ot

i
i
3
1
H
]

CEAS/AIAA-95-028

ACTIVE CONTROL OF FAN-GENERATED TONE NOISE
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ABSTRACT

This paper reports on an experiment to control the
noise radiated from the inlet of a ducted fan using a
time domain active adaptive system. The control
sound source consists of loudspeakers arranged in a
ring around the fan duct. The error sensor location is
in the fan duct. The purpose of this experiment is to
demonstrate that the in-duct error sensor reduces the
mode spillover in the far field, thereby increasing the
efficiency of the control system.

The control system is found to reduce the blade
passage frequency tone significantly in the acoustic
far field when the mode orders of the noise source and
of the control source are the same, when the
dominant wave in the duct is a plane wave. The
presence of higher order modes in the duct reduces
the noise reduction efficiency, particularly near the
mode cut-on where the standing wave component is
strong, but the control system converges stably.

The control system is stable and converges when the
first circumferential mode is generated in the duct.
The control system is found to reduce the fan noise in
the far field on an arc around the fan inlet by as
much as 20 dB with none of the sound amplification
associ-ated with mode spillover.

INTRODUCTION

The emergence of the ultra-high bypass ratio engine
on aircraft in the 21st century is expected to pose
new and significant challenges to the noise control
engineers. The dominant engine noise source will
shift from the jet to the fan. The blade tip speed will
be subsonic or transonic so that the fan noise will
have high tonal content at harmonics of the blade
passage frequency and the fundamental tone will be
at a frequency less than 1000 Hz. In order to provide
sufficient thrust, the engine diameter will be on the
order of 3.66 meters (12 feet); and, in fact, engine
size will be limited by considerations such as space
available under the wing and allowable landing gear
length. Weight is a significant parameter in the
design of the power plant and in order to minimize
the weight of the large diameter nacelle, it will be as
short and as thin as possible. The relatively low
blade passage frequency necessitates thick bulk liner
treatment which is extensive in the axial direction,
while thickness and length restrictions limit the
amount of passive noise control treatment that can be
applied.

The conflicting goals of minimum weight and
maximum noise reduction can be aided materially by
active noise control. Active noise control is well
suited for applica-tions in which a low frequency
noise source limits the utility of passive control
methods.! An active noise control system can provide
significant noise reduction without excessive weight
penalty, and research is continuing on development of
light-weight, efficient control sound sources.2

Noise in ducts has long been considered an attractive
application of active noise cancellation because the
duct serves as a wave guide both to the source noise
and to the control sound. Paul Lueg was issued a
patent nearly 60 years ago for control of sound in a
long duct using a system that consists of a reference
microphone to measure the noise to be controlled, a
source for the control sound which is equal in
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amplitude but opposite in phase with the noise at
that point, and a processor that delays to adjust for
propagation from the measurement microphone to the
control source.3 A major problem has delayed
implementation of this control concept and it is the
instability that is caused by feedback of the control
signal onto the reference microphone. To control this,
one research area takes the direction of development
of sound sources that are intended to generate sound
that propagates in one direction from the control
source, thus reducing the feedback.4 Another
direction is to develop a model of the feedback loop in
the digital signal processor and to subtract the
synthesized feedback signal from the measured refer-
ence signal.5 A third method to control the
instability is to eliminate feedback altogether by
using a non-acoustic reference, such as the signal
from a tachometer on an engine operating at steady
state.® Utilization of the non-acoustic reference is
appropriate when the source noise is periodic, such as
is generated by a fan, and when the controller needs
only frequency information about the source. The
control system described in this paper uses a non-
acoustic reference signal from a blade passage sensor
on the fan.

