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Description

[0001] The invention relates to the active control to limit harmonic sound radiated towards the sidelines from ducts
containing a subsonic, uniform flow. It is in particular applicable to limitation of noise radiated from circular ducts such
a gas turbine intake.
[0002] There is growing interest in applying active noise control to reduce the fan tones radiated from aircraft turbo
fan intakes, prompted by increasingly strict legislation regulating noise levels in populated areas. The traditional ap-
proach of sound proofing is to line the air inlet with sound absorbing material. However with the increasing trend towards
shorter inlet required for the higher efficiency of high bypass ration engines, there is less space for the sound proofing
material to be located.
[0003] An alternative approach in recent years has been to investigate active noise control. Patents FR 2632 473
and US 5171465 both describe such systems. Patent application US-A-4044203 describes an active controller for flow
ducts having internally located sensors and sound sources. Patent US 5355417 discloses a configuration for the active
control of aircraft engine inlet noise by including an array of circumferentially arranged sound sources mounted inside
an inlet duct as well as an array of sensors arranged in a ring. In these documents, the active control algorithm is not
disclosed in any detail. Moreover the results of many of these systems show an increase in sound propagated towards
the sidelines, which are the important regions for sound reduction.
[0004] Using external sensors, the inventors have determined a clear relationship between reductions in the radiated
far field acoustic pressure in the radiated far field (in the region well away from the duct) and corresponding reductions
in the internal transmitted field inside the duct. This provided relationships that allowed the use of internal sensors and
internal sources to reduce noise levels in the far field towards the sidelines in a controlled and determined fashion. In
other words an obtainable quantity at the duct wall has been determined which is a function of acoustic pressure, which
has a robust and stable relationship to the far field acoustic pressure for the important range of radiation angles that
contribute most to the annoyance of those living beneath the flight path.
[0005] It is an objective of the invention to provide both an active noise control arrangement and a method to be
implemented which reduces the fan tones radiated from the intake of turbofan engines in the sidelines.
[0006] According to the invention is provided a duct for fluid flow having means for active control of sound radiated
therefrom, said duct comprising sound sensors (3) located on the inner surface of said duct and grouped together in
one or more planes transverse with respect to the duct axis, and at least one secondary source (4) whose operation
is a function of sound received at said sound sensors characterised in that the sound sensors have a step response
whereby only sound propagated within a pre-set angle to the duct axis is effective sensed and used to control the
operation of said secondary sources.
[0007] By using sensors external to the engines to observe directly the far field radiated sound the inventors have
determined a method to controls loudspeakers, or so called secondary sources, so as to minimise engine noise in the
far field.
[0008] The invention also provides a method for the active control of sound radiated from a fluid flow duct comprising:

a) sensing sound from an array of sensors located on the inside surface of the duct and
b) controlling an array of secondary sources located on the inside surface of the duct, so as to minimise sound
radiated in the far field in a pre-set band of angles to the duct axis, characterised in that only sound propagated
within a pre-set angular interval to the duct axis is effectively sensed and used to control the operation of said
secondary sources.

