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Active Control of Fan Noise from a Turbofan Engine

Russell H. Thomas,* Ricardo A. Burdisso,t Christopher R. Fuller,} and Walter F. O’Brien§

Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

A three-channel active control system is applied to an operational turbofan engine to reduce tonal noise
produced by both the fan and the high-pressure compressor. The control approach is the feedforward filtered-x
least-mean-square algorithm implemented on a digital signal processing board. Reference transducers mounted
on the engine case provide blade passing and harmonics frequency information to the controller. Error informa-
tion is provided by large area microphones placed in the acoustic far field. To minimize the error signal, the
controller actuates loudspeakers mounted on the inlet to produce destructive interference. The sound pressure
level of the fundamental tone of the fan was reduced using the three-channel controller by up to 16 dB over a
+ 30-deg angle about the engine axis. A single-channel controller could produce reduction over a =+ 15-deg angle.
The experimental results show the control to be robust. Outside of the areas controlled, the levels of the tone
actually increased due to the generation of radial medes by the control sources. Simultaneous control of two
tones is achieved with parallel controllers. The fundamental and the first harmonic tones of the fan were
controlled simultaneously with reductions of 12 and 5 dBA, respectively, measured on the engine axis. Simulta-
neous control was also demonstrated for the fan fundamental and the high-pressure compressor fundamental

tones.

Nomenclature
C( ) = cost function
D = diameter of the engine fan, 0.53 m
d, = disturbance signal

E[ ] = expected value operator
e, = error signal

T = transfer function

u, = control source input signal

w; = adaptive filter coefficients

X, = reference signal

Yr = control source output signal

v = coherence

" = convergence parameter
Introduction

OISE has been a significant negative factor associated

with the commercial airline industry since the introduc-
tion of the aircraft gas turbine engine. As engines evolved from
turbojet to primarily turbofan cycles, fan noise has become an
increasingly large contributor of total engine noise. For high
bypass ratio engines (with bypass ratios of 5 to 6) currently in
use, fan noise dominates the total noise on approach.! On
takeoff, the fan exhaust noise and the jet noise can both be the
dominant noise sources.! Traditionally, acoustic wall treat-
ment has been used as a method to address this problem.
However, this passive technique has only made small reduc-
tions in total fan inlet noise levels of less than 5 perceived noise
level (PNL) dB,! although for a specific tone the reductions can
be greater. A typical fan acoustic spectrum includes a broad-
band noise level and tones at the blade passage frequency and
its harmonics. These tones, for narrowband measurements,
are usually 10-15 dB above the broadband level. This is for the
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case where the fan tip speed is subsonic. Multiple pure tones
appear as the tip speed becomes supersonic.

The introduction of ultrahigh-bypass ratio engines in the
future, with the bypass ratios in the range of 10 or greater, will
result in a greater fan noise component although the inherent
overall noise level may be less than current high-bypass ratio
engines. It is also reasonable to expect that the noise require-
ments will grow increasingly stringent such that even ultra-
high-bypass engines will have difficulty meeting them. Also,
with shorter inlet ducts relative to the size of the fan and for
the lower blade passage frequencies expected for these engines,
passive acoustic liners will have greater difficulty attenuating
fan tones because liners are less effective as the frequencies
decrease and the acoustic wavelength increases. Because of
these difficulties, it is likely that passive fan tone control tech-
niques, although continuing to progress, will be combined
with active noise control techniques to produce an effective
noise control solution for fans.

For subsonic tip speed fans, noise is produced by the interac-
tion of the unsteady flows and solid surfaces.>* This could
result from inflow disturbances such as the inlet boundary
layer interacting with the rotor or the rotor wakes interacting
with the stator vanes. Acoustic mode coupling and propaga-
tion in the duct and, in turn, acoustic coupling to the far field
determines the net far-field acoustic directivity pattern.