Active noise control systems have been shown to
reduce multiple harmonic tones of periodic noise
generated in a duct by a loudspeaker.” Numerous
researchers have demonstrated control of duct-borne
sound generated by fans, either multipie pure
tones,8:9 or broadband fan noise.5 The results
reported generally show the noise reduction at the
error microphone where the cancellation is expected to
be quite effective. Researchers at Virginia
Polytechnic Institute and State University have
developed an active control system on the inlet of a
commercial jet engine using a ring of loudspeakers as
the control source.l9 The error microphones, which
are located in the acoustic far field for the
experiments with this engine, have a large diaphragm
so that the sound is effectively integrated over a
finite space. The result is a broadened spatial extent
of noise reduction with a slight loss in magnitude.
The most significant problem encountered in this
experiment is the mode spillover due to mismatch of
the mode compositions of the noise and the control
sources. This mode spillover results in noise
amplification at some locations away from the control
microphones.

The purpose of the experiment reported in the present
paper is to develop a control system utilizing error
sensors located in the fan duct. It is felt that the
spatial extent of noise reduction and, more impor-
tantly, the mode spillover effect, can be controlled
more effectively with the in-duct error sensor.

CONTROL THEORY

This section discusses the general theoretical
development of the Least Mean Square (LMS)
Algorithm and the Adaptive Filter. The block
diagram of the generalized control system is shown in
figure 1. The block labeled "PLANT" indicates a
transfer function in which some measurable
continuous signal s is the input and the output is a
disturbance signal d. The control system signified by
the dashed lines generates a discretized signal yy
which combines with the disturbance to produce an
error €. It is the purpose of the control system to
generate the signal which minimizes the error.
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FIGURE 1. Generalized Control System.

The continuous signal, s, is sampled at discrete time
intervals, A, in the digital computer and collected
into a vector Xk of length n:

Xk
Xk-1
Xg =91

Xk-n+1

The element xj is the digitized sample of s taken at
the present time. The element xk.1 is the digitized
sample of s taken on the previous loop, A seconds in
the past, and so on to Xk-n+] which is the digitized
sample of s taken (n-1)*A seconds in the past. The
vector Xk is constantly updated on each loop with the
oldest value discarded, and the newest value put in
the top of the array. The scalar output of the
adaptive filter is obtained from:

n-1
(1) Yk = Swixk.p = WTxXg
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where:

WT = the transpose of the vector W and
W = a vector of weighting coefficients;

w0
w1

Wn-1

The error at time ti is the combination of the
disturbance and the filter output:

(2) g =d-wTx,

The mean square error, 82, is minimized by setting
to zero the derivative of the expectation of the mean
square error with respect to the weighting vector.11
The LMS Algorithm is intended to approximate the
optimum solution in real time, using the method of
steepest descent., The weight function for the current
loop through the controller, Wj is updated using the
weight function from the previous pass through the
loop, Wj.1 plus a change proportional to the negative
gradient of the mean square error, vj

a(si) a(Ek)
dw(Q awg
(3) Vj= < =2 Ek <
6(512() o)
[ ¥n-1 9wn.1

where:

€k = the current value of the digitized sample
of the error.

The slope of the error curve is evaluated from
expression 2:

a
(ek)
A

(4) . = Xk

a(ek)

dwn.1

The weighting vector is updated in the LMS Algorithm
according to the expression:

(5) Wi =Wj.1-24p \%]
=Wj1-2pep Xk

where:
u = user defined adaptation constant

The algorithm will converge in the mean and will be
stable as long as the adaptation constant p is
positive and less than the reciprocal of the largest
eigenvalue of the matrix formed from the product of
the vector Xk and its transpose.!l The speed with
which the algorithm converges is dependent on the
adaptation coefficient and the convergence is greatest
for the largest value of u that does not violate the
maximum value criterion. The expected value of the
weight vector in expression 5 converges to the
optimum Weiner weight vector when the input vectors
are uncorrelated over time.