[0009] Further the inventors have determined a relationship between the internal and external fields which has been
incorporated into a cost function which, upon minimisation, has the desired effect of producing sound pressure level
reduction in chosen radiation angles. Manipulation of the in-duct acoustic pressure as a result of the observation can
be used to minimise transmitted sound and therefore far field sound.
[0010] More specifically it relates to a line array of in-duct wall mounted discrete sensor elements whose pressure
signals can be processed to provide an estimate of transmitted sound field with propagation angle. This measurement
has been shown to be closely related to the variation in the radiated field versus polar angle. The internal sound field
at the sensor elements is used for controlling the radiated field in the important range of radiation angles towards the
sidelines. The important aspect of the induct error sensing methods proposed here is the simplicity, of the algorithm
used.
[0011] Advantages of the method are the simplicity and generality to all circular flow ducts since the proposed algo-
rithms only require the fan tone frequency of interest and the speed of the free stream flow as input variables.
[0012] The invention will be described with reference to the following figures of which:
[0013] Figure 1 shows a schematic diagram of a circular duct containing uniform axial flow. comprising an array of
sensors and secondary sources.
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[0014] Figure 1b shows the relationship between resultant wavenumber km, normal to the localwavefront, the prop-
agation angle θmn and axial wavenumber kzmn.
[0015] Figure 2 shows the a typical variation of axial wavenumber with propagation angle with the ideal receiver
response.
[0016] Figure 3 shows the directivity function of a ten element liiie array at the design frequency steered at 45° for
zero Mach number and Mach number equal to -0.5.
[0017] Figure 4 shows comparisons at ka=20 of the reduction in sound pressure level versus polar angle averaged
over azimuth with external sensors and internal sensors for and Mz=0 respectively using 18 regularly spaced sources.
[0018] Figure 5 shows the change in modal amplitude verses propagation angle following the minimisation of the
sum of squared signal at ten equally spaced line arrays comprising ten elements, each forming beams in the directions
between 60° and 90° in 5° increments. in the example in figure 4.
[0019] Figure 6 shows comparisons at ka=20 of the reduction in sound pressure level versus polar angle averaged
over azimuth with external sensors and internal sensors for M. = -0.5 respectively using 18 regularly spaced sources.
[0020] Figure 7 shows the change in modal amplitude verses propagation angle following the minimisation of the
sum of squared signal at ten equally spaced line arrays comprising ten elements, each forming beams in the directions
between 30° and 60° in 5° increments, for the example of figure 5.
[0021] Figure 8 shows the relationship between phase velocity, croup velocity and intake axial flow velocity in aduct.
[0022] Figure 9 shows an unflanged hard walled duct containing a subsonic intake flow.
[0023] Noise from aircraft cause annoyance in populated areas. For an aircraft on approach and during takeoff these
noise radiation angles are well away from the duct axis, towards the sidelines. Reference to the term "control bandwidth"
means the band of angles (measured from 90° to the duct axis) over which the radiated sound is to be minimised. The
relationship between transmitted and radiated sound fields has been determined, which allow a method of active control
to be formulated in order to reduce the radiated sound power in a band of angles towards the sidelines. Matching the
dimensions of the control region to the typical beamwidths of the principal far field radiation lobes produces reductions
in the transmitted sound field in a continuous band of propagation angles. Modes whose main radiation lobe is in this
band are nearest cut - off and are characterised by steep propagation angles relative to the duct axis.
[0024] The invention uses e.g. one or more circumferential arrays of appropriately phased sensors at the duct wall
that can observe the acoustic pressure associated with those propagation angles that are responsible for the field
radiated towards the sidelines.
[0025] Before describing the implementation of the invention, the formulation of the relationship between reductions
in the radiated far field and reductions in the internal, transmitted field are shown and terms are hereinafter defined.
Most of the other terminology is familiar to the person skilled in the art.
[0026] Figure la represents a circular, hard walled flanged duct (1) containing uniform, axial flow of Mach No. of Mz
(2). A ray-mode of acoustic pressure (sound) (2) transmitted along the duct and then radiated from the duct intake is
shown and can be detected by a wall mounted line array, of appropriately phased (located) sensors (3). The figure
shows the relationship between resultant wavenumber kmn normal to the local wavefront, the propagation angle θmn
and axial wavenumber kzmn. The symbol k designates acoustic wavenumber k=2πf/c where f is the sound frequency
and c is the speed of sound. The in-duct 'error' sensing principle proposed here is based on the mode angle θmn which
specifies the angle between the modal wavefront and the duct axis. More importantly the mode angle θmn in the duct,
for both flanged and unflanged ducts, is also coincident with the angle of the principal lobe of far field radiation providing
there is zero flow external to the duct. Even when the flow speeds inside and outside the duct are different. a unique
and monotonic relationship exists between the transmission and radiation angle. Much of the original mode-ray angle
information pertaining to the transmitted sound field inside the duct is therefore preserved in the radiated sound field.
The duct also contains one or more secondany sources (4) preferably, as angular arrays, the control of which is de-
pendent upon the received signals of the sensors.
[0027] The sensors are arranged in the figure as a series of annular rings. However the method is not limited to such
an arrangement, and may include any suitable spacing e.g. the sensors may not form rings but may be clustered closer
together over a small sector of the duct wall.
[0028] Initial studies revealed the performance of a single circumferential array of up to 20 wall mounted secondary
sources whose strengths were determined in order to minimise the sound power radiated from the intake that passes
across a hypothetical far field surface which subtends a band of radiation angles to the duct axis. Performance pre-
dictions were obtained over a frequency range of 0 ≤ ka ≤ 25 for a 6m long duct of 1.5m radius with intake flow corre-
sponding to a Mach number Mz = -0.5. The secondary source array was located at a single axial location 2m from the
face of the duct intake. Reduction in the amplitude of modes with the greatest propagation angle are responsible for
sound power reductions in this desired band of radiation angles that are directed towards the sidelines. The different
responses of the modal amplitudes found with and without flow can be attributed to an increased number of modes
that can propagate in a mean flow and to a diminished range of propagation angles that follow compared to that no
mean flow.
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[0029] It was deduced that increased number of modes can propagate in axial, mean flow compared with no flow,
and this results in diminished range of propagation angles. By contrast, with flow, the amplitudes of the majority of
modes that propagate close to the duct axis, such as the plane wave, are increased, resulting in an increase in sound
pressure level at radiation angles in the forward directions. These are not a significant contributor to community an-
noyance due to the very long propagation distances to the ground. Initial modelling detennined that secondary sources
are not required to reproduce sensitive phase changes which affect a number of modes.
[0030] The following mathematically quantifies the relationship between the modal axial wavenumber and the angle
between the modal wavefront and the duct axis in circular. hard walled ducts containing a uniform, axial flow. This
relationship will be found in later sections to be central to the design of the in-duct sensor array. The mathematics also
sheds light on the preferred design features of the invention.
[0031] The acoustic pressure in a circular duct satisfies the convected form of the wave equation written below in
cylindrical co-ordinates.

where the coordinate system is defined in figure 1. Mz is the Mach number of the flow and c is the ambient sound
speed. This wave equation is defined such that Mz < 0 at the duct intake. At sufficiently high ka, reflected sound at the
duct termination is negligible. The complete solution to this equation for harmonically time varying sources in a circular
flow duct, neglecting reflections, has the separable forrn

where nm and kZmn denote the modal amplitude and the axial wavenumber associated with modes propagating to-
wards the duct exit and zs is the axial location of the source. In a hard walled duct the radial eigenvalues krmn equals
j'mn /a, where j'mn denotes the nth zero of j'mn and a is the duct radius.
[0032] Substituting this solution back into the wave equation yields the following dispersion relationship

where k is the free space wavenumber w/c. krmn actually represents a combined radial-circumferential wavenumber.
The resultant wavenumber in the duct kmn is therefore equal to k - MzkZmn. The angle θmn, which specifies the angle
between the modal wavefront and the duct axis, is calculated from cosθmn = kZmn/kmn thus

Equation (4) can be re-arranged to express the axial wavenumber of the (m.n)th mode in terms of the propagation
angle as

p

krmn
2 +kZmn

2 = (k - MzkZmn)2 (3)

cosθmn =
kZmn

k-MzkZmn
-------------------------- (4)

kZmn =
-kcosθmn

1 + Mzcosθmn
-------------------------------------- (5a)

kmn = -k
1 + Mz cosθmn
--------------------------------------- (5b)
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A geometric interpretation of these wavenumbers and their relationship to the modal propagation angle is illustrated
in figure 1b. A surprising aspect of equation (5b) is its independence of the duct radius a. This is not the case for the
ray mode angles in the radial and circumferential directions which vary quite strongly with a.
[0033] The external, far field acoustic pressure due to the (m,n)th mode from a flanged duct may be written in the form

where Dmn denotes the directivity function of the (m,n)th mode and R is the distance from the duct face to the observer.

