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(ABSTRACT)

An aeroacoustic investigation was performed to assess the effects of adding mass flow at
the trailing edges of four stators upstream of an aircraft engine smulator. By using trailing edge
blowing to minimize the shed wakes of the stators, the flow into the rotor was made more
uniform. In these experiments a reduced number of stators (four) was used in a 1/14 scale model
inlet which was coupled to a4.1 in (10.4 cm) turbofan engine simulator with 18 rotors and 26
downstream stators. This study isa preliminary step toward a more in depth investigation of
using trailing edge blowing to reduce unsteady rotor-stator interaction. Steady-state
measurements of the aerodynamic flow field and acoustic far field were made in order to evaluate
the aeroacoustic performance at three simulator speeds. 40%, 60%, and 88% of the design
speed. The lowest test speed of 40% design speed showed the most dramatic reduction in
radiated noise. Noise reductions as large as 8.9 dB in the blade passing tone were recorded at
40% design speed, while atone reduction of 5.5 dB was recorded at 60% design speed. At 88%
design speed a maximum tone reduction of 2.6 dB was recorded. In addition, trailing edge
blowing reduced the overall sound pressure level in every case. For both the 40% design speed
and the 60% design speed, the fan face distortion was significantly reduced due to the trailing
edge blowing. The addition of trailing edge blowing from the four upstream stators did not
change the total pressure ratio, and the mass flow added by the blowing was approximately 1%.
The results of these experiments clearly demonstrate that blowing from the trailing edges of the
stators is effective in reducing unsteady rotor-stator interaction and the subsequent forward
radiated noise.
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1.0 Introduction

The environmental impact of ajet aircraft engine has an important role in the overall
design of aplane, and a major aspect of that environmental impact is the airport community noise.
Densely populated areas are frequently exposed to excessive noise when engines are loudest and
when aircraft are closest to the ground. The two most prominent sources of noise from jet
engines are forward radiated fan noise and jet exhaust noise. Although jet exhaust noiseis
dominant during flight conditions, previous analysis by Trefny and Wasserbauer (1986) shows
that “forward propagating fan noise is a significant noise component during takeoff and
approach.”

A primary generating mechanism of forward radiated noise is rotor-stator interaction. The
three most common types of interactions are: rotor blades chopping through the wakes of
upstream stators, wakes from rotor blades impinging on downstream stators, and the pressure
fields of the rotors reflecting off nearby objects. The work in this thesis focuses on the first
generating mechanism, where the rotor blades in the turbofan simulator cut through the wakes
from four upstream stators in the inlet. As the blades rotate around, they periodically chop
through these wakes and radiate noise. This study focuses on reducing the unsteady interaction
between the stators and rotors by adding mass flow at the trailing edge of these upstream stators.
The goal of trailing edge blowing from the stators is to make the flow going into the rotor more
uniform. It isimportant to note that a zero-momentum wake is not necessarily a uniform wake.
A zero-momentum wake could be highly non-uniform aslong as the integral across the entire
profileis zero.

Thiswork is apreliminary step in the investigation of rotor-stator interaction and the
subsequent radiated noise. In this experiment a reduced number of upstream stators was used.
Only four stators, all with no turning angle and 0° angle of incidence, were placed upstream of the
rotor. The results from this configuration will be used to focus a future study involving an
increased stator count. The geometry of the inlet in this experiment is not entirely based on either
subsonic or supersonic inlet design trends. The inlet islonger than a conventional subsonic inlet,
but shorter than a supersonic inlet. It has a constant area profile and a simplified nose cone.



Based upon the inlet design, the results of this study have a number of applicationsin both
subsonic and supersonic inlets.

The amount of published material regarding the aeroacoustic effects of wake management
using trailing edge blowing is somewhat limited. Severa experiments were performed to examine
the effectiveness of different wake management strategies, and one experiment utilized results of
wake management tests to make acoustic predictions. To the author’s knowledge, thisisthe first
published work to describe actual acoustic measurements resulting from wake management in a
realistic turbomachinery environment.

