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In this contribution the impact of active flow control bymeans of pulsed blowing in a critically loaded compressor

cascadewill be described. Because of the high loading of the blades, a fully three-dimensional and complexflowfield is

developing. Experimental investigations with active flow control were undertaken to increase the turning and the

pressure rise of the stator cascade, by suppressing separation phenomena in the passage flowfield. Two different

concepts of actuators were used. First, pulsed blowing out of the endwalls was used to reduce the secondary flow

structures. Second, the flow was excited with actuators flush-mounted on the blade’s suction surface. The best

performance was reached by using both actuator concepts in combination. A multivariable closed-loop control

approach was used to control both separation phenomena simultaneously. Heavy disturbances could be

compensated and a stabilization of the cascade operation point was achieved.

I. Introduction

F LOW control applications in turbomachinery have a great
potential to break fundamental barriers [1], like the aerodynamic

loading on the compressor blades that limits the performance of the
axial compressor. Generally, these parts are conservatively designed,
with a certain margin to the stall boundary, preventing unstable
compressor operation. With active flow control (AFC) devices the
pressure ratio of one compressor stage can be increased by enhancing
the turning of the stator blade to a critical level. Reaching the same
overall pressure ratio of the compressor permits to reduce the number
of stages of an axial compressor. This leads to a reduction in weight
and size of the compressor, which could be one way to decrease
manufacturing and operational costs of axial turbomachinery in the
future [2].

In the past, different AFC methods have been investigated by
Culley et al. [3] in an axial compressors facility with the focus on
boundary-layer separation on highly loaded stator blades. Even with
a significantly decreased actuator mass flow they reported a
significant reduction of the total pressure loss in [4]. Bright et al. [5]
performed in a full-annulus experiment a closed-loop separation

control approach, using steady injection along 42 stator blades.
Passive and active flow control applications, with the focus on
boundary-layer separation and secondary flow structures, were
tested in severalways,mostly on linear stator cascades [6–8]. Experi-
mental and numerical investigations of steady-state methods for
controlling strong secondary flow structures as well as boundary-
layer separationwere presented byNerger et al. [9]. The pressure rise
across the stator passage was significantly increased and the total
pressure loss reduced. To achieve this, a mass flow of up to 3% of the
passage flow was required. With periodical addition of momentum
the cost could be decreased by an order of magnitude comparable to
that of steady blowing [10,11].

A compressor cascadewith critically loaded stator bladeswas used
for the present investigation. Because of the critical loading and the
low aspect ratio of the blades, a fully three-dimensional and complex
flowfield with boundary-layer separation is developing [12]. AFC
devices are used to enable the overcritical turning of the blades by
preventing the boundary layer to separate on the blade’s suction
surface. For the project presented, actuators with periodic excitation
are used [13,14]. First, pulsed blowing out of the sidewalls is used to
reduce the secondary flow structures. Secondly, the flow is excited
with actuators mounted on the suction side. In a final step, both
actuator concepts are operated in combination with selected ampli-
tudes and frequencies [15].

Moreover, a closed-loop control approach is suggested to control
both separation phenomena simultaneously. By definition of two
real-time accessible control variables a multiple-input multiple-
output (MIMO) control task [16] can be derived. An optimal
H1-control approach [17] for theMIMO case is suggested to control
the dominant separation phenomena at the same time. It is demon-
strated that closed-loop control enables stable operating conditions
even under heavily disturbed circumstances.

II. Experimental Setup

A. Cascade Test Rig

A stator compressor cascade in a low-speed cascade test rig was
used for the experimental investigations. Rolls-Royce Deutschland
provided the cascade and stator blade geometry as the industrial
partner. The blades are designed with an overcritical turning and a
low aspect ratio of AR� 0:8. As shown in Fig. 1a, the cascade
consists of seven blades. The cascade is mounted on rotatable disks,
which enables a continuous change of the inflow angle �1 to change
the aerodynamical loading on the stator blades. For the design point
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of �1 � 60� the test section dimension of the inlet are 525 by
300 mm. A homogeneous cascade inlet flow is achieved by two
additional tailboards and boundary-layer suction at the end of the
horizontal endwalls. At each sidewall 14 static pressure taps are
installed for monitoring the inlet flow uniformity. To obtain a
sufficient thickness of the blade for the integration of active flow
control devices inside the blade, the geometry of the cascade is scaled
up, as shown in Fig. 1b. The cascade test rig is operated in an open
wind tunnel. The design inlet flow speed of u1 � 34 m=s is used for
this investigation. The corresponding Mach number for the design
case is Ma� 0:1 and the turbulence intensity is Tu� 2:1% at the
cascade inlet. Based on the blade chord length, the Reynolds number
is ReL � 8:4 � 105.