MODAL DESCRIPTION OF SOUND
PROPAGATION IN DUCTS

The homogeneous wave equation for sound pressure of
frequency w traveling in a cylindrical duct in
quiescent air is solved in order to define the natural
frequencies and mode shapes:

lo(p)y, LaZp a2p o o
(6) ror\"sr/ * 202 * az2 T X°P
where:
@

k= c

¢ = speed of sound

r = the radial coordinate

z = the axial coordinate

8 = the circumferential coordinate

The solution of the wave equation has the general
form:

(M plr, 8, 2) = eik,2 (AT (k)

+ 1 BmYm(kpynr)} cos(m6)




NASA LaRC. The inlet to the fan duct is in the
anechoic chamber and the remainder of the duct is in
the model assembly area adjacent to the chamber.
Figure 2 shows a schematic of the overall experiment
layout. The anechoic chamber volume is 482 m3
(17000 ft3) and the acoustic wedges on floor, walls,
and ceiling are 0.91 m (3 feet) deep, giving a lower
cut-off frequency of approximately 100 Hz. Far field
sound measurements are made using a 12.7 mm

(1/2 inch) B&K microphone on a rotating boom at a
radius of 1.52 m (5 feet) from the face of the duect
inlet. An inflow control device is installed on the
inlet of the duct.14 The purpose of the inflow control
device is to straighten flow into the duct and to break
up turbulent eddies which may be ingested into the
fan. The inflow control device is designed to simulate
the uniform inflow of forward flight in a static test.15
Figure 3 is a photograph of the inflow control device
on the duct inlet installed in the anechoic chamber.
The figure also shows the far field microphone.
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FIGURE 2. Fan noise control experiment layout.

FIGURE 3. Fan noise control ductwork, view from
inside the anechoic chamber showing
inflow control device and far field
microphone.

The control hardware duct piece contains 24 micro-
phones arranged uniformly around the circumference
of the duct and installed flush with the inside surface
of the duct. The error sensors in the control system
are taken from among these 24 microphones. The
microphones are 3.2 mm (1/8 inch) diameter
transducers embedded in a threaded 12.7 mm

(1/2 inch) diameter canister. Twelve control drivers
are distributed around the duct, as shown in the
photograph, figure 4. Each driver is rated at 120 W
rms. The drivers are attached to the duct by
transition horns that are thick-walled to prevent
sound transmission. The horns transition from the
round outlet of the driver to the rectangular slot in
the duct wall. The areas of both are the same, so
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The circumferential term, cos (m#8), satisfies the boun-
dary condition that the sound pressure at angle 6
must be the same as the sound pressure at 6 + 2x.
The coefficient m defines the order of the
circumferential or spinning mode.

The radial term consists of Bessel functions of the
first and second kind. The radial wave numbers,
kmn are evaluated from the n zeros of the derivatives
of the Bessel functions associated with the mth
circumferential mode. The terms come from the
boundary condition of zero radial velocity at the duct
outer wall and inner hub.

The axial wavenumber is evaluated from the
relationship

2 2

(8) kz =k mn

-k

When the sound frequency is high enough that the
wavenumber k is greater than the wavenumber of the
nth radial mode associated with the mth circumferen-
tial mode, k; is real and sound propagates. The

m,n mode is thus said to be cut on. For low frequen-
cies such that k < kpp, kz is imaginary. The argu-
ment of the exponential term in equation 7 is real
and negative indicating that the sound pressure
decays as it moves down the duct. The modes for
which k < kpp are said to be cut off,

The plane wave is always present in the duct since it
cuts on at 0 Hz. The first two spinning modes corres-
ponding to the lowest order radial mode cut on at
wave number normalized by the outer radius of the
duct, ka=1.84 for the (1,0) mode and ka=3.05 for the
(2,0) mode.12 The zero order spinning mode
associated with the first radial mode (0,1) cuts on at
ka=3.83. These are the values expected for a duct
with no centerbody.

