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INTRODUCTION

N

The application of active noise control to the reduction of propeller-—induced
cabin noise has been tha subject of several recent papers [(1-7]. Most of
these works have addressed the problem at a fundamental level in order to
best illustrate the physical mechanisms by which the active control of
harmonic enclosed sound f£ields is effected. As a result of such work it has
been established that active noise control can be ugsed to produce reductions
in the level of enclosed sound fields, both in a "global™ sense and in a
"local™ sense. The dominant parameter controlling the levels of reduction
which may be cbtained using a given control system has been shown in
reference [8] to ba the relative contributions of tha acoustic modes to the
total eneargy of the socund field (this 18 a functicn of the operating
frequency, the slze of the enclosure, acoustic damping and the spatial extent
of tha primary source Qistribution,

If a thecretical model 18 to accurately predict the levele of reduction which
can be achieved using an active noise control system in practice, then the
sound field must be modelled accurately. In the case of the rectangular
ancloged sound fields of reference [10]) it was relatively easy to obtain the
required accuracy in modelling the sound field. However, due to the complex
acoustic and etructural properties of an aircraft cabin the situation
adaressed in thie paper is not so straightforward. Any model capable of
producing accurate pointwise predictions of the sound pressure field in an
aircraft cabin would involve complex numerical technigues and, in addition,
an extensive series of experimental measurements to determine the input
parametera to these numerical models, If, however, cone can develop &
theoretical model which can predict the general features of the acoustic
field within an aircraft cabin, and in particular 1f this model accurately
reflecte the acoustic damping, the acoustic modal density and the extent of
the primary source (fuselage wall/trim) vibration present in the real
aircraft, then its use to predict the performance of active noise control
should give averall results which are representative of what will occur in
practice. Of course, pointwise predictiona of either the primary pressure
field or the reductiocns cbtained cannot be expected,

The work reported in this paper describes the use of highly ideallsed
theoretical models to represent the structural and acoustic response of a
B.Az, 748 aircraft cabin at the first two propeller blade passage harmonic
frequencies (08 Hz and 176 Hz)., The uvse of such a simple model is justified
and two illustrative examples of the theoretical application of active noise
control to.this alreraft are preésented,
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THE CHOICE OF A SIMPLIFYED ANALYTICAL MODEL OF THE AIRCRAFT CABIN STRUCTURAL
AND ACOUSTICAL RESPONSE

The Pugelage Structural Response Model

In the theory used in reference [1] the fuselage structural responge wasg
modelled as the response of a finite, isotropic, cylindrical shell having
. phear Adiaphragm/shear diaphragm end conditions (see Figure 1). The same
theory is to be used in the current work.

| z=16.0m

Young's Modulus=7.1e10Nm 2
2=0.0m Poisson's Ratio=0.31
9 20.0° Shell density=2700 kg m.S

FIGURE 1. Schematic diagram of the shell showing the coordinate system used.

Thus, assuming harmonic excitation, the radial shell dlsplacement w(Zz,6) 18
evaluated using '

R R 1 ey a(l-v®)I
.1 2 Iy

wz,.e) = L E L syt
r,;=0 ;=0 r,=0 mLzE(1 + Ingh

.Irfsin(-"—."i:—z)coa( r.e - Eg'—')ejmt

€, =1, v=0 OF &, =2, v>0 (1)

where a is the shell radius, Lz the shell length and h the shell
thickness, r,, r, and r, are structural modal integera, E and v are the sheli
material Young's modulus and Poigson‘a ratio respectively and ng is the
hysteretic damping factor. Irf specifies the spatial coupling between the
applied force and the mode r (where r is used here to indicate the trio of
numbers r,, rp and Iy}, thus
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where Pg(Zz,6) is the externally applied pressure. The term I,y in
equation (1) is evaluated as the (3,3) element of the inverse of the 3 x 3
matrix whose elements are given by