B. Actuator System

According to the complexflow separation in the passageflowfield,
the AFC approaches had to be adapted to the dominant flow features.
For that reason each passage of the cascade is equipped with two
different actuator systems. In both actuators periodic excitation of
compressed air is used.

1. Sidewall Actuators (SW)

Pulsed blowing out of slots integrated in the cascade sidewalls is
used as an active method of controlling the dominant secondary flow
structures. For this purpose, the air is blown through slots at a chord
length of x=L� 10%, as can be seen in Figs. 2a and 2b. In the
experiment, the slot’s geometry is 20 mm in height and 0.4 mm in
width. In numerical investigations [18,19] several actuator param-
eters have been studied, such as the injection angle, the injection
amplitude, and the actuator position. According to these numerical
investigations, the injection angle in main flow direction to the

sidewall is set to 15�. For symmetrical flow conditions while
actuating, all passages of the cascade are equipped with actuators at
both sidewalls.

2. Blade Actuators (BA)

The flow separation on the suction surface of the blade is
suppressed by actuators installed inside the stator blade. The actuator
orifice is positioned upstream of the separation line at 66.5% of the
blade’s chord. The actuator system consists of three slot-segments,
which can be addressed individually cf. Fig. 2a, with the middle
segment BA2 and the outer segments BA1� 3. The slots are
orientated in spanwise direction and have a geometry of 50 mm in
length and 0.4 mm in width. Between the segments the distance is
kept as small as possible, resulting in a separation of 2 mm. The wall
jet has a blowing angle of 45� to the local blade surface (cf. Fig. 2c).
Because of the shape of the actuator cavity, a uniform velocity
distribution in spanwise direction can be achieved.

3. Excitation Setup

Fast-switching solenoid valves (Festo, MHE2 with a switching
frequency up to 250 Hz) are used for pulsing the compressed air in
both actuator concepts, by variation of frequency and duty cycle. The
complete actuator assembly installed in the cascade test rig for open-
loop control experiments is displayed in Fig. 3. The excitation setup
is divided into three actuator circuits, one for the sidewall actuators
and two for the blade actuators. Each actuator circuit has a pressure
supply system, consisting of a mass flow meter, a pressure control
valve, and a pressure distributor. The mass flow of air passing
through one actuator circuit is measured by the mass flow meter
(Bronkhorst, F-203AC with an accuracy of�1%). The amplitude is
controlled by the pressure control valve (Festo, MPPE), providing a
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Fig. 1 Schematics of the compressor cascade with a blade height of h� 300 mm.
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certain pressure in the pressure distributor. The solenoid valves of
one circuit are connected to this pressure distributor, each with the
same length of the compressed air lines.

The sidewall actuator setup consists of 12 solenoid valves. The
valves are directly connected to the actuator chamber, since the jet
velocity and the signal quality of the pulse is highly influenced by the
volume between the valve and actuator orifice. The actuator chamber
decelerates the compressed air flow and converts the circular cross
section of the pressure pipe to the rectangular actuator slot.

The blade actuators are integrated with the solenoid valves in the
stator blades. Each slot-segment is equippedwith one solenoid valve,
resulting in a total of 18 valves for the blade actuators. As described
before, this actuator setup is divided into two pressure circuits, one
for the outer slot-segments (BA1� 3) and one for the middle slot
(BA2).

This actuator setup enables individual adjustment of the amplitude
and mass flow for each pressure circuit, like the sidewall actuators
(SW), themiddle slot-segments of the blade actuators (BA2), and the
outer segments (BA1� 3). The actuators were calibrated by hot-
wire measurements of the jet velocity along the actuator slot. The
blowing momentum coefficient c� was obtained for each actuator
system individually, resulting in a look-up table (LUT) for each
forcing frequency and duty cycle. The response of the wall jet to the
trigger signal is slightly dependent on the forcing frequency. The jet
velocity has a steep rising and falling edge, without constant flow
during the off-cycle, e.g., due to leakage of the solenoid valve. With

increased forcing frequency the falling edge becomes more slanted,
resulting in a shift of the effective duty cycle to enlarged values. The
response time of the jet velocity to the trigger signal is between 1.6
and 2 ms. More details about the actuator characteristics are
summarized in [15]. As an example, in Fig. 4 the LUT of both
actuator concepts is given for two forcing frequencies and a duty
cycle of DC� 50%. Thereby the values for the blade actuator
segments are summed up, denoted as BA, as in the later presented
closed-loop control experiments the three blade actuator segments
are used as one actuating unit. The data described represent actuation
with blowing ratios of 3:0 � ujet;max=u1 � 4:0 for the sidewall
actuators (SW) and 0:9 � ujet;max=u1 � 2:8 for the blade actuators
(BA). The momentum coefficient represents the amplitude of the
actuator with the injected mass flow _ma, the average actuator jet
velocity �ujet, the dynamic pressure at the cascade inletq1, and the area
of the cascade inlet plane F1:

c� �
_ma � �ujet
q1 � F1

(1)