Reduction of the disturbance noise field from the fan of a
turbomachine can be achieved by either cancellation at the
source or superposition of an out-of-phase secondary noise
field. Reduction at the source entails focusing on modifying
the incident aerodynamic unsteadiness or the resulting blade
response and unsteady lift, or modifying the mode generation
and propagation from such interactions.** Most efforts at
noise reduction in this area are passive in nature, in that the
attenuation is obtained by the permanent alteration of the
system. Examples include the effects of respacing the rotor and
stator® and the spacing of the rotor and downstream struts.!?

However, there have been some efforts at active control of
these source mechanisms. Preliminary experiments have
shown the attenuation of noise resulting from an incident gust
on an airfoil by actuating a trailing edge flap to control the
unsteady lift.!' In general, an attempt to alter source mecha-
nisms will require engine redesign, and the effect on perfor-
mance will have to be assessed.

Of course, for commercial engines, efforts at reductions in
source noise to date have been insufficient in reducing overall
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engine noise levels to the required levels. The additional reduc-
tions have been met with passive engine duct liriers. The contri-
bution of duct liners is primarily in attenuating fan exhaust
noise where the propagating modes have a higher order and
propagate away from the engine axis where liners can be most
effective. In the fan inlet, the modes are propagating against
the boundary layer and are refracted toward the engine axis,
minimizing the effectiveness of liners.

Another option for turbofan noise reduction is to actively
control the disturbance noise field with a second control noise
field. The concept of active sound control, or antinoise as it is
sometimes referred to, is attributed to Paul Leug.'? The princi-
ple behind active control of noise is the use of a control noise
to destructively interfere with the disturbance noise.

While Leug’s patent is almost 60 years old, only in the past
10-20 years has active control begun to emerge in many appli-
cations.!3-1¢ The applications of active control were made pos-
sible by the advancements in digital signal processing and in
the development of adaptive control algorithms such as the
very popular least-mean-square (LMS) algorithm.!?-!8

To produce an effective reduction in turbofan engine noise,
reductions in both broadband noise levels and engine tone
levels are desirable. Feasibility studies of the application of
active noise control using secondary sources to reduce turbo-
fan engine inlet noise have only recently been investigated,'®-2!
This research has concentrated on fan tone noise exclusively,
controlling the fan noise from a JT15D turbofan engine using
an adaptive filtered-x LMS algorithm. A single-channel con-
trol system was used to control the fan blade passage fre-
quency tone!® and the blade-passage-frequency (BPF) tone and
the first harmonic of the BPF tone,? for a plane wave excita-
tion. A multichannel control system was used to control the
first spinning mode.?! The use of the multichannel control
system to control both fan tones and a high-pressure com-
pressor BPF tone for a plane wave excitation is the subject of
this paper.

Experimental Apparatus and Method

The approach is to experimentally implement an adaptive
feedforward active noise control system on an operational
turbofan engine. The system reduces the level of a tone pro-
duced by the engine by the destructive interference of a control
and disturbance sound fields. The active control system has
four main components. A reference sensor provides a coherent
signal with information on the frequency of the disturbance
tone; this signal is fed forward to the adaptive filters that
generate the control signals. Error sensors are placed in the
acoustic far field of the engine to measure the resultant noise.
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Fig. 1 Schematic diagram of JT15D engine in the test cell with active
control system components; single channel control system repre-
sented.

The control algorithm takes input from the reference and error
sensors and drives, by changing the coefficients of the adaptive
filter, the control sound sources to minimize the signals from
the error sensors. The control sound sources are compression
drivers mounted on the inlet of the engine. A realistic applica-
tion will require a light, compact sound source. This is a topic
of additional research. A schematic of the engine, test cell, and
the components of the controller are shown in Fig. 1 and will
be discussed in detail in the next three sections. In Fig. 1, a
single-input-single-output (SISO) controller is shown for sim-
plicity. Most of the results in this work were obtained with a
multiple-channel controller which will be described in follow-
ing sections.