Expressing θpmn in terms of the axial wavenumber with the aid of the dispersion relation of equation (3) for Mz = 0 gives

[0034] This describes the essential monotonic and unique relationship between the axial propagation angle θmn of
a mode in the duct.
[0035] A wall mounted phased line array for the detection of modes by modal angle θmn. Modal amplitude reductions
that result from reducing the sound power radiated in a band of angles towards the sidelines has been shown to bear
a definite and causal relationship to reductions in the in-duct sound field transmitted obliquely to the duct axis. The
objective is therefore to design a wall mounted sensor array comprising of a relatively small number of discrete sensors
that has sufficiently good directivity to detect this change in the transmitted sound field. Since modes can only be
controlled if they can be observed. the ideal receiver response is plotted in figure 4 and is a step function which detects
only the signals arriving at large incidence angles to the array while rejecting signals transmitted at angles close to the
duct axis. Also plotted in figure 4 is the typical variation of axial wavenumber with propagation angle from equation
(5a). Figure 4 therefore demonstrates that the ideal receiver characteristics is a high pass filter of propagation angle
which, by virtue of equation (5), is also a low pass filter of axial wavenumber, It shows a typical variation of axial
wavenumber with propagation angle and the ideal receiver response.
[0036] A simple sensor array whose directivity characteristics approximates to the ideal step function response il-
lustrated in figure 4 will now be described. The relationship between axial wavenumber and propagation angle given
by equation (5a) can be used to express the acoustic pressure at some circumferential location φ at the duct wall r =
a such that

[0037] The pressure signals at an axial line array of sensors at the duct wall due to the internal transmitted sound
field is therefore indistinguishable from a series of plane waves arriving at the modal propagation angles. To be able
to discriminate all possible modal arrival angles (or more precisely spatial frequency) without ambiguity, the minimum
sensor separation distance Dz is required to be, as a consequence of the Nyquist sampling theorem, one half the
wavelength of the highest axial spatial frequency in the flow. According to equation (5a), this is the plane wave mode
(corresponding to θ00 = 0) transmitted at the highest frequency of interest fmax in the highest intake flow speed of
interest MZmax. The highest frequency in general corresponds to the highest harmonic smax of the blade passing fre-

θpmn = cos-1 (kZmn / k) (8)
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quency of interest fmax = smaxΩb, where Ω is the shaft rotational frequency, and b is the number of rotor blades. From
equation (5a),

where λmin = c/fmax which is the shortest wavelength in the radiation field. The frequency, fmax is known as the design
frequency of the array. If zl denotes the axial position of the first sensor in a wall mounted line array comprising L
elements separated by a distance ∆z, the lth sensor is required to have the axial location zl given by,

the acoustic pressure p(a,φ,zl) at the lth sensor can therefore be written in the form

where δmn is simply a phase term that is constant across the array, thus

and ψmn is the relative phase angle between adjacent sensors

In order to prevent ambiguity in the measured arrival angle caused by aliasing, therefore, a fundamentally important
condition is that f ≤ fmax. Equation (12) effectively specifies the complex weights wl(θ0) of a simple 'delay and add' line
array beam former. In order to preferentially amplify the acoustic pressure signal arriving at angle θ0 to the line array,
the array elements are simply required to delay the signals at each sensor by an appropriate amount Ψ0(θ0) which
upon addition, causes the signals at each sensor to be summed perfectly in-phase. The beam steer angle are made
such that they are made to scan the angles θ from 90° to 90° to 90° -∆θ in some appropriate incremental angle. By
inspection of equation (12), therefore, the lth element in the linc array is required to have the phase specified by

where θ0 is the beam steer angle

[0038] This formula is a fundamental result which enables the invention to be implemented and allows a method for
devising a directional wall mounted receiver simply by locating the axial line array of sensors with a maximum separation
distance equal to ∆z = u λmin (1 + MZmax) and by introducing the relative time delays between the sensors specified
by equations (19) and (20). It is generally applicable to all circular ducts. irrespective of radius and depends only on
the Mach number of the free stream flow and the frequency of the fan tone to be controlled. Both these parameters
can be readily determined.

∆z = 1
2
--- λmin(1 + MZmax) (10)

zl = zl + (l - 1)∆z (11)

δmn =
k(zl - zv - ∆z)cosθmn

1 + Mz cosθmn
-------------------------------------------------------- (13)

ψmn =
π(f/fmax)(1 + MZmax)cosθmn

1 + Mz cosθmn
-------------------------------------------------------------------------- (14)

wl(θ0) = exp{-jlψ0(θ0)} (15)

ψ0 =
π(f/fmax)(1 + MZmax)cosθ0

1 + Mz cosθ0
---------------------------------------------------------------------- (16)
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Sensor line array directivity (beam steer angles)

[0039] The followmg describes relationships between the sensor (receiver) line array directivity characteristics and
its relationship to mode detection.
[0040] The directivity characteristics of the sensor (receiver) line array can be described by the normalised directivity
function d(θ/θ0). This function specifies the array response at some angle θ when the main beam is steered at an angle
θ0, and can be determined from

and is defined such that d(θ/θ0) = 1. Equation (21) is a geometric series that can be summed over L terms to give