For unsteady excitation, the forcing frequency is normalized by
the quotient of a geometrical reference length and a reference
velocity. In this context, the blade chord L is used to normalize the
actuator frequency. With the inflow velocity u1 the reduced forcing
frequency is calculated as:
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F� � f � L
u1

(2)

Corresponding to Fig. 4 this results in a reduced forcing frequency
of F� � 0:43 (40 Hz) and F� � 1:28 (120 Hz) for both actuator
concepts. Furthermore, the distance between the injection location
and the blade trailing edge should be used as the reference length for
the blade actuators, as suggested by Nishri and Wygnanski [20].
Using the local velocity u of the passage flow at the actuator slot
position, it results in a normalized forcing frequency of F�BA � 0:22
(40 Hz) and F�BA � 0:65 (120 Hz).

In the present investigation the actuators are driven in phase. The
momentum coefficient is individually adjusted for the sidewall and
blade actuators.

C. Measurement System

The measurement system used for the experimental investigation
has to fulfill two requirements. First, the experimental measurement
setup should help to evaluate the passage flowfield and the inter-
action of periodic excitation with the separated flow. Therefore,
different measurement methods were applied in open-loop control
experiments, e.g., particle image velocimetry (PIV), wake flow

measurements using a five-hole probe, and static pressure taps on the
stator blade. All data were recorded during these investigations and
analyzed after the data acquisition to obtain a database of forcing
parameters for optimal suppression of the flow separation. A more
detailed description of the measurement techniques used for open-
loop control experiments can be found in previous publications
[15,21,22].

Secondly, for the conduction of closed-loop control experiments
the most important prerequisite is real-time capability of the applied
measurement system. For this purpose fast-responding sensors and a
digital signal processor (DSP) are applied cf. Figures 5 and 6,
respectively. In the following, the setup that was used for the closed-
loop control experiments is described in detail.

1. Pressure Taps

The center stator blade of the cascade is equipped with static
pressure taps on the suction and pressure side, as shown in Fig. 5. The
local static pressure px along the blade’s surface at discrete positions
can be quantified. Fast-responding miniature differential pressure
sensors (SensorTechnics, RMOH) are placed directly below the
blade’s surface. The frequency response of the pressure sensors in
combination with the pressure taps is constant up to 500 Hz. Along
the midspan of the stator blade 30 pressure taps are installed, 19 taps
placed on the suction side, 10 on the pressure side, and one pressure
tap on the trailing edge (TE) of the blade.Additionally, static pressure
taps are placed at two different chord positions (x=L� 50% and
x=L� 60%) in spanwise direction. All static pressure information
can bemeasured simultaneously with an appropriate data acquisition
system such as the DSP. Therefore the output signal (25 mV, full-
scale span) of the pressure sensor is amplified to Uout ��5 V. The
typical nonlinearity and hysteresis for this sensor is �0:25% of the
full span scale. The static pressure of the inlet velocity p1 is used as
the referential pressure of the static pressure measurements px � p1.

2. Digital Signal Processor (DSP)

For the implementation of the controller and the online signal
processing in the experiment, a digital signal processor (dSpace
controller board DS 1005, A/D converter board DS 2003, D/A
converter board DS 2103) is used. With it, the conversion, and the
processing of the measurement data, the calculation of a control
signal and the generation of the signals for the jet actuators can be
realized in real time [23]. A schematic description of the signal paths
is given in Fig. 6.

The actuation amplitude is adjusted by regulating the pressure
within the distributors, which are applied shortly before the valves, as
explained above. The result of the chosen setup is a cascaded control
structure as it is indicated in the block diagram in Fig. 7 where s
denotes the Laplacian variable and d the disturbances. The actual
control task to drive the systemG2�s	 to desired reference commands
r�t	 � ydesired and to compensate disturbances is realized by the
robust controller C2�s	. In dependence of the desired reference
command values ydesired and the measured values of the control
variables y�t	, the controllerC2�s	 calculates values for the pressure
levels supposed to be adjusted within the distributorsG1�s	. For this,
classical PI-controllers C1�s	 are used in an inner control loop. The
bandwidth of the inner control loop is significantly higher than
the one of the outer loop. ForC2�s	 the inner loop is part dynamic of
the plant.

