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Experimental Demonstration of Active Flow Control
to Reduce Unsteady Stator–Rotor Interaction

Nikhil M. Rao,¤ Jinwei Feng,¤ Ricardo A. Burdisso,† and Wing F. Ng‡

Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

An experimental investigation is conducted to reduce the unsteady stator–rotor interaction in a turbofan simula-
tor using active � ow control. The fan rotor of a 1

14 -scale turbofan propulsion simulator is subjected to circumferen-
tially periodic inlet � ow distortions, generated by four stators that support a centerbody in the inlet mounted onto
the simulator. These wakes are reenergized by injecting air from the trailing edge of each stator through discrete
blowing holes. The � ow rate through each blowing hole is controlled by an individualmicroelectro-mechanical sys-
tem based microvalve. The microvalve actuation signal voltage is generated by a proportional–integral–derivative
controller and is a function of the wake velocity defect. To determine the successful reenergizing of the wakes,
far-� eld sound pressure level at the blade passing frequency without and with blowing is measured in an anechoic
chamber. The active control experiments are performed for two simulator speeds of 29,500 and 40,000 rpm. In
addition, the feasibility and advantage of active control is demonstrated by the ability of the system to respond to
changes in the inlet � ow velocity.

Introduction

L OW-VELOCITY regions or wakes characterize the � ow� eld
downstreamof a blade row. These wakes are generatedby total

pressure losses due to � ow over the blades. The passage of these
wakes over a downstream stage generates unsteady loading of the
downstreamblades.On rotor blades, the effectof this unsteadyload-
ing generates high sound levels at discrete frequencies and causes
bladevibration.The high sound levels are a signi� cant source of en-
vironmental noise pollution, and the accumulation of stress cycles
due to bladevibrationcan result in blade failureby highcyclefatigue
(HCF). The nature of unsteady interactionis typicallydependenton
the maximum velocitydefect in the wake, the velocitypro� le across
the wake region, the number of defects present, and their spatial pe-
riodicity. The velocity pro� le behind a wake generator is steeper
closer to the wake generatorand becomes smoother with increasing
distance due to mixing. Furthermore, the maximum velocity defect
is also higher closer to the wake generator.As noted by Goldstein,1

these increase the magnitude of unsteady loading on downstream
rotor blades. Hence, by increasing the axial spacing between blade
rows, the unsteady loading can be reduced.This effect was reported
by Pande and Ng,2 wherein increasingthe axial spacingbetween the
stators and fan rotor reduced the far-� eld noise level of a high-speed
turbofansimulator.Trailing-edgeblowing (TEB) also aims at reduc-
ing the unsteady loading by modifying the wake pro� le. Reduction
or elimination of the velocity defect is achieved by injecting mass
from the trailing edge of the wake generator to reenergize the wake.
Potentialforwake managementusingTEB to reduceunsteadyblade
loading has been reported by Waitz et al.3 Waitz et al. investigated
the effect of rotor wake management by removing and or adding
� uid from the � ow around the rotor blade. Experimentallyobtained
wake pro� les were used in a computationalcode to predict unsteady
loading of the downstream stator and an estimation of the radiated
tone was made using LINSUB. This study concluded that wake
management is feasible and that TEB is more effective and easier
to implement than boundary-layer suction. Naumann,4 Corcoran,5

andPark andCimbala6 haveexperimentallyshownthatTEB reduces

Received 26 June 1999; revision received 18 February 2000; accepted for
publication 28 July 2000. Copyright c° 2000 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

¤Graduate Research Assistant, Vibration and Acoustics Laboratories, Me-
chanical Engineering Department.

†Professor, Vibration and Acoustics Laboratories, Mechanical Engineer-
ing Department.

‡Chris Kraft Professor, Vibration and Acoustics Laboratories, Mechanical
Engineering Department. Associate Fellow AIAA.

signi� cantly both the time-mean wake de� cit and unsteadiness in
wakes shed by � at plates in a water channel. Naumann4 showed
a reduction of about 90% in the time-mean wake de� cit and a re-
duction of greater than 50% in the turbulent velocity � uctuations.
Naumann4 and Corcoran5 experimented with various blowing con-
� gurations. In particular,Naumann4 compares a continuousslit and
a set of discrete jets, with and without vortex generators.This work
showed that the most effective method of TEB was to use a set of
discrete jets and that the presenceof vortex generatorsenhanced the
mixing of the wake with the jets.