Waitz, et al. (1995) predicted a significant acoustic benefit from blowing at the trailing
edge of rotorsin an aircraft engine. They predicted reductions in the strongest tonal harmonics of
as much as 10 dB, in addition to reduction of the broadband noise. Their principa conclusion was
that methods to control the fan wake are feasible for applications in high-bypass ratio
turbomachines. However, this anaytically-based conclusion was not substantiated by
experimental data.

There has been considerable interest in studying how different mass addition
configurations affect the resulting re-energized wakes. Using a variety of different mass addition
methods, Park and Cimbala (1991), Corcoran (1992), and Naumann (1992) all demonstrated that
trailing edge blowing from flat plates can significantly reduce time-mean wake deficits
downstream. The different trailing edge configurations included single continuous dlits, double
continuous dlits, single rows of discrete jets, double rows of discrete jets, and the addition of
vortex generators.

Thisthesisis organized into five chapters. The next chapter describes previous research
on trailing edge blowing and gives background information on the generation and propagation of
fan noise. Chapter 3 details the test procedures, facilities, inlet design, blowing technique, and
instrumentation. Chapter 4 provides the aerodynamic and acoustic comparisons of the blowing
versus no blowing cases. Chapter 5 examines the experimental results from the Chapter 4 and
draws a number of conclusions.



2.0 Background

This chapter consists of two sections. The first part describes previous research relevant
to trailing edge blowing. The second section examines at the physics of noise generation and duct
acoustics and how it relates to this research.

2.1 Previous Research in Trailing Edge Blowing

Park and Cimbala (1991), Corcoran (1992), and Naumann (1992) demonstrated that
trailing edge blowing can significantly reduce time-mean wake deficits and unsteadiness
downstream from aflat plate. Corcoran (1992) and Naumann (1992) experimented with severa
blowing techniques and configurations in a closed-circuit water channel. They both found that
trailing edge blowing is effective in attenuating the mean wake deficit from the edge of aflat plate.
In addition, Corcoran (1992) showed that trailing edge blowing reduces Reynolds stress,
vorticity, and velocity fluctuations within one chord length downstream. They also noted that the
fluid characteristics of re-energized wakes are highly dependent upon the method that was used to
generate them.

Naumann (1992) examined several different configurations for trailing edge blowing,
including a continuous dlit at the trailing edge, a set of discrete jets, and a set of discrete jets with
vortex generators. Naumann’s work showed that of these configurations discrete jets provide the
best results. Furthermore, he went on to show that vortex generators enhance downstream
mixing of the trailing edge blowing air and the wake.

Waitz, et a. (1995) used trailing edge blowing along with boundary layer suction on an
actual rotor blade in an effort to minimize the shed wake. This study used two-dimensiona
numerical and experimental models to determine how wake modification effects radiated noise.
The magnitude of the radiated noise was estimated using LINSUB, a two-dimensional, linearized



panel method. Using the experimental and numerical wake profiles, LINSUB was then used to
calculate the amplitudes of the radiated acoustic waves. These experiments were performed in a
wind tunnel facility using a stationary rotor blade with a chord of 9.8 in (25 cm) and span of 11.8
in (30 cm). Trailing edge blowing was accomplished using 0.06 in (1.5 mm) internal diameter
tubes center spaced at 0.12 in (3 mm).

Waitz, et d. (1995) concluded that wake management is feasible for high-bypass
turbomachinery. Acoustic predictions based on the aerodynamic data suggest that the strongest
tonal harmonics can be reduced by more than 10 dB. Trailing edge blowing reduced the time
mean wake deficit by 50% and the turbulent velocity fluctuations by 45% at a downstream
distance of 1.5 chord lengths. The amount of air added through the trailing edge blowing was less
than 1% of the overall fan mass flow.

All of the works previoudly discussed were geared toward applying wake management to
rotor-stator interaction. However, it isimportant to note that there is a separate noise generating
mechanism at work, noise from the rotor only. A common example of this noiseisthat whichis
radiated from helicopter rotors and propeller-driven aircraft. Succi (1993) examined techniques
to suppress the noise associated with the rotor only. By carefully applying blowing and suction
strategies aong the span of the rotor, he predicted that significant rotor noise attenuation was
achievable. Waitz, et al. (1995) cited that many of the blowing and suction strategies designed to
suppress noise from rotor-stator interaction could either increase or decrease the noise which is
associated with the rotor only. However, they went on to conclude that for high-bypass turbofans
any additional rotor noise resulting from wake management was small when compared with rotor-
stator interaction noise.