[0041] In terms of the propagation angle, ψ - ψ0, may be written as

[0042] By way of example, comparisons of the directivity functions evaluated at the design frequency fmax at Mach
numbers of 0 and -0.5 for an array comprising ten elements steered at 45° to the array axis is presented in figure 5.
Figure 3 shows the directivity function of a ten element line array at the design frequency, steered at 45° for zero Mach
number (solid line) and with a Mach number equal to -0.5 (dashed line). For this particular receiver array the 10dB
beamwidth is about 20°. The presence of flow with speed equal to Mz = -0.5, which is typical for an aircraft on approach,
appears to cause no appreciable change in directivity characteristics apart from a slight narrowing of the main beam
and a reduction in the number of side lobes. The important difference is that to achieve roughly the same beamwidth
in this flow speed, a ten element array at the design frequency has a shorter length of just 2,25λmn which is half the
array length necessary in a duct without flow according to equation (14). For this reason it would appear, therefore,
that the presence of intake flow. having the property of contracting the spatial frequencies by virtue of an effectively
reduced sound speed. is advantageous. For example, at the comparatively low frequency of 500Hz. (ka = 13 for a =
1.5m) the optimal length of a ten element array at the duct intake at the design frequency is about 1.5m. A reasonably
long array with good directivity can therefore be fitted, quite easily, within modern high by - pass ratio engines. At more
realistic blade passing frequencies, that are typically greater than 500Hz, the array lengh is even shorter.
[0043] The output b(θ0,a,φ) of a receiver array located at an azimuthal angle φ at the duct wall r = a and steered at
an angle θ0 is obtained from the following operation on the discrete wall pressure measurements

whcre the acoustic pressure at each sensor is the sum of ray - modes according to equation (12) so that
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[0044] The summation of terms over l can be evaluated exactly to give

which is precisely the directivity function Ld(θmn/θ0) of the receiver line array deduced in equation (22). The receiver
output can therefore be written as

[0045] The effect of implementing this receiver array is to weight the modal contributions to the receiver by a factor
equal to the array's directivity function d(θmn/θ0) evaluated at the modal arrival angle θmn. Steering of the array's main
beam in the direction of the mode angles closest to cut-off will therefore amplify the acoustic pressure propagating with
those angles highlighted in figures 2 and 3 as being directly responsible for the reductions in the important band of
radiation angles, i.e. those towards the sidelines. The transmitted sound field whose propagation angles are diffracted
outside the control region. i.e., close to the duct axis. will be partially rejected at the receiver by an amount depending
on the degree of side lobe suppression compared to the main beam according to equation (23). The ability of the
receiver array to discriminate between different modal propagation angles will depend on the angular bandwidth of the
transmitted sound field in which pressure reductions arise, in relation to the beamwidth of the array. Greater rejection
of the signals due to the unwanted arrival angles will be achieved when the ray modes are well separated in propagation
angles.

Implementation of the invention for far field active control using in-duct fine array error sensors.

[0046] The above describes relationships between the in-duct pressure field and how they effect the acoustic pres-
sure in the far field. The above analysis has shown how best to glean in-duct sensor data to estimate far field effects.
This enables the skilled man to optimally design the sensor array including beam steer angles and the use of general
parameter such as duct flow speed to estimate far field radiated pressure. The important point here is the ability to
quantify the effect of changes in the in-duct field to changes in the far field. From initial calculations sound power
reductions at radiation angles towards the sidelines is accompanied by well defined changes to the transmitted sound
field and that the change in the angular variation of the transmitted field was detectable by a line array receiver at the
duct wall comprising relatively few sensors.
[0047] In this section the use of these sources to implement the invention is described whereby control of secondary
sources (loudspeakers) arranged in the duct are suitably operated from data of the sensors to optimally minimise sound
at a particular fan tone frequency. The secondary sources will be driven to minimise the sum of squared signals each
signal being produced by steering a beam formed by a number of independent axial sensors line array located around
the duct wall; this brings about a similar modification to the transmitted field as that produced by conventional external
far field error sensors, in order to procure similar reductions in the radiated field. This is done by using the algorithms
set out below.
[0048] If K line arrays each produces I signals by steering of the beams at I angles, a suitable cost function J is given by
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where b(θ0i,a,φk) denotes the complex signal produced after steering a beam at an angle θ0i by a receiver array located
at the circumferential angle φk around the duct wall and is computed from