Previous experimental research at Virginia Polytechnic Institute
and State University by Leitch,7 Leitch et al.,8 and Saunders9 has
demonstrated the effectiveness of TEB in reducing the unsteady
stator–rotor interaction. In the work by Leitch7 and Leitch et al.,8

different diameters for the TEB holes were used to achieve uni-
form wake � lling along the span of the strut. Hence, optimum wake
� lling could only be achieved at one particular engine operating
condition. In addition, the TEB pressure was adjusted manually.
Far-� eld sound pressure level (SPL) readings showed noise reduc-
tion at the blade passing frequency (BPF) tone of up to 7 dB. More
recently, Brook� eld and Waitz10 demonstratedon a one-sixth-scale
high-bypass-ratiofan stage thatTEB of rotatingbladeswas effective
for reducing the � rst three BPF harmonics.

In the present investigation, the TEB scheme developed by
Leitch7 and Leitch et al.8 is integrated with active control. In this
scheme, each blowing hole is supplied individually. Furthermore,
all blowing holes have the same diameter. The air supply from a
large plenum is directed to each hole using microelectromechanical
system (MEMS) based microvalves. The blowing rate of each hole
can, if desired, be controlled separately.A signal voltage input from
a feedback control algorithmadjusts the � ow rate through each mi-
crovalve and, hence, the blowing rate of each blowing hole. The
active controller generates the signal voltage to drive the minimum
wake total pressure to equal the freestream total pressure.This error
signal is implemented by using pitot probe � ow sensors placed in
the wakes and in the free � ow. The results show the � rst reported
successful demonstration of active control of TEB from stators in a
realistic � ow environment. In addition, it is also shown that using
active TEB effective wake management is achieved over a range of
the simulator operating conditions.

Experimental Setup
Figure 1 shows a schematic of the active control experimental

setup used in this research. The components identi� ed are brie� y
described hereafter.
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Fig. 1 Experimental setup.

Turbofan Propulsion Simulator
The turbofan propulsion simulator (Model 460) from Tech De-

velopment Inc., provides the rotor for investigating stator–rotor un-
steady interaction effects. This simulator is modeled on modern,
high-bypass-ratio,turbofan engines, and it is representedby the fan
rotor in Fig. 1. The simulatorhas a single-stageaxial fan driven by a
single-stageaxial � ow turbine.The fan measures 4.1 in. in diameter
and has 18 blades. It is capable of developing a maximum pressure
ratio of 1.6, at a mass � ow of 2.72 lbm/s, (1.23 kg/s), and maximum
speed of 80,000 rpm. The Reynolds number based on the blade tip
speed is 1:7 £ 106 . This value is considerably smaller than for typ-
ical � ight engines. However, this simulator is used for exploratory
research to study the effectivenessof TEB, rather than for an accu-
rate predictionthat would requirecorrect � ow Reynoldsnumbers.A
row of 26 exit guide vanes (EGVs) is present one rotor chord length
downstreamof the fan. These guide vanes also cause far-� eld noise
radiation due to the unsteady lift generated by the passage of rotor
wakes. The power turbine is a single impulse stagewith 29 blades. It
is driven by high-pressureair and can handle a maximum mass � ow
of 1.50 lbm/s, (0.68 kg/s). A magnetic speed pickup mounted in the
turbine exhaust cone measures the shaft rotational speed. Thermo-
couplesare providedto monitor the bearingtemperatures.Vibration
levels are monitored by accelerometers mounted on the inlet. This
turbofan simulator is the same one used in previous research on
TEB.7¡9

Inlet
The inlet is a constant area duct with a maximum diameter of

4.1 in. (0.104 m) and a hub diameter of 1.8 in. (0.046 m). The hub is
formed by an axisymmetriccenterbodywith a sharpconical leading
edge.Axial groovesare providedin both the centerbodyand the inlet
to place the stators. The inlet mouth is shaped like a bellmouth to
avoid lip separation.