The tonal part of the fan noise is generated by the
impingement of the vortices shed from the rotor on
the downstream fan exit guide vanes. These tones
occur at the blade passage frequency and its
harmonics. When the frequency is high enough that
the wave can propagate, the fan tones travel in
spinning modes defined from the relationship:12

9 m =nh B + kV
where:
nh = harmonic number
B = number of blades
V= number of fan exit guide vanes
k = any positive or negative integer,

including zero

When the number of blades and the number of vanes
is the same, the plane wave, m=0, is most strongly
excited. When the difference in the number of blades
and vanes is 1, the first spinning mode will dominate
at frequencies above the m=1 cut-on. The spinning
mode is characterized by a sound radiation deficit on
the fan axis. The sound is in a lobe which radiates
perpendicular to the duct axis when the mode is first
cut on and progresses toward the duct axis as the
frequency increases.13

EXPERIMENT LAYOUT
Duct

The experimental setup consists of a duet with the
following major elements: inflow control device,
control hardware section, an axial flow fan, and an
anechoic termination. The unit is installed in the
laboratory space of the Anechoic Noise Facility at



minimum impedance mismatch is expected. A thin
wire mesh covers the slot on the inside surface of the
duct to reduce cavity resonance as a source of noise.

The fan, whose outer casing is shown in figure 4, is
designed to generate noise predominantly by the
interaction of the rotor wake with the downstream
stator. The fan unit consists of a 16 bladed rotor
with airfoil-shape blades that are designed to deliver
1.36 kg/sec (3 Ib/sec) air flow and to produce 22.3 N
(5 pound) thrust at 4500 rpm. The stator vanes can
be positioned from 0.5 to 3.0 blade chord lengths
downstream of the rotor. The purpose for the
variability is to investigate the effect of rotor/stator
spacing on fan noise. Provision is made for flow
disturbance rods or other flow control devices to be
positioned upstream of the rotor, although none are
installed for this test. The fan tip diameter is 30 em

FIGURE 4. Fan noise control ductwork, view from
outside the Anechoic Chamber showing
noise control hardware, fan, and
anechoic termination duct sections.

(11,81 inch) with a hub diameter of 15.2 cm (6 inch).
The fan is driven by a 3 HP electric motor and rotor
speeds up to 6000 rpm can be achieved. The blade
passage frequency can thus be up to 1600 Hz. This
frequency corresponds to wavenumber normalized by
duct radius, ka = 4.38 for the 30 em diameter duct.

It is expected that the first two spinning modes of the
lowest radial and the first radial mode associated
with the zero order spinning mode will be cut on when
the fan runs at 6000 rpm. No other higher order
modes are expected to be cut on. The fan has been
designed so that the number of stator vanes can be
16, 17, or 18 and always uniformly spaced. It is
expected that the plane wave will dominate when the
fan is configured with 16 stator vanes, the 15t
circumferential (spinning) mode will dominate when
17 vanes are installed, and the 214 circumferential
(spinning) mode will dominate with the 18 vane
configuration.

A muffler section is located downstream of the fan as
shown schematically in figure 2 and in the photo-
graph, figure 4. This 3.7 m (12 foot) long duct is
lined with perforated metal and 50 mm (2 inch) of
sound absorbing material. The muffler reduces fan
noise radiation into the laboratory space and acts as
an anechoic termination for the discharge of the fan.

Control System

The a.ctive, adaptive noise control system uses a time
domain LMS algorithm. Figure 5 shows the
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schematic diagram of the control system, which
includes the fan and control hardware sections of the
duct. The reference signal for the controller is
supplied by a proximity probe which gives a signal at
each blade passage. The probe signal is low pass
filtered to remove the harmonics of the blade passage
frequency leaving a tone at the blade passage
frequency which is input to the computer. The error
signal is the combination of the fan and control noise
measured at the error microphones. The signal is
band pass filtered to remove extraneous noise, and
amplified before passing into the computer. The
output from the computer is the control signal which
is passed through up to 12 channels of gain/phase
network to adjust the signal to the individual
loudspeaker according to the order of the mode being
controlled.

il ]
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Filter
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FIGURE 5. Fan noise control system setup.

The controller is a Texas Instruments TMS320C30
(C30) floating point Digital Signal Processor (DSP)
board which is mounted in a personal computer
through the ISAbus. The reference and error signals
are input to the computer by a 16-bit Analog-to-
Digital Converter with a fourth order filter to prevent
aliasing.. The Analog-to-Digital Converter has
153-KHz throughput. . The signal is output through a
16-bit Digital-to-Analog Converter with fourth order
filter to reconstruct and smooth the digital signal
produced by the C30. The Digital-to-Analog
Converter has 667-KHz throughput.