Fig. 5 Instrumentation of the stator blade.
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III. Controller Synthesis

The physics of a complex process can never be completely covered
by a mathematical model. In real environments the control will
always have to face uncertainties such as limited process knowledge
or immeasurable disturbances. Therefore, a robust control law that
guarantees stability under all uncertainties considered is necessary.
Even for the worst considered case the process has to be stable in a
closed-loop sense.At the same time, robust performancewith respect
to setpoint tracking and disturbance rejection is desirable, too. To
solve this task, a H1-design [24] is used here. To obtain a
H1-controller the so-calledmixed-sensitivity problem [25] has to be
solved.Within themixed-sensitivity problem, different requirements
concerning the desired closed-loop behavior can be addressed at the
same time, such as stability and performance. Frequency dependent
weight functions are exploited to define requirements concerning the
desired setpoint tracking behavior and disturbance attenuation, as
well as actuator limitations.All these requirements are integrated into
one cost functional. By minimization of this cost functional, an
optimalH1-controller can be built. This leads to a controller in such
a way that a compromise between robust stability, disturbance
rejection and spent energy is obtained. Hence, both stability and per-
formance are addressed.

To synthesize the controller, a mathematical model describing the
process and the uncertainty needs to be derived. By various repre-
sentative step experiments throughout the whole operating range, a
set of black-box models, a so-called model family, is identified here.
Prediction-error methods [26] are used to identify black-box models
that describe the input/output behavior of the system. Comparedwith
the quite complex three-dimensional flow conditions within the
compressor cascade, the derivedmodels are rather simple.Models of
first or second order are sufficient to describe the essential dynamic
behavior of the output values. Based on the identifiedmodel family, a
middle nominal model with a minimal deviation over the whole
frequency range and an uncertainty description can be derived.
Practically, this uncertainty description can be interpreted as a
measure for the uncertainty of the nominal model.

The proposed control method has already been successfully
applied to other flow control configurations [23,27–29]. More infor-
mation about this approach can be found in standard textbooks, e.g.,
[25].

IV. Results

A. Base Flow

The high turning of the stator blades, in combinationwith the small
blade aspect ratio of AR� 0:8 causes strong secondary flow
structures with additional boundary-layer separation on the blade’s
suction side. As an example of the complexity of the passage

flowfield, the corner vortex is shown in cross-planes in Fig. 8,
observed with a stereoscopic PIV setup. An oil-flow visualization of
the base flow on the suction surface is shown for comparison. The
corner vortex formation and the three-dimensional separation line
can be clearly seen.

Beginning at the leading edge a laminar boundary layer develops,
followed by a laminar separation bubble.Along this transition bubble
the boundary layer becomes turbulent and reattaches to the blade’s
surface. A pressure-induced boundary-layer separation occurs at
midspan of the suction surface. The flow separates between 70 and
75% chord length (see also Fig. 12a). The well defined three-
dimensional separation line is narrowed down by the strong corner
vortices. They start in the region of the suction peak and constrict the
passage flow downstream. The cross-planes of the corner vortex (see
Fig. 8) show the downstream expansion, which results in a high
blockage of the passage flowfield. A region of recirculation is
indicated by the accumulation of oil paint between the separation line
and the corner vortex.

B. Open-Loop Experiments

Two actuator concepts are used to suppress the secondary flow
structures and the pressure-induced flow separation. This results in
an enhanced turning and diffusion through the stator passage and a
reduction of pressure losses. The actuator mechanisms in the
flowfield and the impact to the respective flow feature will be
described in this section. These results are obtained in open-loop
experiments.

1. Sidewall Actuators

The blockage of the passage flow is reduced by repositioning the
corner vortices with the use of the sidewall actuators. Figure 9 shows
a cross section of the corner vortex at x=L� 60%, obtained by
stereoscopic PIV measurements. For comparison, the corner vortex
is shown for the base flow and the forced flow case. A forcing
frequency of fSW � 100 Hz (F� � 1:07) and a duty cycle of DC�
50% are used. When comparing both flow cases, the vortex moved
toward the sidewall with pulsed blowing out of the sidewalls. Also
the region of recirculation, indicated by an area of low velocity on the
suction surface of the blade, is shifted toward the sidewall. The
passage flow,which is unaffected by the secondary flow structures, is
represented by the region enclosed by the isolineux � 23 m=s (black
dotted line). Actuation causes an enlargement of this area by
decreasing the expansion of the corner vortex. Hence, a reduction of
the passage blockage is obtained. This results in a decreased total
pressure loss, aswell as an increased turning across the passage of the
compressor cascade.