[0049] From hereon the dimensions of the wall mounted sensor array will be denoted by (K,L) so that the total number
of error sensors is K x L. The function J in equation (24) call be expanded to produce a quadratic function of the
secondary source strengths. The vector of optimal secondany source strengths that uniquely and globally minimises
J can be deduced by standard mathematical methods. Note that it is desirable to have as many sensors as possible
in the axial direction to provide good receiver directivity, and as many line arrays around the duct wall as possible to
ensure that J is minimised.
[0050] Figure 4 shows tests of the in-duct receiver array's ability to control the radiated sound towards the sidelines
is from a duct without flow. A 10 x 10 sensor array is used comprising ten line array receivers equally spaced around
the duct wall, each consisting often elements. The beams at each of the receivers are steered in the range of angles
from 55° to 90° from the duct axis in increments of 5°. Eighteen secondary sources are driven to minimise the sum of
squared signals produced by the ten independent receivers according to equation (24). A comparison between the
radiated far field sound pressure level reductions, obtained by computer simulation versus polar angle produced by
using the internal and external sensors is shown. These results represent the average reduction over twenty azimuthal
angles. The solid curve is the result of minimising the sound power radiated into a band of angles from 55° to 90° from
the duct axis using a dense grid of external error sensors in the control region that afford perfect observability of the
radiated field. As a result of the measurements from the sensors located inside the duct, loudspeaker or sources can
be driven to minimise the noise in the far field. Figure 5 shows the change in modal amplitude verses propagation
angle following the minimisation of the sum of squared signal at ten equally spaced line arrays comprising ten elements,
each forming beams in the directions between 60° and 90° in 5° increments. The agreement between the two curves
is extremely good. Sound power reduction in the control region using the in-duct receiver array is 17.9dB which com-
pares very well with the theoretical maximum of 21.6dB obtained by the external sensors. Both in-duct and external
error sensing strategies produce the necessary, and very similar transformations in the transmitted sound field.
[0051] increasing the dimensions of the array to (20,20), requiring a total of 400 microphones, affords a further in-
crease in sound power reduction to 20.6dB. Although the number of sensors is unrealistically large in this case. this
simulation serves to validate further the principle underlying the proposed control technique. However, increasing the
number of sensors indefinitely does not produce reductions arbitrarily close to the theoretical maximum since one is
ultimately limited by the optimal phase relationships between the modes. The proposed sensing technique does not
allow this manipulation of the modes. The significance of the phase in the control mechanism, while comparatively
unimportant at high ka, is important when the number of propagating modes is small, i.e.. at low ka. Nevertheless.
substantial pressure reductions are still achievable at these low frequencies.
[0052] The same performance comparison of the change in sound pressure level versus polar angle between using
the internal and external error sensors was repeated at ka = 15 with a flow speed of Mz = -0.5 and is presented in
figure 6. A ring of fifteen secondary sources were driven to minimise J comprising signals produced by the (10,10)
sensor array forming beams steered at 30° to 60° to the duct axis in 5° increments. These beam steer angles differ
from the previous no flow example to take account of the modified propagation angles due to the flow. As before, the
two results agree to an extremely good degree. The sound power reduction in the control bandwidth is 10.5dB which
is just 3dB below theoretical maximum reduction of 13.4dB obtained using far field sensors. However, the effect on
the transmitted field produced by the two approaches is slightly different, although the broad mechanism of control
which consists of reducing the modal amplitudes closest to cut-off remains the same. Figure 7 shows the change in
modal amplitude verses propagation angle following the minimisation of the sum of squared signal at ten equally spaced
line arrays comprising ten elements, each forming beams in the directions benveen 30° and 60° in 5° increments, for
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the case in figure 5.
[0053] A large number of sensors is required to construct the array. About one hundred is anticipated to be necessary,
although many more would of course be desirable. However the large number of sensors required does not translate
to a correspondingly high processing bandwidth. The reason for this is the independence of the line arrays which is
fundamental to ensuring robustness of the technique. One is not required to measure transfer functions between sen-
sors on different line arrays. Each receiver line array could therefore be allocated its own dedicated processor for
forming the beams whose output could then be input to a main processor for real time adaptation of the secondary
sources.
[0054] Another important constraint on the receiver array arises from the importance of sensing only the in-duct
propagating field, which contains all the information contained in the far field radiation. and not the evanescent field
close to the sources which transports very little energy to the radiated far field. The sensor clement nearest the sources
must therefore be separated by several acoustic wavelengths in order to avoid contamination of the measured signals
by the non-propagating field.
[0055] A further issue relates to which beam steer angles gives best reductions in far field noise level. The relationship
between the propagation and radiation angles in real turbo fan engines will certainly be much more complicated than
that suggested here: ray mode angles are complicated by complex geometry of the nacelle, shear velocity and tem-
perature profiles present across the duct. However in all cases from clementary acoustics a unique, monotonic corre-
spondence exits between the angle of the ray mode at the duct and the radiated angle of the far field peak pressure
maximum, allowing the in-duct sensing technique of the invention to be successful and widely applicable.
[0056] By minimising the sum of squared signals produced by a number of identical, independent line arrays equally
spaced around the duct wall, each forming beams at the appropriate angles, a similar modification to the transmitted
sound field (radiated far field) is obtained by the invention. Using the internal sensor array gave reductions in the
radiated sound power tosvards the sidelines which was within a few decibels of the theoretical maximum reduction
obtained given perfect observability of the radiated field. Significantly, these sound power reductions were achieved
without the knowledge of transfer functions between sensors on different line arrays; the technique is therefore likely
to be stable and robust by virtue of its simplicity.
[0057] The beam steer angles that afford the best reduction in radiated pressure towards the sidelines are therefore
very difficult to predict in real turbofans. However, it is envisaged that in practice the best combination of beam steer
angles, number of secondary sources and number of line arrays etc. which afford the greatest reduction in noise will
be determined from the results of a number of systematic fly-by tests.
[0058] The sensor array should be preferably located flush to the duct walls in order not to interfere with the passage
of flow through the engine.

Relationship between in-duct propagation angle and the far field radiation angle

[0059] The use of the sensor array is fundamentally dependent on the existence of a unique and simple relationship
between the transmitted sound field and the radiated far field. The cost functions to be minimized depend on whether
total sound power or sound pressure towards the sidelenes is to be reduced. In order to enable these cost functions,
which are given hereinafter and hereinbefore, to be implemented, basic relationships and definitions are given. The
sensor array described here is designed to detect the modes based on their different axial propagation angles θmµ. By
simple geometry this angle is also given by:

where cmµ denotes the modal phase speed and may be regarded as a vector normal to the modal wavefront. A more
fundamental variable is the angle with which acoustic energy is transmitted along the duct and this is related to the
axial group velocity cgmµ , where

[0060] Perfoming the differentiation of the dispersion relation of equation (3) yields the following relationship between
the axial phase and group velocities

θmµ =
cmµ
c0

---------- (26)

cgmµ = dω
dkZmµ
---------------- (27)
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[0061] The angle with which acoustic energy is transmitted along the duct is identical to the angle of the mode peak
pressure far field radiation lobe θPmµ when the flow speed inside and outside the duct are equal. Thus,

where cR is the resultant sound speed in the direction of sound power propagation. This result is readily derived since
the sound speed in the radial and circumferential direction are unchanged by the presence of flow. A sketch indicating
the relationship between the phase and group velocities is provided by figure 8 for the case when the flow speed is
the same everywhere.
[0062] The angle θPmµ of the modal peak pressure radiation

[0063] This angle is given by:

which allows comparison with the expression for θmµ in terms of the cut-off ratio

[0064] Thus, the in-duct axial propagation angle θmµ which can be detected using the in-duct sensor array, and the
radiated peak far field pressure angle θPmµ, are connected by the above two equations with cut-off ratio as the inde-
pendent parameter.
[0065] The angle of the modal peak far field pressure radiation lobe is closely related to the axial propagation angle.
The deviation between the two angles increases with increasing Mach number. The range of axial propagation angles
becomes smaller with increasing intake Mach number whereas the range of the principal radiation lobe angles remains
distributed between 0° for the plane wave mode and 90° at cut-off, irrespective of flow speed.