2.2 Noise Generation, Transmission, and Radiation

In experimental work with compressors there are usually three types of noise considered:
broadband noise, combination tone noise, and discrete tone noise. Broadband noise is relatively
equally distributed among all of the frequencies in the spectrum. This broadband noise can be
caused by vortex shedding, boundary layer turbulence, interaction of the blade pressure fields and
inlet turbulence, and interaction between the blade pressure fields and wall boundary layers.
Combination tones, otherwise known as multiple pure tones or “buzz-saw” tones, onset when the
relative Mach number of the rotor blade tips exceeds unity. Because of the highly nonlinear
nature of the leading edge shocks on each of the blades and small manufacturing discrepancies
between the blades, there are deviations between the shock amplitudes and spacing. Asaresult,
tones appear at integer multiples of the fan rotational frequency. For example, the smulator used
in these experiments has 18 blades rotating at 70,000 RPM. The combination tones thus occur at
1167 Hz intervals.



Discrete tone noise has been the most widely studied aspect of compressor noise. This
tone occurs at the blade passing frequency and its harmonics.

BPF(Hz)z%; n=123,. (2.1)

where: n = harmonic of the blade passing frequency
B = number of rotor blades
N = shaft rotational speed (RPM)

Tyler and Sofrin (1961) examined discrete tone noise in compressors by decomposing the
problem into three constituent parts: generating mechanisms, duct transmission, and radiation
into the far field.

The rotor-stator interaction in a compressor produces a number of standing waves or
modes. In the cylindrical geometry of a compressor and inlet, these standing waves exist in both
theradia (r) direction and the circumferentia (q) direction. The circumferential modes have a
very distinct number of lobes (amplitude peaks) in the pressure pattern given by

Im=nB+kv, k=..-101,... (2.2)

where: n = harmonic index
B = number of rotor blades
k = index
V = number of stator blades

In other words, multiples of the number of vanes (kV) are added and subtracted from the
product of the harmonic number multiplied by the number of rotor blades (nB). It isthese lobes
that produce the blade passing tone and its harmonics. Furthermore, these pressure patterns are
not stationary. Depending on the number of lobes a pressure pattern has, it will rotate at a
different speed in order to produce the blade passing frequency or an associated harmonic. The
rotation speed of the mode is given by

W = nB (2.3)
m
where: m = number of lobes or cycles of circumferential pressure variation
n = harmonic index
B = number of rotors
W = shaft rotational speed (rad/sec)



Unlessm = B, the lobed pressure pattern must rotate at a different speed than the shaft in
order to produce the tone at the blade passing frequency. For one blade, a one-lobed (m = 1)
standing wave pattern must rotate at the shaft speed in order for the lobe to pass at the same
frequency asthe blade. The sameistrue for an eight-lobed pattern (m = 8) with eight blades.
However, if m = 8 and B = 16, there are only half as many |obes as blades and the standing wave
must rotate at twice the shaft speed in order to produce the blade passing frequency. Similarly,
the pattern must rotate at four times the shaft speed to produce the first harmonic of the blade
passing frequency. For aparticular harmonic of the blade passing frequency, the noisefield isa
superposition of an infinite number of these rotating patterns al rotating at different velocities.

Having considered the noise generating mechanism, one must now look at how the
pressure waves propagate forward into the inlet. In fact, one must determine whether a given
mode will propagate through the inlet at all. The axial wave number, k. governs whether or not
a pressure pattern will propagate down the axis of an inlet and is given by

(2.4)

where: ¢ = speed of sound

k= w is the wave number for the standing wave
C

kmm = Characteristic number associated with the E-functions depending upon hub
to tip ratio (s), number of circumferential lobes (m), and the number of

nodes or points of zero pressure across the annulus (m.

f = frequency of the standing wave

fmm = cut-off frequency

The cut-off frequency is associated with the E-functions describing the radia pressure
distribution, hub to tip ratio of the inlet, the number of circumferential lobes, and the number of
nodes or zero pressure points across the annulus. E-functions are linear combinations of Bessel
functions of the first and second kinds which emerge directly from the solution of the acoustic
wave equation in cylindrical coordinates. If the frequency of interest, f, is less than the cut-off
frequency, fnm then the axial wave number will be imaginary. An imaginary wave number means
that the amplitude of the pressure waves will exponentially decay down the axis of the inlet, and
these waves are termed evanescent waves. In the case of areal axial wave number, kym the
pressure pattern will propagate down the inlet and radiate to the far field.