[z - xg2a? - (‘]-'—-;—V)r,_z

Lys =
3 .
Lz = (1 V)rzkza = Ly
Ly = vkza 3Ly, .
. (3)
= n® 1-v 2y 2n2 2y 2
Laz = A% = (F5—)1 + B2)kztal - (1.+ 00)r,
Lzy = T3 = B%{kzfaZn + n?) = L,,

Ly = 12 — 1 ~ B2(kz*a% + 2kpZa?r,? + ;%)

where Xz = (I,m/Lp) and where o = (ppa2(1 - v2)w?/E)* is the non-

dimensional frequency which has been normalized to equal unity at the shell

ring frequency, wy, (80 0 = w/ur), pg 18 the deneity of the shell

. material and A 1is a non-dimensional thickness parameter given by p2 =
(h#/12a%). .

Wnilst this basic approach of modelling the fuselage structural response as a
finite, isotropic cylindrical shell will remain identical in the present work
to the approach used in reference (1], it 1s now ilntended to apply the
thecretical results to a specific aircraft. The alrcraft to be considered
i8 a British Aerospace 748, twin turboprop, 48 seat aircraft. Therefore the
.dimensions of the shell must be adapted to match the dimensions cof the
alrcraft. Following the arguments presented in references (7,8 and 2] a
shell of length 16.0 m and diameter 2.6 m would appear to be appropriate.
This corresponds to a cylinder extending from z = 0.0 m at the front of the
flight deck to 2 = 16,0 m at the rear of the galley compartment. The
propeller plane is located at z = 3.5 m and the volume corresponding to the
48 seat passenger compartment extends from z = 3.5 m to 2z = 12.5 m,. The
shell material is chosen to have the propertiea of aluminium, as listed in
Pigure 1.

Structural Response Model YValidation

In order to use the theoretical model deacribed in the previcus section with
any confidence it is necessary to validate the results of the model with
those obtained in practice. However, during thia validation procedure it
must be remembered that one is only looking te achieve general agreement
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between the experiment and theory.

The model validation was performed using in-flight experimental data measured
on a H.he.748 test aircraft and made available by British Aercspace plec.
Unfortunately, due to the space limitations, only a representative sample of
these results can be presented, More detailed resulte can be found in
references {7,8.9].

Because the available experimental data for performing thie matching were all
measured in flight, it 1s necessary to ensure that the forcing used in the
theoretical model demonstrates the important features of the in-flight
forcing of the fuselage, This is particularly ilmportant as results presented
in reference {9] have shown the forced response¢ of a shell such as that
described above .to be heavily dependent on the exact form of the forcing. 1In
particular, the distrikuted nature and the circumferential convection of the
pressure field have been shown to be important parameters controlling the
response of the atructure. Thus, based on experimental data, the pressure
fields shown in Pigure 2 were chogen. (Note the absolute levels of these
resulta, and all subsaquent results, have been acaled to 54 dB peak).

150

Phase{deg)

Sound Pressure
Level(dB)
(Countours at
10dB intervals)

Angle around shell {deg)

2 4
Distance along shell{m)

FIGURE 2. The external pressure field used to model the port propalier pressure field at the
blade passage first harmonic frequancy. The peak sound pressure level is 94dB at "+~ The
second harmonic pressure field is of the same form except the peak pressure level is $1.4dB
and the circumnferential phase rate is double that of the first harmonic.

Using the shell thickness, h, and damping ng, as variables, the predicted
structural responses wera "matched™ with the available experimental
structural regponse data. This resulted in the shell thickness being chosen
ag 1.2 mm, and the hysteretic damping facter as 0.3. Figure 3 shows the
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scaled structural radial acceleration amplitudes at 80 Hz due to the port
propeller only. Figure 3(a) showa the response as a function of distance
along the fuselage evaluated and measured on a line along the port gide of
the fupelage, this line intersecting the point of closest approach of the
propeller, Figure 3(b) shows the response as a function of angle around the
fuselage in the plane of the propellers.