Engine and Test Cell

A Pratt and Whitney of Canada JT15D-1 turbofan engine is
mounted in a test cell configuration at Virginia Polytechnic
Institute and State University (VPI&SU). The JT15D engine is
sized for an executive jet class of aircraft. It is a twin spool
turbofan engine with a full-length bypass duct and a maximum
bypass ratio of 2.7. There is a single-stage axial flow fan with
28 blades and a centrifugal high-pressure compressor with 16
full vanes and 16 splitter vanes. There are no inlet guide vanes
and the diameter at the fan stage location is 0.53 m. The
maximum rotational speed of the low-pressure spool is 16,000
rpm and 32,760 rpm for the high-pressure spool. The fan has
a pressure ratio of 1.5 and a hub-to-tip ratio of 0.41. The
low-pressure stator assembly following the fan consists of an
outer stator in the bypass duct which has 66 stators. The num-
ber of stators and the position of the core stator is the only
alteration from the production version. The core stator has 71
vanes replacing the 33 vanes of the production engine. Also, in
this research engine the core stator is repositioned downstream
to a distance of 0.63 fan-blade-root-chords from the fan blade
root as compared to 0.28 chords for the production version.
This was done in earlier work at NASA Langley Research
Center for the purpose of having the fan-rotor-core-stator
interaction tone cutoff and to reduce the broadband noise.?
The acoustics of this particular engine have been substantially
studied and reported.??-2* ]

The engine is equipped with an inflow control device (ICD)
mounted on the inlet. This ICD was built at VPI&SU using a
NASA design.?® The purpose of the ICD is to minimize the
spurious effects of ground testing on acoustic measurements.
Atmospheric turbulence and the ground vortex associated with
testing an engine statically on the ground are stretched by the
contraction of flow into the engine, and this generates strong
tone noise by the fan which is unsteady and not present in
flight. The ICD is a honeycomb structure which breaks up
incoming vortices. The honeycomb is 5§ cm thick, and the cells
are aligned with streamlines calculated from a potential flow
analysis. The ICD was found to produce a minimum pressure
drop and negligible acoustic transmission losses.?S In the cur-
rent facility, however, the acoustic transmission characteristics
were not measured. There was also no redirection of acoustic
directivity and no new acoustic sources created.” This ICD
was also designed to be more compact than inflow control
devices available at that time. The maximum diameter is equiv-
alent to 2.1 engine inlet diameters. An ICD of this type is
particularly important when an engine is mounted very close to
the ground as in this case, 1.3D.

The engine is mounted in a test cell which is divided by a wall
so that the forward section of the test cell is a semi-anechoic
chamber where only the inlet of the engine is inside the cham-
ber. The walls of the semi-anechoic chamber are covered with
7.6-cm-thick acoustic foam which minimizes reverberations
and minimizes the influence of the noise from the jet of the
engine. One wall of the semi-anechoic chamber is open to the
atmosphere for engine intake air.

Active Control Apparatus

The 28 exciter rods, 0.48 cm in diameter and equally spaced
circumferentially, were placed 0.19D upstream of the fan
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Fig. 2 Unfiltered spectrum of JT15D engine noise measured on the
engine axis at a distance of 3.1D.
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Fig. 3 Block diagram of filtered-x LMS algorithm.

stage. These rods extend 27% of the length of the fan blades
through the outer casing into the flow. The wakes from the
rods interact with the fan blades producing tones which are
significantly higher in sound level than those produced without
the interactions. The purpose of the rods is to excite an acous-
tic mode to dominance. With 28 rods, a number equal to the
28 fan blades, a plane wave mode is excited to dominance
although higher order radial modes are also generated.?® The
plane wave mode has a uniform pressure amplitude over the
inlet cross section and propagates at all frequencies beaming
along the engine axis.”’