The position of the corner vortex is also in good agreement with
the spanwise pressure distribution, which is shown below the
velocity fields in Fig. 9. Using this pressure information, the position
of the corner vortex can be estimated. This information is accessible
in real-time needed for closed-loop control. A parameter repre-
senting the vortex position can be calculated out of the four marked
sensor positions (circle), as described below.

The influence of the forcing frequency on the corner vortex and its
position can be seen in Fig. 10. Four phase-averaged pressure
distributions at different phase angles (0, 90, 180, and 270�) of the
actuator cycle are shown for two different forcing frequencies. For
comparison the time-averaged base flow pressure distribution is
plotted. At a forcing frequency of 40 Hz (Fig. 10a) the corner vortex
is switching between two extreme cases, 90 and 270� phase angle.
The 90�-case corresponds to steady blowing (data not shown) and
270� to the base flow, see Fig. 10. This causes a very unsteady
behavior of the complete flow in the stator passage. Using a forcing
frequencies of 100 Hz (Fig. 10b), the corner vortex position is more
stable. The pressure distribution is not changing significantly along
the actuator cycle. Thus, using a forcing frequency for the sidewall
actuators, which is above the flapping frequency of the vortex system
(fSW 
 80 Hz), the blockage can be significantly reduced by means
of periodic excitation.

Fig. 8 Oil-flow visualization of the stator blade’s suction surface, in

combination with PIV measurements of the corner vortex.
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Because of the increased turning, the diffusion through the stator
passage is enhanced. This results in a static pressure rise �cp;TE,
which can be observed at the trailing edge of the blade (cf. Fig. 11).

2. Blade Actuators

The pressure-induced boundary-layer separation is suppressed
with the actuators on the suction surface of the stator blades. Thewall
jet forces the separated flow to reattach to the contour of the blade.
Figure 12 shows the time-averaged velocity fields of the base flow
and the forced flowwith the pulsed wall jet. The measurements were

carried out usingPIVatmidspan of the blade. In Fig. 12a) the position
of the flow separation can be observed between 70 and 75% chord
length. The suppressed flow separation can be clearly seen in
Fig. 12b). Because of the pulsed wall jet, high momentum fluid is
transferred to the blade surface. The separation line is shifted toward
the trailing edge and the blade’s turning is enlarged.

Phase-averaged velocity fields out of PIV measurements are used
to explain the forcing mechanism of the blade actuator in detail.
Figure 13 shows three time-steps t� 1=10T of the actuator blowing
cycle T. In that figure, the vorticity induced by the wall jet is color
coded, isolines are indicating the absolute velocity between u�
10 m=s and 25 m=s and vectors are illustrating the velocity field. A
counter-rotating vortex pair is developed with the initial blowing
phase of thewall jet. This vortex pair is moving downstreamwith the
passage flow (cf. Fig. 13a). The clockwise vortex (white) is quite
concentrated, while the counterclockwise vortex (black) dissipates
and transfers highmomentum fluid to the blade’s surface. In Fig. 13b
the jet attaches to the wall and is stabilizing the separated boundary
layer. At the beginning of the actuator off-cycle (Fig. 13c) the vortex
pair breaks down and the region of low fluid momentum is shifted
further toward the trailing edge. Upstream of the vortices the
boundary layer is still attached to the blade’s surface and is stabilized
until the next blowing cycle starts. The resulting time-averaged
velocity field with the suppressed flow separation, using the same
actuator parameter, was already shown in Fig. 12b). Moreover, the
separated shear layer has a certain receptivity to this forcing
frequency. Using a low forcing frequency, e.g., 40 Hz, the separation
is suppressed periodically with the blowing phase. The flow attaches
to the blade surface and starts to separate during the actuator off-
cycle. So, the best reduction in losses can be obtained with a forcing

Fig. 9 Time-averaged velocity fields of the corner vortex at x=L� 60% and the spanwise cp-distribution for the base flow case and with the activated

sidewall actuator, running at f � 100 Hz (F� � 1:07) and DC� 50%.
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frequency above F� > 0:5, but the highest static pressure rise at the
blade’s trailing edge was reached using a forcing frequency of 40 Hz
(F�BA � 0:22) (cf. results in [15]).