The control algorithm consists of a 4-coefficient
Adaptive Filter which applies the weighting factor to
the reference signal to generate the control signal,
and a Least Mean Square algorithm which updates
the weighting coefficients using the current values of
the coefficients and the error. The whole active,
adaptive control system is driven at the sampling
frequency (A) of the Analog-to-Digital Converters.

RESULTS
1. Plane Wave Generated in the Duct

A series of tests was run with the active, adaptive
noise control system incorporated into the fan duct
system. The number of stator vanes in the fan is 16
for these tests in order to excite predominantly plane
waves. The rotor/stator spacing is set to the
minimum value for the greatest rotor/stator
interaction. The signals from two microphones on
opposite circumferential locations in the duct are
added in phase to measure the error. The twelve

control speakers are activated in phase to simulate
the plane wave.
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Figure 6 shows the directivity plot of fan noise in the
acoustic far field with the fan operating at 2350 rpm.
The blade pPassage frequency at this fan speed is

627 Hz, and the normalized wavenumber, ka, is 1.76.
The blade passage frequency is thus below the first
spinning mode cut-on, and it is expected that only
plane waves will Propagate in the duct. The
microphone signal has been filtered so that the
directivity plot in figure 6 shows the blade passage
frequency tone. When the controller is not activated,
the directivity plot shows sound radiation that is
spatially uniform, confirming the expected plane wave
sound propagation in the duet, When the controller is
activated, the curves in the figure indicate that the
sound level is reduced approximately 14 dB in the far
field for observer loeations from 0° to 90°. This noise
reduction was found to be quite stable throughout the
time that it took to complete the directivity sweep.
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FIGURE 6. Far field directivity of BPF tone at
fan speed 2350 rpm, plane wave
dominant.

® : control off, M : control on

The fan was then run at 2800 rpm, which corresponds
to blade passage frequency of 750 Hz or normalized
wavenumber ka=2.10. This frequency is above the
first spinning mode cut-on frequency for the duct, but
it is expected that the spinning mode would not be
cut on strongly in light of the fact that the number of
blades and stators is the same. This is seen in the
directivity plots of the blade passage frequency tones
for control off and control on that are shown in

figure 7. The far field sound is not as uniform
spatially as it was below the mode cut-on, figure 6,
indicating the presence of a higher order mode.
However, the sound deficit on the fan axis that is
characteristic of the spinning mode dominance is not
found in the radiation pattern in figure 7, which
indicates plane wave dominance. When the controller
is activated, the sound level reduction is relatively
uniform at 2 dB in the acoustic far field at locations
from the fan axis to 90°. The far field noise
reduction, while stable and spatially uniform, is
much less than it is when blade passage frequency is
below the spinning mode cut-on.

The performance of the controller as a function of fre-
quency is indicated in figure 8. This plot was gene-
rated by operating the fan at speeds from 1500 rpm
to 6000 rpm and comparing the blade passage
frequency tones at the error microphone for control off
with control on at each speed. The control off
spectrum for the in-duct error microphone shows a
general trend in sound level to go up with engine
speed punctuated by increases at 2300, 3700, and
4800 rpm. The increases indicate the presence of
standing waves in the duct. The 2300 rpm speed is
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near the cut-on of the first spinning mode. The sound
level increase at this frequency is not large because
the generation mechanism for the higher order
spinning modes is weak. The cause of the increases
in sound level at 3700 and 4800 rpm as indicated in
figure 8 are not known at this time since these
speeds are significantly below the second spinning
and lowest radial mode cut-on. When the controller )
is activated, the system reaches steady state with
the error microphone signal decreased at all operating
speeds. The noise reduction is from 3 dB to as much
as 27 dB at the error microphone.
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FIGURE 7. Far field directivity of BPF tone at fan
speed 2800 rpm, plane wave dominant,

® : control off, W : control on
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FIGURE 8. Sound level spectrum of fan BPF tone at
in-duct error microphone.