A spectrum of the uncontrolled engine noise taken on the
axis is shown in Fig. 2. It is marked by three significant tones
in the audible range, the fan blade passage frequency (FBPF)
tone at about 2360 Hz, the twice-fan blade passage frequency
(2FBPF) tone at about 4720 Hz, and the high-pressure blade
passage frequency (HPBPF) tone at about 4100 Hz. These
frequencies correspond to the idle operating condition of the
engine with the low-pressure spool at 31% of full speed and the
high-pressure spool at 46% of full speed. The engine was run
at idle condition for all of the experiments so that these three
tones would be in the audible range and, for the frequencies
involved, all three tones would be within the computational
speed requirements of the controller.

The reference signals which are required by the feedforward
controller are produced by two sensors mounted on the engine.
One sensor is mounted flush with the casing at the fan stage
location. This eddy-current sensor picks up the passage of each
fan blade and provides a very accurate time history measure of
the blade passage frequency of the fan. The signal also con-
tains several harmonics of the FBPF which is used, with filter-
ing; to provide a reference for the 2FBPF tone. The second
reference sensor must provide the blade passage frequency of
the high-pressure compressor. To install an eddy-current sen-
sor, as described earlier, disassembly of the engine would be
required. To avoid this, a sensor was installed on the tachome-
ter shaft which is accessible from the accessory gearbox. The
tachometer shaft has a geared direct drive from the high-pres-
sure spool. The reference sensor consists of a gearbox driving

a wheel with 99 holes such that the passage of each hole corre-
sponds to the passage of a blade on the high-pressure compres-
sor. An optical sensor produces a signal with each hole pas-
sage. By filtering this signal, an accurate time history of the
HPBPF tone is obtained.

The loudspeakers attached to the circumference of the inlet
are the control sound sources. They are actuated by the con-
troller producing the secondary control sound field which in-
terferes with and reduces the engine tonal noise. Two loud-
speakers are attached to each horn for a total of 12 horns and
24 loudspeakers. The loudspeakers are commercially available
8-ohm drivers capable of 100 W on a continuous program with
a flat frequency response to within 2 dB from 2 to 5§ kHz. The
horns have a throat diameter of 1.9 cm with an exponential
flare in the direction of flow in the inlet. The opening of the
horn in the inlet wall is 1.9 cm X 7.6 cm.

Error sensors are the last component of the active control
hardware. They measure the resultant noise of the engine and
control sound sources. A particular mode of engine noise can
be highly directional and unsteady. The engine sound radia-
tion pattern is characterized by the presence of lobes and
acoustic notches. The spatial direction of these notches are
probably subjected to small perturbations in the experimental
setup. The placement of point error microphones near these
directions results in an unsteady error signal as observed exper-
imentally. To overcome this problem, a large area transducer
was devised that spatially averages the incident sound pres-
sure. These error sensors were made of a polyvinyldine-fluo-
ride (PVDF) film 7.6 cm in diameter. The film was flat and
backed with foam. The foam is approximately 5 cm thick and
is inserted in a round PVC pipe open on both ends. These
large-area PVDF microphones are uncalibrated and produce a
relative measurement of sound pressure level. Since the control
system has an equal number of control and error channels,
each error sensor signal is driven theoretically toward zero and
thus no calibration is required.

Active Control Algorithm

A block diagram of a single-channel filtered-x LMS control
algorithm is shown in Fig. 3 (see Ref. 28). The resultant signal
from the plant is the error signal e;, which is the combination
of the disturbance signal d; and the signal due to the control
source yy

e =dp + ¥ 0))

where the subscript k indicates a signal sample at time #,. The
response due to the control sources y; can be replaced in terms
of the input to the control sources #; and the transfer function
between the control input and its response at the error sensor

Yi as

e = di + Teo (K)*uy )

where the * operator denotes a convolution. T,.(k) represents
a causal, shift-invariant system such that the convolution can
be found from the following convolution sum?

