recirculation velocity starts to decrease slightly even though the slot pressure ratio rises. This
behavior was not expected and did not appear in numerical calculations. In the time-resolved velocity
in Fig. 7, the velocity in the NSCT case is 60% of the maximum case while the pressure profile shows
a steady rise. An oscillating disturbance is superimposed with a significant content of the third blade
passing harmonic, as can be seen in the frequency spectrogram in Fig. 8. The dotted red line marks
the time, when the blow off valves downstream the stage were opened to avoid compressor damage
due to high blade vibration amplitudes.
This behavior could have a number of possible causes. At the inlet of the CT slots, a separation bubble
could establish due to the high incidence at low mass flow. This separation would cause a reduced
recirculation velocity; hence, the axial velocity of the jet would be reduced. The filling of subsequent
slots would include high entropy fluid that has already been recirculated. This process could reach a
steady state with a given amount of fluid that is not transported downstream immediately after recir-
culation. A rotor tip bound vortex structure upstream the shock would be the result near stall, which
is never the case for the smooth casing configuration as could be seen in the PIV measurements.
Since the number of axial slots per rotor passage lies between 2.5 and 3, the energy content of the
third blade passing harmonic could be explained by this theory. Harmonic resonance of the cavity due
to its size is unlikely. This interpretation, sketched in Fig. 9 (b), could not be proven exactly using
available data and is the subject of further investigation.
The reduced shock detachment with CT measured contrasts with investigations of axisymmetric cas-
ing treatments (Rabe and Hah, 2002), showing no significant influence on the relative shock position.
Figure 9 (a) illustrates the different shock shapes and travel length of the tip leakage vortex, compar-
ing CT and SC configuration. Fig. 10 shows pressure contours extracted from numerical simulations,
described in Part 2. Comparison with the experimental data demonstrates the predictability of the CT
influence. The flow structure in the blade tip region matches remarkably well for the operating points
shown; only the shock detachment is underestimated in the calculations. However, the difference in
shock position between the configurations at the NSSC point (Fig. 6 (a)) is also present in the simu-
lations. Hence, the stabilizing effect of a shock located further downstream is considered. Since the
exact value of this parameter influences the CT activity (as seen in the measurements), the focus of
following investigations should be on these phenomena in order to improve prediction of compressor
stability and efficiency with casing treatments.

CONCLUSIONS
The most significant difference between the smooth casing and the casing treatment configura-

tions is reduced blockage in the blade tip region. The operating range of the compressor is increased
significantly. The blockage could not be measured directly through the used instrumentation but the
effects of blockage on shock position. The reduced blockage is connected with a reduced detachment
of the blade leading edge shock with CT. Based on these results, it is assumed that the influence of
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Figure 9: Casing Treatment Blade Tip Flow

the CT on the compressor is a combination of two effects: the removal of fluid with low momen-
tum and the reduction of shock detachment. The ejection of fluid downstream of the passage shock
reduces the associated blockage, which leads to a higher axial Mach number. The removed fluid is
accelerated through the slot pressure ratio and re-injected in a positive axial direction. Due to the
reduced blockage and the higher upstream velocity, the shock position remains closer to the leading
edge. This process enables the tip leakage vortex to absorb more energy from the main flow before
passing the shock, hence reducing the tendency to break down. The recirculation velocity demon-
strates predictable behavior until NSSC; for the highly throttled NSCT point, a reduced recirculation
is observed. At the Design Point, the CT shows low influence and allows application to existing stages
without stage matching problems. Regarding the throttled operating points, the skewed pressure and
velocity profiles have to be considered.
The measurement setup with combined unsteady hot-wire and pressure measurements allows the
characterization of the effects due to a casing treatment on a transonic compressor. The automatic
detection of the shock detachment distance from unsteady wall pressure data was suitable for iden-
tifying an operating point during transient measurements. This procedure might be very useful for
investigations close to the surge limit. The commonly used mass flow rate is difficult to measure
exactly during transient measurements near stall. It may also be used as a validation criterion for
numerical simulations.
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