EXPERIMENT
8- o= Frame _

o += Stringer
c'n *= skin panel
S.F
=
=)
Bx
88

=2
g2
85

0
1} 360
Axia! locatipn (m) Circurmierential tocation (deg)

FIGURE 3. The radial acceleration amplitude of the shell at 88Hz when it is excited by the pressure
figld of Figure 2. Some experimentally measured data points are alse shown for comparison.

From the resulte of Figure 3(a) it appears that, whilst the theory predicts
the nature of the responses along the shell with reasonable agreement, the
predicted acceleration amplitudes are too high. The reason for this can be
seen by referring to the responses around the shell shown in Figure 3(b).
For this case the maximum amplitudes of the experimental and theoretical
results show good agreement. Howevar, the theoretical results predict that
the maximum response occurs ¢lose to the point lying under the maximum
applied pressure (i.e., at z = 3.5 m, @ = 85°).  In contrast, the
experimental responses appear to be rotated around the fuselage in the
direction of the propeller rotation. Thue, the peak measured accelaration
occurs at € = 180°, The reason for this behaviour is not clear but it ia
poasibly due to the constraints imposed on the fuselage vibration Dy the
floor, However, the effect does explain the overprediction of the
acceleration amplitudes in Pigure 3(a).

From these and other similar results it was concluded that the finite shell
thaory, with the appropriately chosen parameters, could be used to provide a
realistic primary scurce distribution for use in the active noleg control
prediction scheme.

The Cabin Acoustic Response Model

The work presented in reference {1] chose to model the cabin sound field
as that which exists in a hard-walled cylindrical room. It is the intention
in thisa section to assess how good a model this is.

Proc.L.O.A. Vol 10 Part 2 {1988) 565



Proceedings of The Institute of Acoustics

MODELS POR EVALURTING THE PERFORMANCE OF FPROPELLER AIRCRAFT ACTIVE NOISE
CONTROL SYSTEMS

The acoustic pressure at a point specified by the location vector r, due
to some normal velocity distribution vp{Ig.w) over the cylinder walls can be
expresged as (see Figure 1 for the cylindrical coordinate system used) [B8)

nEO 2Cphwp = J(wp? - wi)

Vn(z)| vnlrs.w)un(zs)as
mpcz ) .
v

p{r,w) = (4)

where harmonic time dependence of frequency w has been assumed, Here wp
and W, are the natural frequency and normalised mode shape functions of
the n'th mxle given by '

4
wn = c((E;£)= + (—E;Eﬂ)l)&/! {5)
and
cos(m‘?:)cos(n B + 541').7 (k—?-—-ln n f)
v _ Ly : 2 " np a "
nanangn, © Ap* (€

where n,, Ny, Ny and n, are the modal integers, Lz 18 the length of the

cylinder J is a Bessel function of order n,, k
ny Nahy

are solutions of (a.:rn (kn " )/8ry = 0 and a 1is the radius of the
L3 2
‘cylinder. The eigenfunctiona have been normalized using

ﬂn=—““(1"§-‘f‘")3nl (k ) (?)
®n, ®n, kn.n,

Also, V and S are the volume and bounding surface area of the enclosed space, -
p and ¢ are the density and sound speed of the enclosed medium, and Cp is the
damping constant of the n'th mcde, which 1s related to the surface averaged
absorption coefficient by .