Stator
The unsteadyloadingof the rotor bladesis due to wakesgenerated

by four stators.The primary functionof thesenonturningstators is to
support the centerbody. Figure 2 shows a photograph of the stator.
Each stator has a chord of 2.08 in. (0.053 m) and a thickness of
0.25 in. (0.0064 m). The � at faces end in sharp leading and trailing
edges. The trailing edge is provided with six blowing holes, with
a pitch–hole diameter ratio of two. Each passage is L shaped as
shown by the dashed lines in Fig. 2. The passagebegins at the top of
the stator with a diameter of 1

8 in. (0.0032 m) and terminates at the
trailing edge in a diameter of 1

16 in. (0.0016 m). A tube connected
to the microvalve is inserted into each passage. The stator is held
onto the inlet by a bolt, and the air supply tubing protrudes to the
outside through a slot cut into the inlet.

MEMS Based Actuator
The � ow rate through each blowing hole is controlled by indi-

vidual MEMS based microvalves, shown in Fig. 1. This individual

Table 1 Microvalve speci� cations

Fluid media Noncorrosive gases

Outlet pressure range 0–100 psig
(0–6.89E5 Pa)

Maximum supply pressure 100 psig (6.89E5 Pa)
Proof/burst pressure 150/250 psig

(1.03E6/1.72E6 Pa)
Flow rate range, in sccm (standard cubic 0.2–3000 sccm

centimeters per minute) (based on (4.1E-12–6.15E-8 kg/s)
nitrogen at 25 psid and 25±C)

Response time (0–100% full-scale rise time) 0.5 s
Average power consumption (at 50% � ow 0.7 W

capability)
Operating temperature range 0–40±C
Signal voltage 0–15 V
Power supply (0.250 A peak, 0.100 A 15 V

continuous)

Fig. 2 Stator with trailing-edge blowing holes.

adjustment of the blowing for each hole should be contrasted with
previous research by Leitch7 and Leitch et al.,8 where a � xed set of
hole diameters were used. The microvalves used for this research
are NO-3000 FluistorTM , supplied by Redwood Microsystems.The
NO denotes that the microvalves are normally open, that is, if no
signal voltage is applied, the microvalves are fully open and oper-
ate at maximum � ow rate as governed by the source pressure. The
design speci� cations11 as given by the manufacturer are shown in
Table 1. The microvalves operate on the patented thermopneumatic
principle.A brief descriptionof the operation,discussed in a private
communicationwith C. F. LorenzoofNASA Lewis ResearchCenter
in 1998 and in Ref. 12, follows. The actuator is a sealed cavity with
the control liquid inside it. One wall of the cavity is a diaphragm
that � exes when the cavity pressure increases due to evaporationof
the liquid. A thin-� lm resistor provides the heat required for vapor-
ization. The � exing of the diaphragm wall is translated into valve
movement. Thus, � ow rate is governed by varying the signal volt-
age, for a normally open valve from 0 to 15 V. This is illustrated in
Fig. 3, which shows the dynamic pressure measured at the exit of
the microvalve as a function of the signal voltage. It is clear from
Fig. 3 that the microvalve exhibits a nonlinear operation near the
fully open and closed conditions.

Error Sensors
The error sensors used in this study are pitot-static probes used

to measure the total pressure in the wake behind each stator as
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Fig. 3 Microvalve voltage response.

shown in Fig. 1. Four threaded holes are provided in the inlet for
mounting the error sensors. The holes are positioned such that each
error sensor measures the maximum total pressuredefect in a wake.
The probes are placed 0.5Cs downstream of the stator, where Cs

is the stator chord. This spacing was decided on after bench tests
showed that a distance of 0.5Cs is required to allow the jet to mix
into the wake. Measurementsmade closer to the statorwill sense the
potential core of the jet issuing out of the blowing hole rather than
the mixed out� ow and, hence, would generate an erroneous control
signal. The spanwise location of the wake probes is not critical in
this system because the wake is almost uniform along the stator
span.7;8 This also implies that a single wake probe is suf� cient for
this setup. However, for many airfoils of realistic engines the wake
is not uniform, and multiple probes might be needed.