Once the sound propagates to the end of theinlet, it is free to radiate into the far field. As
the pressure waves propagate from the inlet into an infinite, homogeneous, and isotropic medium,



the boundary condition at infinity isthat there is no reflection. The radiation pattern (directivity)
in the far field can be relatively complex. It can be shown that only a plane wave

(m =0 mode) propagating from the duct has the peak of its far field pressure on the axis of the
inlet. All other modes have a pressure of zero at this position. As the frequency increases the
radiated field becomes more focused toward the centerline.



3.0 Experiment

This chapter describes the experimental setup. The first part describes the turbofan
simulator. The second section illustrates the inlet geometry and blowing configuration, and the
third section examines the test facility. Sections four and five describe the instrumentation and
measurements (both aerodynamic and acoustic). Finaly, section six details the test matrix for this
experiment.

3.1 Turbofan Simulator

The noise source used in this experiment was a Tech Development Model 460 turbofan
simulator. This model functions like afan in ahigh bypassratio engine. Figure 3.1 shows the
simulator and its rotating components. The simulator is powered by high-pressure air exhausting
through a single-stage turbine with 29 blades and a maximum mass flow of 1.50 |bm/sec (0.68
kg/sec). Thisturbine turns asingle stage fan that draws air into the simulator from the ambient
atmosphere. The two different air streams (high-pressure turbine air and ambient fan air) are then
mixed downstream of the ssimulator exit.

With a diameter of 4.1 inches, the single-stage fan has 18 fan blades, 26 stator blades, and
an exit areaof 5.7 in’. The Model 460 has a design speed of 80,000 RPM or 100 percent
corrected fan speed (PNC), and is capable of producing atotal pressure ratio of 1.6 with a mass
flow of 2.72 Ibm/sec (1.23 kg/sec). The instrumentation includes a magnetic pickup tachometer
to measure the shaft rotational speed and thermocouples to monitor the bearing temperatures.

In this experiment, the simulator was tested at 30,000 RPM (40 PNC), 50,000 RPM (60
PNC), and 70,000 RPM (88 PNC). Simulated approach speed for the Model 460 is 50,000 RPM
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Figure 3.1 Turbofan Engine Simulator




(60 PNC), and the simulated takeoff speed is 70,000 RPM (88 PNC). At 65,000 RPM (80 PNC),
the blade tip speed becomes supersonic, and combination tone noise onsets.

3.2 Blowing Stators

In this study, the turbofan simulator was coupled to the inlet shown in Figure 3.2. The
challenge was to design atest inlet that would be flexible enough for the results to be applicable
to awide variety of inlets, while focusing on rotor-stator interaction and reducing or eliminating
other factors that influence the acoustic results. The geometry of theinlet in this experiment is
not entirely based on either subsonic or supersonic inlets. The inlet was designed so that the
experimental results would be applicable to both subsonic and supersonic inlets. For example, the
results of this experiment are of interest when examining rotor-stator interaction in all types of
turbomachinery. However, these results can also be directly applied to rotor-strut interaction in
supersonic inlets. Thisinlet islonger than a conventional subsonic inlet and is equipped with a
centerbody supported by the stators. 1n order to reduce boundary layer effects, the inlet is shorter
than atypical supersonic inlet. The centerbody is greatly ssimplified, and the outer profile is made
so that the inlet has a constant area profile. The constant area profile does not accelerate the flow
through the inlet. Miller (1995) noted that as the flow Mach number approaches 0.5, a soft
choking effect lowers the tone and overall sound pressure levels radiated into the far field. Figure
3.3 compares theinlet used in this study and a representative supersonic and subsonic inlets.