By suppressing the pressure-induced boundary-layer separation
with the blade actuators, the turning of the blade is significantly
increased. This results in an enhanced diffusion across the stator
passage, which can be seen in a pressure rise at the trailing edge. This
static pressure rise �cp;TE, based on the natural flow case (cf.
Fig. 11), is a well-suited parameter estimating the actuator perfor-
mance. It is used for the open-loop experiments, as well as for the
closed-loop control experiments.

3. Combined Actuation

The aim of this investigation was to reduce the pressure losses of
the stator cascade and the suppression of flow separations in the
passageflowfield of the critically loaded compressor blades. This can
be achieved using both actuator concepts in combination. With the
sidewall actuators the corner vortices are shifted toward the sidewalls
and the blockage of the passage flow is reduced. This leads to a
decreased total pressure loss �V1 � �pt1 � pt2	=q1 and a static
pressure rise �p=q1 � �p2 � p1	=q1 across the stator passage cf.
Fig. 14. Additionally, the region of the pressure-induced boundary-
layer separation at midspan is enlarged in spanwise direction. With
that, the blade actuators can suppress this flow separation more
efficiently. The diffusion of the passage increases significantly, using
both actuator concepts in combined operation.

Figure 14 represents the gain of the cascade performance using
both actuator concepts, obtained by wake flow measurements at one
third of the chord length behind the stator blade’s trailing edge. The
additional injected mass through the actuators into the passage flow
is compensated using the correction method described by Hartsel
[30]. The pitchwise averaged total pressure loss and the static
pressure rise along half of the blade span (midspan: y=h� 0%,
sidewall: y=h� 50%) is depicted in both diagrams for the base flow
and the actuated flow. Integrating the entire area between both flow
cases, the reduction of the total pressure losses (Fig. 14a) and the gain
in static pressure rise (Fig. 14b) can be determined. As an example,
for one of the best actuator parameter combinations (fSW � 150 Hz,
c�;SW � 0:6% and fBA � 120 Hz, c�;BA � 0:85%), the gain in the
static pressure rise is up to 9% and the total pressure loss is reduced
by 13%.

The gain of the pressure coefficient at the trailing edge �cp;TE
using both actuator concepts in combination is shown in Fig. 15 for
selected actuator parameter. The blade actuators are operated varying
the actuator amplitude c�;BA � 0 . . . 1:8% at two different forcing
frequencies and a duty cycle of 50%, as well as with steady blowing.
The sidewall actuators are drivenwith a constant actuatormomentum
of c�;SW � 0:52% at a forcing frequency of fSW � 150 Hz
(DC� 50%) and an actuator momentum of c�;SW � 0:93% with
steady blowing. The best gain of the pressure rise �cp;TE can be
reached with a forcing frequency of fBA � 40 Hz in combination
with steady blowing out of the sidewalls. When using a forcing
frequency of fBA � 120 Hz a slightly higher amplitude is required to

Fig. 12 Time-averaged velocity fields of the pressure-induced flow separation at midspan of the blade for the base flow and the forced flow case.

Fig. 13 Phase-averaged velocity fields with color coded vorticity induced by the wall jet. The actuator’s parameters are f � 120 Hz (F�BA � 0:65),
DC� 50%, and c� � 0:92% in this example.
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reach the same pressure rise. Attention should be paid to the actuator
momentum of the sidewall actuators, using steady blowing. It is
nearly twice the momentum coefficient obtained when using pulsed
blowing. Thus, the pressure rise for periodic excitation out of the
sidewalls in combination with pulsed blowing out of the blade
actuators is lessened.

With steady blowing out of the blade actuators the static pressure
gain seen above cannot be improved. For all combinations and
momentum coefficients, the pressure rise at the trailing edge is
significantly lower.

C. Closed-Loop Control

1. Derivation of a MIMO-Control Task

To control both dominant separation phenomena simultaneously,
two suitable surrogate control variables have to be defined. They
have to be accessible in real-time and should represent important
aspects of the process dynamics.