Becauseof their intrusivenature, it is important to remark that the
use of these � ow sensorsmay not be practical.One problemof these
sensors is that they also producea wake that is not sensed and, thus,
is left un� lled. To minimize this secondary wake, the probe should
be reduced in size, which could then lead to structural problem and
result in durability issues. Finally, the close spacingbetween stators
and blades typical of real engines could clearly be a limiting factor
for these probes. However, active control experiments using these
sensors are still very important because they provide an error signal
that is directly the quantity to be minimized. Results using this � ow
sensing approach can then be used as an upper-limit performance
curve to compare other nonintrusive sensing approaches.Note that
the key goalof TEB is to improvethe HCF life throughthe reduction
of the blade strains. Thus, the optimum wake � lling will yield the
maximum strain reduction with the minimum blowing. Of course,
fully reenergizing the wakes will lead to an improvement in the
HCF life. The optimum blowing distribution is a matter of current
research.

Control Algorithm
The control algorithm used in this application is a feedback

proportional– integral–derivative (PID) controller. PID controllers
are widely used in the process industries.13;14 Proportional control
can lead to reducederrors to disturbancesbut still has a small steady-
state error. It can also increase the speed of responsebut typically at
the cost of a larger transientovershoot.If the controlleralso includes
a term proportionalto the integral of the error, the error to a step can
be eliminated. However, there tends to be a further deteriorationof
the dynamic response.Finally, additionof a term proportionalto the
error derivative can add damping to the dynamic response. These
three terms combined form the classical PID controller.

A block diagram of the application of the PID controller to the
trailing-edge blowing is shown in Fig. 4. A single-input/single-
output (SISO) PID controller optimizes the blowing of each stator.
The SISO controller uses the freestream pitot probe to pick up the
reference signal, whereas the probe behind the stator provides the
wake signal. The difference between the outputs of the two probes
serves as the error signal. Each stator has six blowing holes with
each hole supplied by a single microvalve.All six microvalvescon-
nected to a particular stator are driven by the same SISO controller.

Fig. 4 Block diagram of PID controller.

Fig. 5 Test bench.

An offset voltage is applied to ensure that the microvalves oper-
ate primarily in the linear region of the performance curve shown in
Fig. 3. These offset voltageswere obtained in a bench test to achieve
complete � lling of the wake.

Results and Discussion
In this section, the obtained results are presented and discussed.

First results are presented of aerodynamic results obtained from a
test bench. Results demonstratingactive control are presented next,
and, � nally, the acoustic results are shown.

Aerodynamic Results from Test Bench
Initial aerodynamic studies were conducted with the test bench,

as shown in Fig. 5. These experiments involvedmeasuring the � ow-
� eld downstream of the stator without and with TEB. The purpose
of these tests was to investigate the effectiveness of wake � lling
obtained by controlling individual blowing holes. This test bench
was also used to determine the offset voltage for each MEMS based
microvalve in the stators, as well as the supply blowing pressure.
The test bench consists of two parallel Plexiglas® plates with the
stator mounted in between. This assembly is placed at the exit of
a blower discharge nozzle. The � ow� eld is measured by traversing
a pitot-static probe in the grid shown. No measurements are made
close to the endwalls.The trailingedge of the stator lies at the center
of the traversed width. Also, the span of the traverse is restricted to
the region bounding the blowing holes.

Wake Filling
The aerodynamic results are presented in the form of two-

dimensional contour plots in Fig. 6. The X axis is the pitchwise
direction, nondimensionalized by the stator thickness. The Y axis
is the spanwise direction, nondimensionalizedby the stator height.
The contours display the ratio of the axial velocity to the maximum
freestream velocity obtained in the measured grid. The choice of
maximum freestream velocity is made to assign a common base for
all ratiosandalso to bringout thevariationsthat exist in the � ow� eld.
Also seen in Fig. 6 are two vertical lines at §0.5 on the X axis repre-
senting the maximum thickness of the stator, with the X-axis origin
locating the trailing edge. The circles with crosshairs represent the
location of the TEB holes. Data are acquired 0.5Cs downstream of
the stator, without and with blowing.

