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The scattering of sound by a finite rigid plate with a finite poroelastic extension
interacting with an unsteady acoustic source is investigated to determine the effects
of porosity, elasticity and the length of the extension when compared to a purely rigid
plate. The problem is solved using the Wiener—Hopf technique, and an approximate
Wiener—Hopf factorisation process is implemented to yield reliable far-field results
quickly. Importantly, finite chord-length effects are taken into account, principally
the interaction of a rigid leading-edge acoustic field with a poroelastic trailing-edge
acoustic field. The model presented discusses how the poroelastic trailing-edge
property of owls’ wings could inspire quieter aeroacoustic designs in bladed systems
such as wind turbines, and provides a framework for analysing the potential noise
reduction of these designs.
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1. Introduction

It is well known that many species of owls have the unique ability to fly almost
silently, and this topic is now widely studied as it could provide novel designs
which allow for noise reduction in bladed systems, such as helicopter rotors and
wind turbines (Barone 2011). Certain features of the wings of owls are known to
be particularly effective in reducing scattered noise (Graham 1934): the fringed or
serrated trailing edge (Howe 1991); the downy coat on the upper surface of the wing
(Clark 2014); and the flexible and porous qualities of the feathers at the trailing edge
(Jaworski & Peake 2013). It is this latter feature that we discuss in detail here, by
modelling the flexible and porous qualities of the trailing edge of an owl’s wing. It
is hoped that a greater understanding of the sound reduction mechanisms could lead
to new designs of wind turbine blades that reduce trailing-edge noise.

Poroelastic plates, that is infinitely thin plates which include both flexural elasticity
and surface porosity due to acoustically compact circular apertures, can be modelled
by the poroelastic plate equation (Howe 1998). Howe has assessed the independent
effects of porosity and elasticity on trailing-edge noise for semi-infinite plates
(Howe 1979, 1993), finding both to be suitable adaptations to blades for noise
reduction. Recently Jaworski & Peake (2013) have combined the effects of porosity
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and elasticity to show that for a semi-infinite plate, trailing-edge noise can be
significantly reduced if a poroelastic material is used rather than a purely rigid,
impermeable material. Whilst semi-infinite models are useful for highlighting the
potential noise reduction for poroelastic trailing edges from, for example, a turbulent
eddy produced in a boundary layer near a compliant edge, they do not account for
finite chord-length effects, including perhaps principally the scattering of noise by a
leading edge. The interaction between the leading- and trailing-edge scattered fields is
a key factor in determining the maximum level of far-field noise due to rigid plates
scattering an incident sound wave (Ayton & Peake 2013), and similarly leading-edge
back-scattering is important for rigid plates scattering near-field acoustic sources
(Roger & Moreau 2005). For elastic plates, Scott (1992), and more recently Cavalieri,
Wolf & Jaworski (2014), have considered acoustic scattering by a finite-chord elastic
strip analytically and numerically respectively. Their results exhibit modulated far-field
scattered acoustic directivities, as is typical for finite chord-length plate interactions,
due to the interaction of leading- and trailing-edge scattered fields.

In practice, however, one would not wish to alter a wind turbine blade from fully
rigid to fully compliant, as this would adversely affect the performance. Instead, a
poroelastic extension could be added to a rigid blade to reduce noise, but maintain
performance. Indeed the idea of a trailing-edge extension is already implemented for
serrated (sawtooth) trailing edges on wind turbines (Koegler, Herr & Fisher 2009). It
is vital to include both leading- and trailing-edge fields, and a rigid—elastic connection
to appropriately model the effects of adding a poroelastic extension to a rigid wind
turbine blade. Therefore in this paper we develop such a model by extending the
two ideas from Jaworski & Peake (2013) and Scott (1992) to consider a finite rigid
plate, with a finite poroelastic extension. Not only can we then assess the effects of
the poroelastic trailing edge on the scattered leading- and trailing-edge fields, we can
alter the length of the poroelastic section to highlight optimal extensions that could
minimise scattered noise.

Also in this paper we present an analytic method to approximate the solution
for the far-field scattered acoustics. Previous work by Jaworski & Peake (2013)
and Scott (1992) relies on numerical factorisations of the Wiener—Hopf kernels
which are far from straightforward. The analytic approach presented here utilizes
Padé approximations and the extended Liouville’s theorem to approximate unknown
functions arising in the Wiener—Hopf equations (Abrahams 2000). The results are
sufficiently accurate to illustrate the effects of finite chord length on this scattering
process, and results can be produced quicker and more easily than the numerical
schemes in Jaworski & Peake (2013) or Scott (1992). To validate the approximate
Wiener—-Hopf method we compare to an asymptotic result for the scattering of a
high-frequency incident sound wave by a finite rigid flat plate, where the result is
known (Ayton & Peake 2013), and compare to the findings of Cavalieri et al. (2014)
in the case of a fully elastic plate (with no rigid section).

The model we use in this paper is illustrated by figure 1 and investigates the
scattering of an arbitrary acoustic source, S, by a finite flat plate which comprises
of a rigid section, x € (—M, 0), and a poroelastic section, x € (0, L). This composite
plate represents a simplified version of the owl’s wing, which has a rigid leading
edge, but porous and flexible qualities at the trailing edge. In our model, the porosity
and elasticity of the poroelastic section are assumed to be homogeneous. We obtain
a formal Wiener—Hopf solution for the scattered sound in §2. We initially consider
a non-porous elastic edge in § 2.1, and discuss the inclusion of porosity in §2.3. We
confirm that our Wiener—Hopf equations agree with the analytic system obtained by
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-M Rigid 0 Poroelastic L

FIGURE 1. The model problem with arbitrary source, S.