Tee(k)kue = Z::O Tee(n)ty—n ©))

The input to the control sources u; is the result of filtering the
reference signal through the adaptive finite impulse response
(FIR) filter. The control input becomes

Uy = WrkXy (4)
L
Up = Y WiXe &)

i=0

where w; are the adaptive coefficients of an Lth-order FIR
filter.
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Using Eqgs. (4) and (2) the error signal becomes
e = di + Too(k)*wekx; 6

The feedforward controller can only work when the refer-
ence signal is coherent to the disturbance signal. In this case,
the filter output can be adapted to match the disturbance and
the error signal can then be minimized. In fact, the maximum
achievable reduction R, of the error signal power is related
to the coherence between x; and d, as3®

Ryax(dB) = 10 log[1/1 —v2,] O]

where v,q is the coherence between the reference signal x, and
the disturbance signal d.

To find the optimum filter weights, a cost function is de-
fined using the error signal as

C(w;) = Ele}] (®)
With the substitution of Eqs. (5) and (6), Eq. (8) becomes

2

L
Clw))=E| Jde+ Tce(k)*<2 Wixk—i> &)
=0

The well-known LMS algorithm adapts the coefficients w;
(i=0,1,...,L) to minimize the cost function and thus, the
error signal. The minimization is accomplished with a gradient
descent method.!3 Differentiating the cost function in Eq. (8)
with respect to a single weight w; produces

e _opl, o
Fe 2E e"a_w,- = 2E[eche(k)*xk_,-] 10

The LMS approach further approximates the expected value
operator by its instantaneous value as follows

aC
8w,-
The sequence Xy is referred to as the filtered-x signal, and is
generated by filtering the reference signal x; by an estimate of
the control loop transfer function 7,.(k). Obtaining T,.(k) is

termed the system identification procedure. The FIR coeffi-
cient update using the filtered-x approach becomes

== Zek)”ck_i (11)

wilk +1) = wi(k) — 2uep Xy _; i=1,...,L (12)
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Fig. 4 Three-channel control system schematic.
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Fig. 5 Parallel control configuration; two controllers shown, each a
three-channel system.

where u governs the stability and rate of convergence. The
second term of Eq. (12), —2ue; X _;, represents the change in
the ith filter coefficient éw; with each update. The change
dw; becomes smaller as the minimum is approached because
the error signal is diminishing. For a constant rate of conver-
gence, u should increase as e, decreases. A two-coefficient
(L =1) FIR filter is needed to control a pure tone since they are
sufficient to change the magnitude and phase of the control
signal uy.

A multiple-input-multiple-output (MIMO) controller with
three control and three error channels was developed from the
SISO system and is represented in Fig. 4. The approach is the
same but the complexity has increased for the MIMO system
as compared to the SISO controller. For clarity in the presen-
tation, the derivation of the update equation is not presented
here. However, the interested reader is referred to Ref. 31. The
reference signal is fed forward to three adaptive FIR filters.
Each filter has two coefficients and thus the phase and magni-
tude of the control signals can be adjusted independently.
Each control signal is connected to the drivers attached to four
consecutive horns. There are three error sensors which are
placed in the acoustic far field. The cost function to be mini-
mized is formed from the sum of the squares of the three error
signals. It can be shown that there are now nine transfer func-
tions to be measured to compute nine filtered-x signals.

By simply increasing the number of weights in the adaptive
filters, the SISO and MIMO controllers can be extended to
control multiple frequencies. However, this approach would
impose a severe computational overhead to the controller and
thus effectively reduce the frequency range. Another alterna-
tive was devised that overcomes this limitation. Recognizing
that controlling tones of different frequencies is an uncoupled
problem, a parallel configuration has been developed where
multiple controllers work in parallel but are independently
dedicated, one controller to each tone. This approach is illus-
trated in Fig. 5 for the case of the FBPF and its first harmonic.
Each independent controller is a three-channel MIMO con-
troller. Each controller can take reference information and
error information from common sensors, appropriately fil-
tered for each controller, or from different sets of sensors. The
control output of the controllers is mixed and sent to the
common set of control sound sources. This approach allows
the sampling frequency and the rate of convergence of each
controller to be optimized independently and allows flexibility
in use of reference and error sensors.