Figure 6a is a velocity ratio contour plot of the baseline case,
that is, without TEB. The wake is centered about the trailing edge
of the stator, as seen by the maximum velocity defect occurring at
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a) Without TEB

b) With TEB

Fig. 6 Comparison of axial velocity ratio.

the X-axis origin. The freestream axial velocity is not uniform in
the spanwise direction, being slower closer to the hub. Figure 6b
shows the velocity ratio contour plot with the application of TEB.
The data are acquired after the blowing rate of each blowing hole is
optimized by adjusting the voltage to the MEMS valves. The blow-
ing rate is optimized when the total pressure in the wake equals
the freestream total pressure. Two pitot-static probes are used to
optimize the blowing rate. One of the probes, the reference probe,
measuresthe freestreamtotalpressure,which is the referencesignal.
The other probe, the error probe, is located behind the trailing edge
of the stator and measures the maximum velocity defect generated
by the stator. Both probes are located at the same streamwise dis-
tance and spanwise locationdownstreamof the stator,with the error
probe placed in line with a blowing hole. The plenum pressure is
maintained constant at 85 psig (5:86 £ 105 Pa). The signal voltage
of the relevant MEMS microvalve is adjusted by a potentiometer,
until both the probes read the same total pressure. This procedure
is repeated at all six blowing hole locations, so that at each blow-
ing hole location the total pressure behind the stator trailing edge
equals the freestream total pressure at the spanwise location of the
hole. The reference probe is removed and the � ow� eld is traversed
in the pitchwise direction. By the use of this approach, the relative
offset voltage to the MEMS microvalves in the stator is determined.
It was found that these offset voltageswere not a critical parameter.

At most spanwise locations, the wake velocity is equal to, or
varies in small amount with, the axial velocity in the freestream at
the same span. In addition, the spanwise variation of axial velocity
in the wake is very similar to that in the freestream.

The procedurefollowedfor optimizingthe wake � lling at discrete
spanwise locations emphasizes the advantage of individual control
in the presence of spanwise variations in the axial � ow velocity in
the wake region. This also helps avoid the potential of over� lling,

Fig. 7 Schematic of test setup.

which is as undesirable as the wake in this particular setup, where
the wakes are nearly uniform along the stator span.

Setup for Active Control and Acoustic Tests
Figure 7 shows a schematic of the test setup for the active con-

trol and acoustic tests conductedin an anechoicchamber. The setup
shown in Fig. 1 was mounted onto the simulator. The simulator is
� xed to a support stand. High-pressure air to run the simulator is
obtained from an air tank suppliedby a compressor. Ducting is pro-
vided to exhaust the turbine air to the atmosphere. Air for TEB is
also obtained from the same source. The air is � rst supplied to the
plenum from which it is distributed through four pipes to the mi-
crovalvemanifold.Six microvalvesare connectedto each of the four
air lines and each microvalve in turn is connected to a single blow-
ing hole. Before the actual tests, a preliminary investigationhelped
determine the followingcharacteristicsof the � ow� eld downstream
of the stators.The maximum velocitydefect is differentfor each sta-
tor. However, for a given stator, the axial � ow velocity in the wake
behind the trailing edge of the stator does not vary with radius. The
freestreamaxial � ow velocity is also uniform radially.This allowed
a singleerror sensorto be usedbehindeachstator,as shown in Fig. 1.
Furthermore, the same control signal was applied to all microvalves
on a stator.

Active Control Experiment and Results
The active � ow control experimental results presented in this

section were obtainedon the simulator in the anechoicchamberand
demonstrate the performance of the active � ow control system. As
mentioned earlier, the purpose of the PID feedback controller is to
use the error signal to control the microvalves actively so that, as
the � ow condition changes in an engine, the amount of wake � lling
can be optimized by adjusting the microvalve.

A testwas performedto demonstratetheeffectivenessof theactive
control system to adjust to varying � ow conditions.To this end, the
simulatorspeedwas changedas a functionof time, and the abilityof
the microvalveto adjust theblowingrate to complete thewake � lling
was recorded. The results are shown in Fig. 8. Figure 8 shows the
time historiesof the control, freestreampitot probe,one of the wake
pitot probes, and the simulator speed signals. The lower two traces
in Fig. 8 are the pressures measured in the freestream and in one of
the statorwakes.The differencebetween these signals is the velocity
de� cit or error signal to be minimized. Figure 8 clearly shows that
the controllerwas successfulin adaptivelydriving the microvalveso
that the wake and the freestreamessentiallyhave the same velocity,
thus ensuring optimal wake � lling. The dynamics of the controlled
system are revealed only if a drastic change in the simulator speed
is produced, for example, speed changes at t D 150 and 200 s. For
example, the simulatorspeed was decreasedfrom 40,000 rpm down
to 20,000 rpm in about 9 s at t D 150 s. From the freestream and
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wake traces, the control system requires about 12 s to optimize the
wake � lling, that is, minimize the error signal. Similar behavior is
observed at t D 200 s where the simulator speed is ramped up from
20,000 to 40,000 rpm. These results demonstrate that the active
� ow control of wakes is feasible under realistic changes in � ow
conditions.