Reducing transmitted and radiated sound power

[0066] The active minimisation of the total transmitted sound power was found to be particularly effective in reducing
levels at the fundamental of the blade passing frequency. However, sound power was not found to be an appropriate
cost function when reducing sideline radiation is the main objective. although there may be occasions when reducing
the sound power may be desirable. For uncoupled modes the sound power transmitted in the flow duct could be written
as:

cgmµ = cmµ + c0Mz (28)

θPmµ =
cmµ + c0Mz

cR
------------------------------- (29)

ζmµ =
k 1 - Mz

2

krmµ
------------------------ (30)

cosθmµ =
- Mz + 1 - 1/ζmµ

2

1 - Mz 1 - 1/ζmµ
2

----------------------------------------------- (32)
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where γmµ is the real part of an effective modal admittance in the flow calculated from

where βmµ is the modal admittance
[0067] The real part of the effective modal admittance in the flow appears to be closely correlated to the modal
propagation angle θmµ, and tends to zero as the mode approaches cut-off, ie., γmµ → 0 as θmµ → θzmax. No sound
power is therefore transmitted at cut-off. A good approximation to the effective modal admittance γ^(θ) plotted in figure
3 versus propagation angle which incorporates this cut-off condition is described by the simple function

where θzmax = cos-1(-Mz). A cost function approximately proportional to the transmitted sound power is therefore given
by

where θi spans the full range propagation angles such that θi = 0° and θl = θzmax in some appropriate incremental
angle. For completeness, recall that

and

[0068] An important feature of the cost function of equation (36) is the summation over axial arrays at different azi-
muthal positions around the duct wall. A cost function based on a single axial line array would. in the general case. be
minimised by rotating various spinning modes to produce destructive interference at the azimuthal location coinciding
with the location of the sensor array. Minimising the sum of square outputs from several axial arrays prevents this from
occurring and ensures the correct control mechanism by reducing the appropriate modal amplitudes. The number
arrays K should be made equal to the number of significant circumferential modal order present in the duct. However,

γ^(θ) = cos(1
2
---πθ/θZmax) (35)

wl(θ0) = exp{jlψ(θ0)} (38)

ψ(θ) =
π(f/fmax)(1 + MZmax)cosθ

1 + MZ cosθ
------------------------------------------------------------------- (39)
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when only a single modal order m is present, is often the case at the comparatively low frequency corresponding to
1BPF, a single axial sensor array is entirely sufficient and K = 1.

Reducing sound pressure levels towards the sidelines

[0069] In order to reduce by active means the sideline radiation it is necessary to target these radiation angles
specifically rather than minimise a global quantity such as sound power. Furthermore, azimuthal directivity of fan noise
is generally weak by virtue of the very small number of circumferential modal orders which are able to cut on. Imple-
menting active control in a narrow band of polar radiation angles, but extending the control region to include all azimuthal
angles, incurs no appreciable performance penalty. Hereinafter is described a method of how the in-duct error sensor
array provides sound pressure level reductions over an axi-symmetric control surface in a band of polar radiation
angles, ∆θ.
[0070] The control mechanism underlying the reduction of sideline radiation is made clear by the relationship between
the in-duct angles and those in the far field. Tle modes closest to cut-off must be attenuated in order to reduce the
sideline radiation. A sketch of the duct, the control surface and axial sensor array configured to control sideline radiation
is presented in figure 5 showing an unflanged circular hard walled duct containing a mean subsonic intake flow. En-
closing the duct exit is a sector of a sphere of width ∆θ across which the sound power is to be minimised by a ring of
secondary sources. A single axial sensor line array at the duct wall detects the transmitted sound field from which the
field radiated towards the sidelines can be inferred.
[0071] A suitable weighting function on |b(θi,a,φk)|2 which accounts for the importance to sideline radiation of near
cut-off modes is the exponential function exp{-η(θzmax-θ)}, where η is an arbitrary constant which specifies the relative
weighting assigned to the different modes according to propagation angle. A cost function for reducing sideline radiation
incorporating this weighting function is expressed

[0072] The range of 'look' angles θ is now taken over the range of propagation angles close to θzmax that are most
responsible for the sideline radiation. Note, that the summation over different azimuthal axial sensor arrays K is included
for generality in order to allow for the presence of a number of different circumferential modal orders m.

Claims

1. A duct (1) for fluid flow having means for active control of sound radiated therefrom, said duct comprising sound
sensors (3) located on the inner surface of said duct and grouped together in one or more planes transverse with
respect to the duct axis, and at least one secondary source (4) whose operation is a function of sound received
at said sound sensors characterised in that the sound sensors have a step response whereby only sound propa-
gated within a pre-set angle to the duct axis is effective sensed and used to control the operation of said secondary
sources..

2. A duct as claimed in any of the above claims characterised in that said secondary sources are located on the inner
surface of said duct and grouped together in one or more planes transverse with respect to the duct.

3. A duct as claimed in any of the above claims characterised in that the axial spacing of said transverse planes is
not more than 0.5λmin(1 + Mzmax) where λmin is the wavelength corresponding to the radiated tone frequency of
interest and Mzmax is the maximum Mach number of the free stream flow in the duct.

4. A duct as claimed in any of the above claims characterised in that the secondary sources are operatively controlled
so as to minimise the sum of squared signals received at the sensors.

5. A duct as claimed in any of the above claims wherein the secondary sources are controlled as a function of the
sensors so as to minimise the cost function
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where b(θ0i,a, φk) denotes the complex signal produced after steering a beam at an angle θ0i by a receiver array
located at the circumferential angle φk around the duct wall and is computed from

where ψ0(θ0) is the beam steer angle

6. A duct as claimed in any of claims 1 to 4 wherein the secondary sources are controlled as a function of the sound
sources so as to minimise the cost function

where

7. A duct as claimed in any of claims 1 to 4 wherein the secondary sources are controlled as a function of the sound
sources so as to minimise the cost function

η is an arbitrary constant

8. A method for the active control of sound radiated from a fluid flow duct comprising:

a) sensing sound from an array of sensors located on the inside surface of the duct and

wl(θ0) = exp{-jlψ 0} (43)

ψ 0 =
π(f/fmax)(1 + MZmax)cosθ0

1 + MZ cosθ0
---------------------------------------------------------------------- (44)

γ^(θ) = cos(1
2
---πθ/θZmax) (46)

θZmax = cos-1(-MZ) (47)
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b) controlling an array of secondary sources located on the inside surface of the duct so as to minimise sound
radiated in the far field in a pre-set band of angles to the duct axis, characterised in that the sound sensors
have a step response such that only sound propagated within a pre-set angular interval to the duct axis is
effectively sensed and used to control the operation of said secondary sources.