All controllers were written in assembly language and imple-
mented on a Texas Instrument TMS 320C30 digital signal
processing board. The maximum sampling frequency for the
MIMO controller is 29 kHz. For the first harmonic of the fan
blade passage tone at 4700 Hz, the highest frequency tone



THOMAS ET AL.: CONTROL OF FAN NOISE 27

1.0
‘\Txd

0.8

0.6

0.4
0.2 |

0 M ad o, sdaads

abajidl

0 2k 4k 6k 8k 10k 12K
Frequency (Hz)

Fig. 6 Coherence measured between blade passage reference sensor
and traverse microphone on engine axis at a distance of 3.1D.
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Fig. 7 Sound pressure level directivity for the fan blade passage tone
uncontrolled and controlled with three-channel control system.

controlled, this sampling frequency would allow six samples
per cycle and a filter coefficient update in real time.

Experimental Results

Before any active control system is implemented, the coher-
ence between the reference and the error signal can be mea-
sured and, in conjunction with Eq. (7), an estimate of the
expected reduction of the error signal can be obtained. A
typical coherence measured between the fan reference sensor
and the far-field error microphone is shown in Fig. 6. This
shows very high coherence (y,; > 0.96 that gives R, =14 dB)
both at the fundamental tone and at the first harmonic, which
is essential to the feedforward controller. Coherence between
the reference sensor on the high-pressure compressor and the
far-field microphones was found to be similar.

A control experiment is performed in the following order. A
system identification is obtained first by injecting an auxiliary
tone at or near the frequency of the tone to be controlled and
measuring the transfer functions between each channel of con-
trol sound sources and each error microphone. After this sys-
tem identification is obtained, the controller is then initiated
and converges to the optimum solution such that the tone is
reduced at all three error microphones. A microphone is then
traversed 180 deg at a distance of 3.1D to obtain the directivity
of the tone in the horizontal plane of the engine axis. The
traverse microphone is calibrated for measurement of the ab-
solute sound pressure level. Several experiments were con-
ducted and they are described in detail.

Control of Fan Blade Passage Frequency Tone
The three-channel MIMO controller was used to control the

- radiated sound at the FBPF tone at 2368 Hz. Three large-area

PVDF microphones were used as error microphones and
placed at a distance of 6.7D from the inlet lip. At this axial
distance the error microphones 2, 1, and 3 were placed at —12,
0, and +12 deg, respectively, relative to the engine axis, and all
three were in the horizontal plane through the engine axis.

The traverse microphone signal was fed to a spectrum ana-
lyzer where a 10-sample average was taken at each location on
the traverse. The sound pressure-levels of the FBPF tone be-
fore and after control were recorded and the resulting directiv-
ity plots are shown in Fig. 7. There is a zone of reduction
where the sound pressure levels have been attenuated with the
controller on as compared to uncontrolled levels. This zone of
reduction extends from —30 to + 30 deg with the attenuation
levels varying from 1.4 dB at + 30 deg to 16.7 dB at — 10 deg.
At angles greater than +30 deg, toward the sideline regions,
the sound pressure levels are higher with the controller as
opposed to the uncontrolled levels. With three channels, and
with this particular array of control sources, the controller
does not have sufficient control over the directivity of the
control sources. The engine noise has a high directivity for-
ward in the angle from —35 to +35 deg. In other words, the
controller and control sources have insufficient freedom to
beam the control source noise in the forward angle, as the
engine does, without increasing the sideline noise as well. This
is expected to improve as the sophistication of the controller
and control sources increases through a higher number of
channels, improved algorithms, and optimum design and
placement of the control drivers themselves.

Figure 8 shows the directivity for the same experiment, but
at a FBPF of 2384 Hz, using a SISO controller with one large-
area PVDF microphone placed on the axis. The area of reduc-
tion extends over a 30 deg sector from — 20 to + 10 deg which
is a sector only one-half the 60-deg sector of sound pressure
level reduction for the three-channel MIMO controller. Com-
paring sideline spillover for the MIMO and the SISO con-
trollers, it is clear that going from one to three channels of
control has reduced the sideline spillover somewhat. This
demonstrates that by increasing the number of control chan-
nels improved global reduction is obtained.