The static pressure rise at the trailing edge �cp;TE is a possible
candidate expressing the pressure enhancement of the stator passage
cf. Sec. IV.B. Additionally, the PIV data in Fig. 9 indicate that the
spanwise pressure distribution at x=L� 60% is unambiguously
connected to the movement of the corner vortices towards the
sidewalls. With actuation, i.e., with a shifted corner vortex, a much
flatter pressure profile is obtained giving rise to a smaller spanwise
gradient. Exploiting this, four pressure sensors are inserted at 47, 44,
41, and 38% of the blade span to define a second control variable, see
as well Fig. 16. A spanwise pressure difference �cp is defined as
follows:

�cp � �cp;47 � cp;44	 � �cp;47 � cp;41	 � �cp;47 � cp;38	 (3)

The second control variable �cp;spw is defined as the difference
between the actuated case �cp;act and the base flow case �cp;0:

�cp;spw ��cp;act ��cp;0 (4)

With regard to applicability within jet engines it has to be
mentioned that the same qualitative signal can be achieved by only
using the sensors at 47 and 38%blade span. By using four sensors the
signal becomes more accurate and less filtering is necessary.

The influence of both actuators at the sidewall and the blade upon
the two control variables is shown in Fig. 17. The left plot shows that
both actuators have a significant impact on the gain in static pressure
at the trailing edge, though the influence of the blade actuator is
stronger.

By pushing the corner vortices outward the spanwise pressure
distribution gets more flat cf. Fig. 9, and the pressure difference
decreases. The change in the spanwise pressure difference compared
with the unactuated case can be seen in Fig. 17b).While a decreasing
value of �cp;spw indicates that the sidewall actuators push the
vortices to the sidewall, it is observable that the blade actuators even
have a negative effect on this value, although this influence is nearly
negligible compared with the impact of the sidewall actuators.
Nevertheless, Fig. 17 shows that the stator cascade exploiting two
actuators consists of a MIMO process for which an appropriate
control approach is needed as the alreadymentionedH1-design. The
actuation frequencies chosen are fBA � 40 Hz for the blade
actuators and fSW � 120 Hz for the sidewall actuators, each with a
fixed duty cycle of 50%.

In the sequel, the actuation amplitude is given in a normalized
manner referred to a maximal pressure of pd;max � 6 bar within the
distributors cf. Fig. 4.

50 33 17 0

0.04

0.06

0.08

0.1

0.12

ζ
1

V
[-

]

blade span [%](y/h)

base flow

actuated flow

Reduction of
total pressure loss

∆
p

 / 
q

[-
]

0
0.5

0.55

0.6

0.65

0.7

blade span (y/h) [%]

1

actuated flow

base flow

Gain in
static pressure rise

50 33 17

a) Total pressure loss b) Static pressure rise

Fig. 14 Wake flowmeasurements using a five-hole probe: a) reduction of the total pressure loss �V1, and b) gain in static pressure rise�p=q1 across the
stator passage.

0 0.005 0.01 0.015 0.02
0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

cµ [−] of BA

∆ 
C

p
,T

E

SW:steady BA:040Hz
SW:steady BA:120Hz
SW:steady BA:steady
SW:150Hz BA:40Hz
SW:150Hz BA:120Hz
SW:150Hz BA:steady

Fig. 15 Combination of both actuator concepts. The pressure rise at
the TE is plotted dependent on the momentum coefficient of the blade

actuator. Sidewall actuators are drivenwith pulsed (c�;SW � 0:52%) and

steady (c�;SW � 0:93%) blowing.

Fig. 16 Schematic view of the derived control variables.

1736 HECKLAU ETAL.



2. MIMO Results

The first closed-loop control experiment conducted is shown in
Fig. 18. On the left side both control variables are given. Each is
supposed to follow different reference commands r�t	 given by the
broken line. The obtained setpoint tracking behavior is satisfactory,
each reference value for both control variables can be reached
without constant errors or overshooting responses. The high
frequency oscillations seen are not captured by the models used for
controller synthesis. They cannot be controlled either. Therefore, the
outputs follow the references in some time-averaged sense.

At t� 50 s a first disturbance is simulated by shifting the inlet
angle of the compressor cascade to �1 � 62�. Through this higher
turning the capability of the test rig to build up pressure at the trailing
edge rises. Simultaneously, the corner vortices further extend
towards midspan. As a consequence, the controller increases the
amplitude of the sidewall actuators, while the blade actuators have to
force less strongly. By the fast reaction of the controller, this
disturbance can be compensated very quickly and almost no effect is
observable within the measured values of both control variables.

In contrast to the latter disturbance, at t� 80 s the inlet angle is
decreased down to �1 � 58�. Concomitantly, the capability of the
stator passage to build up pressure decreases and the corner vortices
stay closer to the sidewall. As a result, the sidewall actuation is

significantly reduced by the closed-loop controller, which has an
indirect impact on the pressure at the trailing edge, as well. This time
the blade actuation has to be increased significantly to drive the
system back to the desired reference commands.