® : control off, W : control on

Figure 9 shows the spectral noise reduction achieved
in the far field on the axis of the duct. When the
control is off, the far field spectrum is smoother than
it is in the duct, showing that the duct standing
waves are not propagated into the far field. Nojse
reduction is obtained with the controller at al]
operating speeds except 2700, 3900, and 5700 rpm.
These critical fan speeds are near those at which the
In duet error microphones registered st i

in the .duct. Coxpparison of figures 8 and 9 show that
the noise reduction In the far field i generally less



than that indicated by the in-duct error microphones.
In fact the error microphone signal indicated noise
reduction at the eritical speeds and the sound level in
the far field was either not affected or was increased.

2. Spinning Mode Generated in the Duct

A test series was run in which 17 fan exit guide
vanes are installed into the fan duct, while the rotor
blade count of 16 is retained. It is expected that the
dif-ference in the number of vanes and rotor blades
will cause the m=1 spinning mode to be exciteq. The
output from two microphones mounted on opposite
circumferential locations in the duct are added out-of-
phase to give the error signal. The phase of the
signal to each of the 12 control loudspeakers is
shifted by 30° relative to the previous driver in order
to simulate the m=1 mode,
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FIGURE 9. Sound level spectrum of fan BPF tone
at far field microphone fixed on the
duct axis, 8 = 0°,

@ : control off, W : control on

The fan was operated at 2800 rpm, which speed pro-
duces normalized wavenumber ka = 2.10. This is
above the first spinning mode cut-on and it is
expected that the m=1 spinning mode will be excited
into dominance. This is shown in the far field
radiation pattern, the lower curve in figure 10. The
upper curve in figure 10 shows directivity of the
experimental simulation produced by the control
drivers at 750 Hz. The far field radiation pattern
generated by the control drivers is seen to be
comparable to the fan noise radiation.

The result of activating the control system is shown
in figure 11. The spinning mode is virtually
eliminated, leaving a radiation pattern that suggests
a plane wave. This is reasonable since the plane
wave is always generated by the fan and the control
system is not programmed to reduce it.

CONCLUSIONS

The experiments discussed in this paper have verified
that time domain active, adaptive control is
applicable to reduction of fan noise in a duct. The

bropagate. The system utilizes in-duct error sensing

which is shown to provide global noise reduction in
the acoustic far field.
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FIGURE 10. Comparison of fan BPF tone to
simulation in the far field, fan
speed at 2800 rpm, m=1 mode
dominant
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FIGURE 11. Far field directivity of BPF tone at
fan speed 2800 rem, m=1 mode
dominant.

@ : control off, M : control on

The system is most effective when the mode
structures of the noise source and of the control
source are the same. When the fan is configured with
equal numbers of rotor blades and stator vanes, and
the control drivers are configured to generate plane
waves, far field noise reduction is greatest below
cut-on of higher order modes. The presence of higher
order modes, even though the plane wave is
dominant, compromises noise reduction performance.
When the number of stator vanes and rotor blades
differs by 1, and the control drivers are programmed
to generate the m=1 mode, the control system reduces
the first spinning mode, leaving the plane wave
component which is inevitably generated by the
rotor/stator interaction. The in-duct error sensor
produces a stable control signal which does not excite
uncontrolled higher order modes.

Generally the noise reduction measured by the in-duct

t_ion but no noise reduction was measured in the far
field. In some instances the sound in the far field
was increased with the control system activated, even
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though the control system stabilized at significant
noise reduction at the error microphone. These
conditions occurred when standing waves were
present in the duet. This condition is felt to be due
to the fact that the control system is reducing the
(dominant) standing wave component of the sound
while not affecting the propagating component. The
discrepancy between the in-duct error sensor
performance indication and the far field noise
reduction is the subject of continued research.
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