- - —Sc¥
Cp = 15"[59%6“1 + T o _)z] (8)
k
Nahy

where Se 48 the surface area amd ag the surface averaged absorption
coefficient of the end walls and where S, and ag &re the equivalent
quantities for the curved walla, In the work that follows, the distribution
of absorbing material over the end and_curved walls will be assumed to he
equal, and therefore ag will equal ag.
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Acouptic_ Response Model Validation

To check the applicability of thia theory to the physical situation a series ’
of ground tests were performed in the cabin of the trials aircraft. These
teats were designed to determine 1:Ihe acoustic damping in the cabin in the
frequency range of interest and also to try and identify the modal structure
of the sound field, Two methods were explored: steady state power balance
technigques and acoustlc transfer impedance measurements [8), with a frequency
range from O to 500 Hz being conaidered. Table 1 lists the best eptimates
of acoustic absorption coefficiaents obtained using a combination of these two
methods. Note that the very high absorption coefficients quoted have
resulted from the cylinder model having a much smaller surface area than the
aircraft cabin where seats, bhbulkheads, lockars, etc., are present. As with
the structural responses, the overall results from these tests indicated that
this simple model should adequately describe the accustic response of the
cabin at frequencies up to the second blade passage harmonic [8].

TABLE 1: The acoustic absorption coefficiente used in the cylindrical room
acoustics model to best match the predicted acoustic responses to the
measured values.

Prequency (Bz) Absorption Coefficient
£ < 25 0.1

25 « £ < 200 £ x 0.008

200 < £ < 500 1.6

The next question which must be asked is, when the structural and acoustic
response models are interfaced, do they still give resulta which agree
adequately well with practical measurements?

The Combined Fuselage Structural and Cabin Acoustic Response

As the next stage of model validation, the internal acoustic responees due to
the predicted shell structural responses were evaluated by substituting the
expreasion for the shell radial velocity from equation (1) into equation

(4). Performing this substitution and evaluating the appropriate integrals,
aseuming the shell end cape to be acoustically rigid, ylelds the pressure
fields of Figure 5, where these fields have been evaluated over the plane
ghown in Figure 4. These are to be compared with the experimental pressure
fielda measured over a corresponding plane and shown in Pigure 6. whilat
the agreement for the fundamental frequency is reasonable, the agreement for
the second harmonic is not 50 good,

This discrepancy between theory and experiment is believed to occur because

of the highly idealized nature of the theoretical model used, and the manner
in which the structural response excites the enclosed acoustic field {7].
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FIGURE 4. Schematic diagram showing the head height plane (0.2m above the fuselage centreling)
over which both the experimental and theoretical sound pressure field results have been evaluated.
The plane is indicated by the heavy shading.

b) 176Hz
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FIGURE 5. The theoretically predicted sound pressure fields over the “seated head height ptane” in
the shell of Figure 4. The fields shown are due 16 port propeller excliation enly.

The inhomogenelties present in any practical alrcraft structure are likely to
decrease this structural/acoustic mode coupling selectivity and thus at any
given frequency a different combination of modes are likely to be excited
than 18 predicted by this simple theory. In order to introduce this effect
into the model {albeit irn a rather ad hoc manner) the excitation of the
enclosed volume by the vibration of the shell can he modified to occur over
only part of the interior shell surface, Since the fuselage floor is joined
te the cylindrical fuselage at pointa corresponding approximately to 6 = §0°
and & =300°, and because there are fixed bulkheads in the test aircraft at
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FIGURE 6. The experimentally measured sound pressure fields over the sealed head height plane in
. the passenger cabin of the B.Ae. 748 aircraft. The figlds shown are due o the port propeller only
and werg measured in flight. .

Distance along
plana (m)

Distance along
plane {m)

-FIGURE 7. The MODIFIED theoretically predicted sound pressure fields over the "seated head height
plang” in the shell of Figure 4, The fields shown are due 1o port propelier excitation only,
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approximately z = 1.5 m and z = 12.5 m, it has been decided to choose these
ag the limits of the “primary source®. Figure 7 shows the pressure
distributions resulting from making this modification to the excitation.
These pressure fields have again been evaluated over the head height plane of
Figure 4. Note that now, particularly at 176 Hz, the predicted and measured
responses are in much better agreement.