The bellmouth on the inlet helps prevent boundary layer separation at the cowl surface
during the static tests. The bellmouth isidentical to those used in previous experiments. Miller
(1995) observed large regions of flow separation originating from a sharp cowl lip. The addition
of abellmouth to the inlet prevented the onset of boundary layer separation.

Each of the statorsin the inlet has a chord length of 2.25 in (5.72 cm) with a span of 1.25
in (3.18 cm). The stators have no turning angle and have a 0° incidence angle. The stators are
positioned so that the fan face is 75% of the chord length downstream from the trailing edges.
This axial distance between the stators and fan face provided the wake with an opportunity to mix
with the trailing edge blowing air before they impinge upon the rotating fan blades.

The most important aspect of the stator design is the configuration of the holes at the
trailing edge. Trailing edge blowing is accomplished using six holes, equally-spaced at 0.17 in
(4.3 mm). The blowing air isfed to these six holes by a0.125 in (3.2 mm) diameter circular
passage. The diameters of the holes from tip to hub are: 0.063 in (1.6 mm), 0.063 in (1.6 mm),
0.063in (1.6 mm), 0.047 (1.2 mm), 0.032 in (0.8 mm), and 0.032 in (0.8 mm). The blowing air
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is supplied to this circular passage from outside the inlet, and each of the six smaller holes taps off
of the circular passage. Figure 3.4 illustrates how the blowing air supply lines mate with the inlet
and stators on the test stand. In order to drill the six holes for the blowing air into each of the
stators, the trailing edges had to be cut. Instead of tapering to a sharp edge, the trailing edges of
each stator have athickness of 0.0625 in (1.6 mm).

The goal in designing atrailing edge configuration was to produce a uniform blowing
profile from the tip to the hub. A secondary consideration was that the hole configuration be
designed to use aminimal amount of blowing air. In order to achieve the most uniform profile
possible, a series of bench tests was initiated to help design the trailing edges of the stators. The
main problem is that the only exit from the circular passage is through the trailing edge blowing
holes. The flow reaches the bottom of the passage and stagnates, causing arise in total pressure.
Because of this non-uniform pressure profile inside the supply passage, it is difficult to achieve a
uniform blowing profile at the trailing edge. If equally-spaced holes of the same diameter are
used, most of the blowing air exits through the bottom holes. The simplest solution to obtain a
more uniform profile was to use larger trailing edge holes at the tip and smaller ones at the hub.

Two different hole configurations were investigated, six equally-spaced holes and nine
equally-spaced holes. In order to determine the best hole sizesto use, al of the holes were drilled
to the same diameter. Pieces of steel tubing with different inner diameters were then inserted into
the holes. By replacing the tubing with pieces of different inner diameters, avariety of hole sizes
could be tested and compared.

After extensive testing of different trailing edge configurations, it was found that six
equally-spaced holes provided the best results in re-energizing the wake. Figure 3.5 details the
stator geometry. Six discrete jets were effective in re-energizing the wake while adding a
relatively small amount of air to the overall mass flow through the fan. Appendix A outlines the
bench tests and presents the results. This bench test proved to be acrucia part of the experiment.
Because the blowing configuration can dramatically affect the wake, it isimportant to design and
test the trailing edge configuration based upon its intended application. It would be very difficult
to scale the design of these stators to a different application and achieve smilar results.

The source for the blowing air is a high-pressure air cylinder located outside the
anechoic chamber. Air travels from this cylinder to alarge cylindrical plenum near the inlet
through 18 ft (5.49 m) of 0.25in (6.35 mm) ID copper tubing. Next the air is piped from the
plenum to each of the four stators through four pieces of 0.125 in (3.18 mm) ID copper tubing,
each 1.875 ft (0.57 m) in length. The plenum has one inlet, four exits, a diameter of 4 in (10.2
cm), and a height of 41 in (104 cm). Aswith the air flow to the simulator, the flow rate of the
blowing air to the stators is manually controlled using a hand valve. Figure 3.6 illustrates the
equipment used to achieve the blowing on each of the four stators.
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Figure 3.5 Stator Geometry (all dimensions in inches)
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