For the three-channel experiment, everytime a data point
was taken during the survey of the controlled sound field, a
reading was taken from error sensor 1 which was located near
the engine axis. This produced a time history of the error
sensor which is shown in Fig. 9. After 9 min the controller was
turned off and 9 min of data for the peak level of the uncon-
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Fig. 9 Time history of error microphones for the three-channel con-
trol system measuring the peak value of the tone at the blade passage
frequency.

trolled FBPF tone at error sensor 1 was taken. The controller
was then turned on again to take 5 min of data each, controlled
and uncontrolled, for error sensors 2 and 3. The time histories
demonstrate the robustness of the controller in its ability to
maintain control with time and, once a converged solution has
been obtained, the ability of the controller to be switched on
and off to achieve instantaneous control of an engine tone.
These features work well as long as the system identification is
valid. If the system identification were to change, the con-
troller would need to have a new system identification and
reconverge on the new solution to re-establish control.

The large-area PVDF microphones were developed for this
research because of the inherent unsteadiness in the engine
tonal noise directivity. A microphone distributed over a large
area would be less sensitive to this unsteadiness than a conven-
tional point microphone 1.2 cm in diameter, for example. Fig-
ure 10 for the FBPF of 2384 Hz shows the directivity using a
SISO controller and one point error microphone placed at
— 10 deg. Comparison with Fig. 8 for a distributed micro-
phone shows a larger area of reduction for the distributed
microphone. A point microphone can only produce localized
reduction or notches in the radiated sound.

Simultaneous Control of Engine Tones

Directivities of the three major tones in the audible range,
FBPF, 2FBPF, and HPBPF show that on the engine axis at

error microphone.
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Fig. 11 Spectrum of traverse microphone on the engine axis, uncon-
trolled and demonstrating simultaneous control of the blade passage
tone and the first harmonic.
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Fig. 12 Error microphone spectrums for three-channel control sys-

tem demonstrating simultaneous control of fan blade passage fre-
quency tone and high-pressure compressor blade passage frequency
tone; controlled tone levels are indicated by the horizontal dashes.
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0 deg, FBPF and 2FBPF are the dominant tones. For angles
greater than =10 deg, 2FBPF becomes the least of the three
tones. Using the parallel MIMO control architecture of Fig. 5,
simultaneous control of FBPF and 2FBPF tones was demon-
strated. Three PVDF error microphones, 3, 1, and 2 were
placed 6.4D from the engine inlet lip at +10, 0, and —13 deg,
respectively, all in the horizontal plane.

The A-weighted spectrum of the traverse microphone at
0 deg is shown in Fig. 11, first for the uncontrolled case and
then for the controlled case. The FBPF tone was reduced from
120 to 108 dBA with the controller on. The 2FBPF tone was
reduced from 112 to 107 dBA. As noted previously, at 0 deg
the HPBPF tone is insignificant.

The same control approach was used to control the FBPF
tone and the HPBPF tone simultaneously. Error microphones
3, 1, and 2 were placed at a distance of 7.7D and at angles + 9,
0, and — 9 deg, respectively, in the horizontal plane. Figure 12
shows the spectrum from the three error microphones. These
are filtered for use by the controller which is used to control
the FBPF at 2400 Hz. Using the parallel control approach, the
signal from the error sensors can be filtered differently for
each controller. For control of the HPBPF tone, the signals
shown in Fig. 12 would have an additional high pass filter at
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Fig. 13 Sound pressure level directivity of FBPF tone, uncontrolled

and controlled, for simultaneous control of FBPF and HPBPF tones.
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Fig. 14 Sound pressure level directivity of HPBPF tone, uncon-
trolled and controlled, for simultaneous control of FBPF and HPBPF
tones.