THE APPLICATION OF ACTIVE NOISE CONTROL AT THE PROPELLER BLADE PASSAGE FIRST
AND SECOND HARMONIC FREQUENCIES

The Active Control System Cost Function

The model described above can now be used to predict the levels of
reduction which are likely to be achieved using active methods of sound
reduction. As a practical method of applying active noise contrel the
tachnique of minimieing the aum of the squared pressures at L error sensors
ghall be considered. This is the same technique as was used in, for example,
references [1,7,8]. Thus the cost function to be minimised is given by

L

= —— z
I = geip b IPERW)

where p(rg,w) 1s the pressure at the location of the #'th sensor. The
method of interfacing an active control performance prediction scheme of this
type with analytical acoustics models similar to that described above has
been previously described in reference {10] and hence will not be discussed
here. However, the basic property of this type of guadratic optimisation
analysis is that if one specifies any number, M, and location of secondary
gources and any muber, L » M, and locaticn of error sensors then the
theoretical analysia allows the prediction of the optimal set of secondary
source strengths which will minimise the chosen cost function.

The Secondary Scource/Error Sensor Location

Baving chosen Ju, as a suitable cost function it is now necessary to choose a
suitable number and location of both secondary sources and error sensors. As
an example of a “"practically sized" system, one having @ secondary socurces
anfl 24 error sensors shall be cohngsidered, 1In the low modal density case
Aiscussed in reference [10] it was demonstrated that global reductions of up
to 20 @B in the total acoustic potential energy within the volume could be
achieved using specific combinations of only one or twe Becondary sources and
error sensors. This was made possible by the primary sound field being
dominated by only one or two modes, In the present case, however, if one
evaluatez the number of modes which dominantly contribute to the total
acoustic potential energy of the primary scund field (by "dominantly"” it is
meant the mode's contribution is within 20 4B of the most dominant mcde) then
at the fundamental fregquency 10 modes dominate, and at the second harmeonic
frequency more than 60 modes dominate. It 18 thus unlikely that the 8
source/24 sensor active control system will be capable of producing
appreciable global reductions. Instead, a strategy which attempts to reduce
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the sound levels in the regions where reductions are most needed will be
adopted. Consequently the twenty four errcr sensors are spaced evenly over
the seated head height plane of Figure 4, resulting in the sensor
diptribution shown in Figure 8(a). These error sensor locations shall be
xept identical for both the fundamental and second harmonic systems.
However, the eight seccondary source locations used for the two harmonic
differ, The two source distributions used are shown on Pigures 8(b) and
(e). full discussion on the reasons for these choices of source locations
can ba found in reference [8].

0.46m| 4 + + + + + [0.91m

¥ + 1.¥

.-
—rE—grTrr— &

T ]
z=3.m 0.75m z=12.5m

a) The locations of the twenly tour error sensors used for both the
fundamental and second harmonic frequency active control systems.
All sensors are located in the head height plane of Figure 8,

+ +
+ +

-

B=zAG0"
] u n —280°
[ ] -—210"
[ - —150°
. —7 o B
B=D% "
+IITHI'IIIIII* » e
2=3.5m 0-75m 2=12.5m z23.8m 0-73m 2=12.5m

b) Tha locations of the B secondary sources ¢) The locations of the 8 secondary sources
used for the fundamental frequency active used for the second harmonic frequency
control system. The diagram shows the active control system. The diagram shows
locations over the unwrapped shell surface. the locations over the unwrapped sheli surfacel

FIGURE 8. The locations of the B sources and 24 error sensors used to obtain the rasults of
Figures 9 and 10.