9. A method as claimed in claim 8 characterised in that step (b) comprises controlling an array of secondary sources
so as to minimise the sum of squared signals received at the sensors within a pre-set angular interval.

10. A method as claimed in claims 8 or 9 characterised in that the secondary sources are controlled so as to minimise
the cost function:

where b(θ0i,a,φk) denotes the complex signal produced after steering a beam at an angle θ0i by a receiver array
located at the circumferential angle φk around the duct wall and is computed from

where ψ0(θ0) is the beam steer angle

11. A method as claimed in claims 8 or 9 wherein the secondary sources are controlled to minimise the cost function:

where

12. A method as claimed in claims 8 or 9 wherein the secondary sources are controlled to minimise the cost function:

wl(θ0) = exp{-jlψ0} (51)

ψ0 =
π(f/fmax)(1 + MZmax)cosθ0

1 + MZcosθ0
---------------------------------------------------------------------- (52)

γ^(θ) = cos(1
2
---πθ/θZmax) (54)

θZmax = cos-1(-MZ) (55)
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η is an arbitrary constant

Patentansprüche

1. Rohrleitung (1) für eine Fluidströmung mit einer Einrichtung zur aktiven Steuerung von hiervon abgestrahltem
Schall, wobei die Rohrleitung Schallsensoren (3), die sich an der inneren Oberfläche der Rohrleitung befinden
und in einer oder mehreren Ebenen quer zur Rohrleitungsachse gruppiert sind, und wenigstens eine sekundäre
Quelle (4), deren Operation von dem bei den Schallsensoren empfangenen Schall abhängt, umfaßt, dadurch ge-
kennzeichnet, daß die Schallsensoren eine Stufenantwort besitzen, wobei effektiv nur der Schall, der sich innerhalb
eines im voraus festgelegten Winkels zur Rohrleitungsachse ausbreitet, erfaßt und für die Steuerung der Operation
der sekundären Quellen verwendet wird.

2. Rohrleitung nach einem der obigen Ansprüche, dadurch gekennzeichnet, daß die sekundären Quellen an der
inneren Oberfläche der Rohrleitung angeordnet und in einer oder mehreren Ebenen quer zur Rohrleitung gruppiert
sind.

3. Rohrleitung nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, daß der axiale Abstand der
transversalen Ebenen nicht größer als 0,5λmin(1 + MZmax) ist, wobei λmin die Wellenlänge ist, die der interessie-
renden abgestrahlten Tonfrequenz entspricht, und MZmax die maximale Mach-Zahl der freien Strömung in der
Rohrleitung ist.

4. Rohrleitung nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, daß die sekundären Quellen
funktional in der Weise gesteuert werden, daß die Summe der quadrierten Signale, die bei den Sensoren emp-
fangen werden, minimiert wird.

5. Rohrleitung nach einem der vorhergehenden Ansprüche, wobei die sekundären Quellen in Abhängigkeit von den
Sensoren in der Weise gesteuert werden, daß die Kostenfunktion

minimiert wird, wobei b(θ0i, a, φk) das komplexe Signal bezeichnet, das nach der Orientierung eines Strahls unter
einem Winkel θ0i durch eine Empfängeranordnung, die sich an dem Umfangswinkel φk längs der Rohrleitungswand
befindet, erzeugt wird und berechnet wird aus

wobei ψ0(θ0) der Strahlausrichtungswinkel ist:

wl(θ0) = exp{-jlψ0} (43)
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6. Rohrleitung nach einem der Ansprüche 1 bis 4, wobei die sekundären Quellen in Abhängigkeit von den Schall-
quellen in der Weise gesteuert werden, daß die Kostenfunktion

minimiert wird, wobei

7. Rohrleitung nach einem der Ansprüche 1 bis 4, wobei die sekundären Quellen in Abhängigkeit von den Schall-
quellen in der Weise gesteuert werden, daß die Kostenfunktion

minimiert wird, wobei η eine beliebige Konstante ist.

8. Verfahren zur aktiven Steuerung des von einer Fluidströmungsrohrleitung abgestrahlten Schalls, umfassend:

a) Erfassen des Schalls von einer Anordnung aus Sensoren, die sich an der inneren Oberfläche der Rohrlei-
tung befindet, und
b) Steuern einer Anordnung aus sekundären Quellen, die sich an der inneren Oberfläche der Rohrleitung
befindet, in der Weise, daß der im Fernfeld in einem im voraus festgelegten Band von Winkeln zur Rohrlei-
tungsachse abgestrahlte Schall minimiert wird, dadurch gekennzeichnet, daß die Schallsensoren eine Stu-
fenantwort besitzen, derart, daß effektiv nur der innerhalb eines im voraus festgelegten Winkelintervalls zur
Rohrleitungsachse sich ausbreitende Schall erfaßt und zur Steuerung der Operation der sekundären Quellen
verwendet wird.

9. Verfahren nach Anspruch 8, dadurch gekennzeichnet, daß der Schritt (b) umfaßt: Steuern einer Anordnung aus
sekundären Quellen in der Weise, daß die Summe quadrierter Signale, die bei den Sensoren innerhalb eines im
voraus festgelegten Winkelintervalls empfangen werden, minimiert wird.