3000 Hz. The FBPF tone is controlled at all three error sensor
locations by between 8 and 16 dB of reduction. Notice that at
error sensor 1 the HPBPF tone is much lower in level than it
is at the other two locations. Therefore, the controller places
less effort in controlling at that point and there is actually a
1-dB increase. At error microphones 2 and 3 the HPBPF tone
is reduced by 7 and 10 dB, respectively.

The traverses of the radiated sound field are shown in
Fig. 13 for the FBPF tone and in Fig. 14 for the HPBPF tone.
These data were taken as the two tones were simultaneously
controlled. The FBPF traverse shows reduction in a zone
from —20to +5 deg, not as good a result as when the FBPF
tone was controlled singularly, but very promising. The survey
of the HPBPF tone shows two zones of reduction, from — 20
to —15 deg and from +25 to +35 deg. While the degree of
global reduction is not large, the sideline spillover appears to
be small.

Conclusions

Active control of turbofan engine inlet noise has been shown
to be a promising concept by the initial results obtained on an
operational engine and reported here. The multichannel con-
trol system described here has demonstrated control of the fan
blade passage frequency tone, the first harmonic tone of the
fan fundamental, and the blade passage frequency tone of the
high-pressure compressor. The modal content of these tones
consisted primarily of the plane wave, but also of higher-order
modes. Reductions in tone levels of up to 16 dB are possible at
single points in the far field. These reductions can be extended
to sectors of up to =30 deg about the engine axis. The area of
reduction achieved is determined by the control authority of
the entire system. An inlet noise control system’s control au-
thority is determined by the number of channels of control as
well as the actuators and error sensors of those channels of
control. The actuators must not only produce the required
sound levels but must interact with the duct acoustics in such
a way as to affect the propagating modes. For example, con-
trol actuators should be placed at multiple axial stations and
driven by separate channels to control the higher order radial
modes. The error sensors must produce information to allow
stable far-field reductions as well as maximum local reduction
in the area surrounding the individual error microphone so as
to reduce the total number of error microphones. A system of
this type with insufficient control authority will produce in-
creased levels of the controlled tone outside the area of reduc-
tion where the controlled tone is reduced. This is the case with
the current results where the levels are increased toward the
sideline area such that the total tone sound power level is
increased, even though a tone is reduced in an area near the
axis. An optimized control system will be required to deter-
mine the level of net reduction in total tone sound power level
possible.

Several features of this multichannel control system have
been demonstrated and are worth noting because of their fun-
damental nature and the probability that they will be funda-
mental components in the future development of this type of
turbofan engine noise control system: 1) Without changing the
control sources the three channel controller produced reduced
levels over an angle twice that of the single channel controller.
Clearly, the number of channels of control increases the con-
trol system flexibility required to improve global reduction.
2) Far-field error sensors which are distributed in nature pro-
vide increased local areas of reduction over point sensors. In
addition, they provide a steadier signal, improving the robust-
ness of the controller. 3) Simultaneous control of two tones
has been demonstrated. This shows that the parallel control
approach is a promising method of controlling multiple-tone
problems. ,

This work represents an important first step in the new area
of active control of turbofan engine noise. Clearly, there are
many unresolved problems which are topics of current re-
search, such as the need for global reduction. It should be
noted that perhaps reduction only in selected areas may be
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sufficient, such as the reduction of noise radiated toward the
ground or toward the cabin. As this technology matures, it is
possible to envision a complete system installed on an aircraft
turbofan engine. Reference information could be taken from
very small, lightweight sensors installed on the fan and com-
pressor stages. The distributed error microphones would be
installed inside the inlet duct. An alternative error sensor ap-
proach would be to install error sensors flush with the surface
on the fuselage or wing. Compact, lightweight, and high-level
noise control sources would be installed around the circumfer-
ence of the inlet. Several candidates for control noise sources
are currently being investigated. These actuators and sensors
would be linked with the active control algorithm programmed
in an onboard computer.
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