Regults for the Propeller Blade Passage First Harmonic Preguency

Figure 9 shows the results of minimising Jp at the blade passage fundamental
' frequency. The results are presented for a 30 by 20 point grid over a head
height plane pimilar to that shown in Figure 4, Thus the plane includes the
error senscr locations. For this case the average reduction over the 600
points in the plane {(this quantiy shall be termed Jpece) 12 8.2 dB, while
the average reduction at the 24 error sensors, Jp,, is B.9 dB, and the total
acoustic potential energy decreases by less than 0.1 dB, Notice, however,
from Figure 9 that local reductions in the sound presure level of up to 35 dB
are predicted, Increases of up to 20 dB are also predicted, but these only
occur where the pressure was initially very low. The general effect of
minimising Jp has therefore been to reduce the average sound pressure level
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IN S.P.L. {dB)

in © REDUCTION
© INCREASE

Distance along . / Distance along
plane {m) K N > plane (m)

a) Areas of pressura decrease afler Jp has b) Areas of pressure increase after Jp has
been minimisad. been minimised.

FIGURE 9. The efiect over the head height plane of minimising Jp at the propeller blade passage
fundamemtal frequency using the active control system of Figure 8.

cver the plane, with the spatial extent around each error zensor being
pufficiently large that no significant regiona of pressure increase occur
between the sensorg.

Results for the Propeller Blade Passage Second Harmonic Frequency

Figure 10 shows the corresponding result for the B source/23 sensoY system
cperating at the blade passage second harmonic fregquency. In this case the
reduction in Jpago i8 2.3 4B, the reduction in Jp,, 18 7.2 @B and the total
acoustic potential energy increases by C.6 dB, The Jp4qo reduction is
gubstantialy less than that obtained at the fundamental freguency. This is
partly due to the concentration of the reductions in the forward half of the
plane with the average pressure slightly increasing in the rear half of the
plane, This is not too detrimental to the practical usefulness of the
result as the initial socund pressure levels in the rear half of the plane
are, on average, B dB lower than those in the forward half, However, the
lower Jpeog reduction is also caused by the zones of reduction being
concentrated more closely around the error sensors for the secend harmonic

freqguency results,

what has not been considered in the resulte of Figures 9 and 10 ig the out of
plane performance of the active control system. Results in reference [8)
show that as one moves vertically away from the plane of the error senscrs
the reductions obtained using the second harmonic system fall off much more
rapidly than those obtained at the fundamental frequency, thus .
suggesting the need te move the error Sensors out of the single "head height”®
plane, This feature, that the reductions are more localized around the error
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sensors for the second harmonic frequency, is alpo demonstrated by the
comparison of the Jp,, and Jpgo,e reductions at each of the two harmonics.

50 50
. @ )
5> u
[ £ - g
. O o w o
g o T o
o
(&2 zz
=] D
2.5 2.5
Distance along Distance along
plane (m) plane {m}
3.5
a) Areas of pressure decrease after Jp has b) Areas of presswra increase after Jp has
heen minimised. been minimised.

FIGURE 10. The effect over the head height plane of minimising Jp at the propeller blade passage
second harmonic frequency using the active control system of Figure B.

. CONCLUSIONS

A spimple analytical approach to modelling the structural and acoustic
reoponse of a B.Ae.748 ajircraft has heen presented, Results obtained using
this analytical model have been shown to compare well with the general
features of the measured ailreraft structural and acoustic responses, Having
justified the choice of thie simplified model it has been used to lnvestigate
the applicaticn of active noise control within the B.Ae.748 cabin to reduce
the interior noise levels at tha propeller blade passage fundamental and
second harmonic frequencies. The active control system studied comprised 8
gources and 24 error senscrs and acted 5o as to minimise the sum of the '

squared pressures at the 24 sensors, The possibility of producing global
reductions using this gize system was considered and rejected. Instead it
was attempted to produce an extended area of sound pressure reduction over a
seated head height plane which covered all 48 seats. By placing all 24 error
sensorg in this plane average reductions over the plane of approximately 8 dB
at the fundamental frequency and 2 48 at the second harmonic frequency were
predicted. However, it has also been demonstrated that the spatial extent of
the zones of reductions in sound pressure level are more localized around the
error sensors for the second harmonic frequency than for the fundamental

frequency.
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