10. Verfahren nach Anspruch 8 oder 9, dadurch gekennzeichnet, daß die sekundären Quellen in der Weise gesteuert
werden, daß die Kostenfunktion minimiert wird:

wobei b(θ0i, a, φk) das komplexe Signal bezeichnet, das nach dem Orientieren eines Strahls unter einem Winkel
θ0i durch eine Empfängeranordnung, die sich an dem Umfangswinkel φk längs der Rohrleitungswand befindet,

ψ0 =
π(f/fmax)(1 + MZmax)cosθ0

1 + MZ cosθ0
---------------------------------------------------------------------- (44)

γ^ (θ) = cos(1
2
---πθ/θZmax) (46)

θZmax = cos-1(-MZ) (47)
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erzeugt wird und berechnet wird aus

wobei ψ0(θ0) der Strahlorientierungswinkel ist:

11. Verfahren nach Anspruch 8 oder 9, bei dem die sekundären Quellen in der Weise gesteuert werden, daß die
Kostenfunktion mit

minimiert wird, wobei

12. Verfahren nach Anspruch 8 oder 9, bei dem die sekundären Quellen in der Weise gesteuert werden, daß die
Kostenfunktion

minimiert wird, wobei η eine beliebige Konstante ist.

Revendications

1. Conduit (1) d'écoulement de fluide ayant des moyens pour contrôler activement le son rayonné à partir de celui-
ci, ledit conduit comportant des capteurs sonores (3) positionnés sur la surface intérieure dudit conduit et regroupé
ensemble dans un ou plusieurs plans perpendiculaires à l'axe du conduit, et au moins une source secondaire (4)
dont le fonctionnement est une fonction du son reçu au niveau desdits capteurs sonores, caractérisé en ce que
les capteurs sonores ont une réponse en échelon, de sorte que seul le son propagé à l'intérieur d'un angle préétabli
par rapport à l'axe du conduit soit détecté et utilisé efficacement pour contrôler le fonctionnement desdites sources
secondaires.

2. Conduit selon la revendication précédente, caractérisé en ce que lesdites sources secondaires sont positionnées

wl(θ 0) = exp{-jlψ0} (51)

ψ0 =
π(f/fmax)(1 + MZmax)cosθ0

1 + MZcosθ0
---------------------------------------------------------------------- (52)

γ^(θ) = cos(1
2
---πθ/θZmax) (54)

θZmax = cos-1(-MZ) (55)
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sur la surface intérieure dudit conduit et regroupées ensemble dans un ou plusieurs plans perpendiculaires au
conduit.

3. Conduit selon l'une quelconque des revendications précédentes, caractérisé en ce que l'espacement axial desdits
plans transversaux ne dépasse pas 0,5λmin(1 + Mzmax) où λmin est la longueur d'onde correspondant à la fréquence
acoustique rayonnée d'intérêt et Mzmax est le nombre de Mach maximum de l'écoulement libre à l'intérieur du
conduit.

4. Conduit selon l'une quelconque des revendications précédentes, caractérisé en ce que les sources secondaires
sont contrôlées d'une manière opérationnelle afin de minimiser la somme de signaux élevée au carré reçus au
niveau des capteurs.

5. Conduit selon l'une quelconque des revendications précédentes, dans lequel les sources secondaires sont con-
trôlées en fonction des capteurs de manière à minimiser la fonction coût

où b(θ0i,a,φk) indique le signal complexe produit après l'orientation d'un faisceau suivant un angle θ0i par un réseau
de récepteurs positionné au niveau de l'angle circonférentiel φk autour de la paroi du conduit et est calculé à partir de

où ψ0(θ0) est l'angle d'orientation du faisceau

6. Conduit selon l'une quelconque des revendications 1 à 4, dans lequel les sources secondaires sont contrôlées en
fonction des sources sonores de manière à minimiser la fonction coût

où

7. Conduit selon l'une quelconque des revendications 1 à 4, dans lequel les sources secondaires sont contrôlées en
fonction des sources sonores de manière à minimiser la fonction coût

wl(θ0) = exp{-jlψ0} (43)

ψ0 =
π(f/fmax)(1 + MZmax)cos θ0

1 + Mzcos θ0
------------------------------------------------------------------------ (44)

γ^(θ ) = cos(1
2
---πθ/θZmax) (46)

θZmax = cos-1(-MZ) (47)
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η est une constante arbitraire.

8. Procédé pour contrôler activement le son rayonné à partir d'un conduit d'écoulement fluide consistant à :

a) détecter le son à partir d'un réseau de capteurs positionné sur la surface intérieure du conduit et
b) contrôler un réseau de sources secondaires positionné sur la surface intérieure du conduit de manière à
minimiser le son rayonné dans le champ lointain dans une bande préétablie d'angles par rapport à l'axe du
conduit, caractérisé en ce que les capteurs sonores ont une réponse en échelon de manière à ce que seul le
son se propageant à l'intérieur d'un intervalle angulaire préétabli par rapport à l'axe du conduit soit effective-
ment détecté et utilisé pour contrôler le fonctionnement desdites sources secondaires.

9. Procédé selon la revendication 8, caractérisé en ce que l'étape (b) consiste à contrôler un réseau de sources
secondaires de manière à minimiser la somme de signaux élevés au carré reçus au niveau des capteurs à l'intérieur
d'un intervalle angulaire préétabli.

10. Procédé selon la revendication 8 ou 9, caractérisé en ce que les sources secondaires sont contrôlées de manière
à minimiser la fonction coût :

où b(θ0i,a,φk) indique le signal complexe produit après orientation d'un faisceau suivant un angle θ0i par un réseau
de récepteurs positionné au niveau de l'angle circonférentiel φk autour de la paroi du conduit et est calculé d'après

où ψ0(θ0) est l'angle d'orientation du faisceau

11. Procédé selon la revendication 8 ou 9, dans lequel les sources secondaires sont contrôlées de manière à minimiser
la fonction coût :

où

wl(θ0) = exp{-jlψ0} (51)

ψ0 =
π(f/fmax)(1 + MZmax)cos θ0

1 + Mzcos θ0
------------------------------------------------------------------------ (52)

γ^(θ) = cos(1
2
---πθ/θZmax) (54)
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12. Procédé selon la revendication 8 ou 9, dans lequel les sources secondaires sont contrôlées pour minimiser la
fonction coût :

η est une constante arbitraire.

θZmax = cos-1(-MZ) (55)
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