Acoustic Results
Because aerodynamic measurements were not carried out, the

sound � eld was monitored at far-� eld locations as an indirect indi-
cator of the wake � lling. The successful wake � lling leads to the
reduction of the tonal noise components due to the suppression of
the interactionof the statorsand the fan blades.Thus, the attenuation
of the noise at the BPF and the harmonics is an indirect measure-
ment of � lling of the wake, which in turn is an indication of the
reduction in blade vibration and the HCF damage. The monitored
far-� eld microphone locations are depicted in Fig. 9. The SPL re-
sults presented in Figs. 10–12 were obtained by taking the average
of 50 spectra.

Figure 10 shows the noise spectra in the far � eld at 20 deg of the
simulator axis with and without active control. The BPF tone oc-
curs at 8850Hz and correspondsto a simulatorspeedof 29,500rpm.
These spectra demonstrate a reduction of about 8.2 dB at the BPF
tone and reduction between 6 and 3 dB at the � rst four harmon-
ics. The wake � lling does not lead to reduction in the broadband
noise component. These tonal noise reductions again clearly indi-
cate the successfulwake � lling as well as the reductionof the blade
forcing functionand vibration.An uncertaintystudy was performed
to determine the con� dence in the experimental results. The mean
power and standard deviation for the BPF and 2BPF tones were
computed without and with active � ow control. The con� dence in-
terval was computed using these values, and they are presented in
Table 2.

The radiating directivities at the BPF were also obtained for the
purpose of estimating the SPL. The con� dence interval, that is,
mean plus or minus standard deviation, is also shown in Figs. 11
and 12 as dotted. Figure 11 compares the directivity of the BPF
tone at 29,500 rpm without and with TEB. As observed, the BPF
tone is reduced at all recorded positionsexcept at 0 deg, which lines
up with the axis of the simulator. Signi� cant reductions, greater
than 3 dB, are obtained at most positions. The maximum reduction
is 8.2 dB at the 20-deg position, which agrees well with the 7-
dB reduction obtained in the work by Leitch 7 and Leitch et al.8

Note that aerodynamic measurements by Leitch7 and Leitch et al.8

showed nearly full � lling of the wake in their experiments.Because
the same setup is used, it is quite reasonable to conclude that nearly
complete � lling of the wake is also achieved here.

Figure 12 compares the directivityof the BPF tone at 40,000 rpm
without and with TEB. The BPF tone shows reduction in the sector
from 0 to 40 deg. The maximum reduction obtained is 7.3 dB at
20 deg. In the sector from 60 to 110 deg, it can be observed that the
SPL remains the same, with and without TEB.

Fig. 8 Time histories of control, pressure pitot probes, and simulator speed signals.

TEB to reenergize the wakes from the stators results in the sup-
pressionof the stator–rotor interactioneffect. However, the far-� eld
radiation is due to the contributionof several noise sources, in par-
ticular the stator–rotor and the rotor–EGV interactions. Thus, the
maximum allowed reduction in the radiation directivity from reen-
ergizingthe statorwakes is limitedby thepresenceof the rotor–EGV
interaction.In the experimentsperformed to obtain the radiation di-
rectivities, the wakes were effectively reenergized,that is, the wake
total pressurewas equal to the freestreamtotal pressure (see Fig. 8).
Because of this, it is believed that the radiation directivities with
TEB shown in Figs. 11 and 12 are mainly due to the rotor–EGV
interaction.

The radiatedsoundpowerwas computedfrom the radiationdirec-
tivities by integrating the far-� eld acoustic intensity. Determining
the soundpower has the advantagethat it describesthe soundenergy
output of the source, without regard to the directivity.This provides
a more direct understandingof the effect of TEB on source strength.
Because the resolutionof the recordeddata is not high, this analysis
provides an estimate of the sound power level, and the change in
sound power level with TEB helps us to better understand the effect
trailing edge blowing has on the unsteady interaction.