To challenge the controller a heavy inlet distortion, simulated by
shifting the inlet angle, is introduced next to every reference
command, see Fig. 19. This time, the control variables are supposed
to follow both reference commands r�t	. In Fig. 19, the reference
commands r�t	 change every 30 s. For each reference value the inlet
angle �1 is shifted very fast every 10 s, as indicated in the lower right
panel of Fig. 19.

Again the coupled nature of the passage flow becomes apparent.
At t� 5 s, �1 is decreased by about 2�. As explained above, the
sidewall actuators reduce their effort, because the corner vortices are
developed less strongly. The blade actuators, however, have to
compensate the pressure drop by the decreased turning angle and the
weaker influence of the sidewall actuation. If now the inlet angle is
increased by��1 ��4� at t� 15 s, the limits of this approach are
reached. By a higher loading of the blades the pressure at the trailing
edge rises while the corner vortices developmore intensely. To avoid
that, the sidewall actuators have to interfere, which has an additional
effect on the first control variable �cp;TE. As a consequence, even
with completely closed valves at the blade, the desired reference
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command is difficult to achieve. Thus, there is a limitation in the
proper choice of the desired reference commands, as their corre-
sponding physical phenomena within the cascade are coupled. It is
not possible to push the corner vortices closer to thewall and decrease
the pressure at the trailing edge at the same time. This can be seen for
all reference values given in Fig. 19. From this it follows that the
desired control goals have to be chosen in a well set manner.

Moreover, a second limitation has to be pointed out in the control
experiments shown. While in the base flow case homogenous inlet
flow conditions are adjusted by a time-consuming adaptation of the
boundary-layer suction, the flow conditions are no longer well
defined under disturbed circumstances. As it is the very nature of
disturbances to be unpredictable in a way, it can be regarded as an
additional challenge for the controller.

V. Conclusions

Experimental investigations of two different AFC concepts were
performed on a critically loaded compressor cascade. Because of the
complex passage flow structures, two actuator concepts had to be
adapted to the dominant separation phenomena. Pulsed blowing out
of the sidewalls was used for suppression of secondary flow
structures. The pressure-induced boundary-layer separation in the
rear part of the blade could be suppressed by means of pulsed
excitation out of slots in the blade’s suction surface. With both
actuator concepts in combination, the turning of the blade could be
increased and the blockage of the passage flow was reduced,
resulting in an increased static pressure rise and decreased total
pressure loss across the stator passage.

Systematic studies of the actuator parameter, such as the excitation
frequency, the jet amplitude, and the duty cycle for both actuator
concepts, were performed in open-loop experiments. It was shown
that the corner vortex position correlates with the reduction of the
passage blockage, which could be estimated by the spanwise
pressure distribution. The local mechanisms of the reattachment
process of the flow separation were shown by means of PIV mea-
surements. The comparison of the pressure data with the flowfield
results demonstrated that the static pressure rise at the trailing edge
�cp;TE is a well-suited parameter for estimating the actuator
performance. Using this parameter, the performance of both actuator
concepts driven in combination was observed. The static pressure
rise at the trailing edge was basically dependent on the actuator
momentum and slightly on the actuator frequency. Compared with
steady-state blowing, a distinct increase in the cascade performance
was reached by pulsed excitation. Choosing suitable actuator param-
eters for both concepts, a static pressure rise of 8–9% and a reduction
in pressure losses of up to 13% were obtained. The required mass
flow for both actuator concepts in this combination was about 0.5%

of the passage mass flow, which fulfills the industrial limits of
additional bleed air consumption.

As a further step, closed-loop control experiments were per-
formed. The applied MIMO approaches were capable of controlling
both separation phenomena at the same time. Therefore, two suitable
control variables were identified that represented the process
dynamics and were quickly detectable. With the MIMO-controller
enabled, even heavy disturbances could be compensated within
certain physical limits. Thereby a stabilization of the operation was
achieved.

The effective suppression of both separation phenomena in
combination and the successful closed-loop control approaches are
essential requirements to bring these concepts closer to an industrial
application. Besides that, other major challenges have to be
mastered, e.g., the scaling, robustness, and power density of the
excitation device, or the decreasing forcing velocity ratio with
increasing inlet Mach number. Even if solutions could be found for
these fundamental problems, it has to be proven whether such a flow
control system is able to generate a net benefit when accounting the
costs of the actuator system and the impact to the engine cycle
performance. To give substantial answers to these problems, AFC
experiments have to be carried out in a multistage axial compressor
rig at realistic Reynolds and Mach numbers, and with an integrated
excitation device.
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