The BPF power reduction is signi� cant at both test speeds. At
29,500 rpm, the power in the BPF tone was reduced by 4.4 dB.
At 40,000 rpm, the reduction in the BPF tone power was 2.9 dB.
A reduction in far-� eld acoustic power can be directly interpreted
as a reduction of similar magnitude in the source power. TEB re-
duces the magnitude of the velocity defect seen by the rotor and

Table 2 Con� dence interval analysis at 20 deg

Parameter,
BPF tone, dB 2BPF tone, dB

¹ D mean,
¾ D standard Without With Without With
deviation TEB TEB TEB TEB

¹ C ¾ 95.2 87.1 94.0 88.0
¹ 94.8 86.6 93.7 87.6
¹ ¡ ¾ 94.3 85.9 93.3 87.1

Fig. 9 Position of far-� eld monitoring microphones.
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Fig. 10 Far-� eld acoustic spectrum at 20 deg without and with active � ow control.

Fig. 11 Directivity of BPF tone at 29,500 rpm, con� dence
interval ( ¢ ¢ ¢ ¢ ).

Fig. 12 Directivity of BPF tone at 40,000 rpm, con� dence
interval ( ¢ ¢ ¢ ¢ ).

also smoothes the velocity pro� le. Furthermore, this decreases the
unsteady loading experienced by the blade as it passes through the
wake and, hence, the reduction in source strength.The lesser power
reduction at the higher speed is probably because with an increase
in speed the acoustic power generated by the rotor and the EGVs
interaction increases.

Conclusions
An active � ow control system is developed to obtain effective

wake management through TEB in a rotating environment. The

� ow� eld downstream of a stator row is characterized by the pres-
ence of wakes. These are discrete � ow regions where the axial � ow
velocity is lower than that in the freestream.Furthermore, the veloc-
ity pro� le varies throughout the wake region. When a rotor chops
through the wakes, it experiences unsteady loading due to continu-
ous variation in the inlet � ow velocity. This causes blade vibration
and the associated strain cycles that lead to HCF damage. In addi-
tion, the unsteady stator–rotor interaction results in acoustic energy
at discrete frequencies, that is, BPF tone and harmonics. To reduce
or eliminate these effects of unsteady interaction, the wake is reen-
ergized by injecting mass from the trailing edge of the stator vanes.

In this investigation,a symmetric inletwith fourupstreamsupport
stators is mounted on a turbofan simulator. These stators generate
four wakes, and the periodic interaction of the rotor blades with
these velocity defects generates discrete frequency noise. The ex-
perimentis set up in an anechoicchamber,and thediscretefrequency
noise is measured by placing microphones in the far � eld. Next, the
wakes are reenergized by TEB. To this end, each stator is provided
with six discrete holes spaced equally along the stator span. The
air supply to each blowing hole is controlled by individual MEMS
basedmicrovalves.A four-channelPID controllergenerates the sig-
nal voltage that controls the � ow rate through each microvalve.The
inputs to the PID controller are the total pressures in the freestream
and wakes behind each stator. The error signal is computed as the
differencebetween these signals, with the freestream total pressure
as the reference. Pitot probes immersed in the � ow measure the
wake total pressures that are used as inputs to the controller. Thus,
an active � ow control system is incorporated.The advantagesof this
system are that effectivewake � lling is achievedand that changesin
operating condition can be tracked for effective wake management
with changing conditions.

From the results presented, it can be concluded that controlling
the blowing rate of each hole produces a very uniform � ow� eld
downstream of the stator. In addition to eliminating or reducing
the circumferential variations, the radial gradient present in the
freestream � ow is maintained in the wake region after effective
� lling is achieved. The ability of the system to achieve effective
wake � lling when subjected to a change in inlet � ow conditions
demonstrates the feasibility and advantageof active � ow control. It
was alsodemonstratedthat far-� eldSPLs at the relevantdiscretefre-
quencies are reduced by TEB. Furthermore, the reduction in source
strength caused by eliminating or decreasing the circumferential
velocity defects supports the effectiveness of TEB in reducing un-
steadystator–rotor interaction.The maximum sound level reduction
is observed at the blade passing frequencyof each tested speed. The
maximum tone reductions obtained are 8.2 dB at 29,500 rpm and
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7.3 dB at 40,000 rpm. Sound power level at the BPF tone, calculated
from the measured directivity, is reduced by 4.4 dB at 29,500 rpm
and 2.9 dB at 40,000 rpm.
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