Scott (1992) in the limit M — 0, and also limit to a semi-infinite rigid plate case,
M — o0, in § 3. Section 4 discusses the new analytic approach to approximating the
solution for the far-field scattered sound, § 5 contains our results, and § 6 contains
concluding remarks.

2. Formal Wiener-Hopf solution

In this section we construct the formal Wiener—Hopf solution for the acoustic
scattering of an arbitrary source by a finite flat plate with a poroelastic extension, as
illustrated in figure 1.

2.1. Elastic edge

We begin by considering the problem illustrated in figure 1 with zero porosity. The
surrounding fluid is quiescent and the speed of sound is c¢,. We take a general
acoustic source whose associated pressure, p;, satisfies the Helmholtz equation with
source § and wavenumber ky = wl*/cy, where [* is a characteristic length scale of
the problem which we shall discuss shortly. The total unsteady pressure is written
p = pie " + H(x, y)e ", where H is the scattered pressure which satisfies the
homogeneous Helmholtz equation,

V?H + kgH =0, 2.1

and must consist only of outgoing waves. The deflection of the elastic plate is given
by n(x)e™™" where n(x) satisfies the thin-plate equation (Timoshenko & Woinowsky-
Kreiger 1959)
' .,

B <8x4—kpn =—-2H(x,0), 0<x<L. (2.2)
B is the bending stiffness of the elastic plate, k, = (mw?®/B)"/* is the plate in-vacuo
wavenumber and m is the mass per unit area of the plate. The forcing in (2.2) arises
due to the effect of unsteady fluid loading. We have a boundary condition of zero
normal velocity on the rigid section of the plate,

oH ap;
~ = - ) _M < X < Oa (23)
8y y=0 ay y=0
and a kinematic condition on the elastic plate,
oH op;
= P =t 0<x<L, 2.4)
ay y=0 ay y=0
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where p, is the mean fluid density. We demand that the vertical velocity is continuous
everywhere except across the plate, thus require

H(x,0)=0, x<-—-M and x> L. (2.5)

Finally we impose conditions on the joint between the rigid and elastic sections of the
plate, x=0, and at the edge of the poroelastic extension, x = L. Typically the joint is
clamped, n(0) =7n'(0) =0, and x =L is taken to be a free edge, n”(L) = n" (L) =0.
There are however further possibilities, such as a pinned edge which would require
n(0) = n”(0), so we do not immediately impose specific conditions at x = 0, L for
the deflection, however we note that at each point, two of the values 5, ', n”, n” are
known and two are unknown.

There are two key length scales in this problem, M and L, however we choose not
to non-dimensionalise with respect to either of them (or L + M) to allow us to take
the limits L — 0 and M — 0 to compare to previous results for acoustic scattering
by rigid plates (Ayton & Peake 2013) or elastic plates (Scott 1992; Cavalieri et al.
2014). In these special cases, the characteristic length scale, [*, is taken as M /2 or L/2
respectively. In cases where the rigid section is non-zero and finite, the characteristic
length scale is taken as the rigid semi-chord length, M /2, for an incident sound wave,
and the full semi-chord length (L + M)/2 for a near-field monopole.

Equations (2.1) to (2.5), along with the imposed conditions for the deflection at
x =0, L, are sufficient to now solve the problem. We first determine the formal
Wiener-Hopf solution, which requires a number of Fourier transforms. The full range
transform is

ey = [ Hexetan 2.6)
therefore the solution to (2.1) is
H(k, y) = sgn(n)H(k, 0)e "™, 2.7)

where y = \/k* — k2, and we take H(k, 0) to mean the value at y=0,. We give kg
a small positive imaginary part, which is set to zero at the end of the analysis, and
the branch points of y are at k = tk;, with branch cuts extending to infinity in the
upper and lower half-planes.

We introduce three pairs of half-range transforms;

M 00
HY(k, y) = / H(x, y)e*“™ dx,  HY(k,y)= / H(x, y)e* ™" dx,  (2.8a,b)
oo -M

0 o0
H° (k,y) = / Hx,y)e*dx, H(k,y)= / H(x, y)e* dx, (2.8¢,d)
—00 0

L (o)
HE(k, y) = / H(x,y)e"“Pdx, H.(k,y) = / H(x, y)e*"D dx. (2.8e.f)
—00 L

The suffices £ indicate that the functions are analytic in the upper and lower halves
of the complex k plane respectively. We also introduce two finite Fourier transforms
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0
HY (k, y) = / H(x, y)e™ dx, (2.9q)
—-M
H"(k, y) = / H(x, y)e' dx, (2.9b)
0

which are analytic for all values of k.
The transforms, (2.8) and (2.9), allow us to write

H(k,y) = (H" + H)e ™ (2.10a)
= H" +H (2.10b)
= (H" + H,)e (2.10¢)
= HYe ™™ + H + H" + H. ™. (2.10d)

We make use of these decompositions, along with the relation
oH -
B—(k, 0)=—yH(,DO0), (2.11)
y

at various points throughout the following analysis.
We begin by transforming (2.2)—(2.5) using the appropriate range transforms. First,
(2.2) becomes

= (K* = &}) " + H"(k, 0) = Q"(k) + " Q" (k), (2.12)

| S

where the polynomials, Q%%, are given by

0 B " 1 2. =13

Q (k)= 5 (n"(0) —ikn"(0) — K*n'(0) + ik*n(0)) , (2.13a)
L B " 1N 2.7 : 1,3

Q' =7 (—n" (L) + ikn"(L) + K*n'(L) — ik’ n(L)) . (2.13b)

There are four unknown constants associated with the functions Q%' since four are
specified by edge conditions at x=0, L. The rigid boundary condition, (2.3), becomes

oH"  op
oy — dy

=a(k) (2.14)
whilst the kinematic boundary condition, (2.4), becomes

oH" apt _ _
—=——+ ,0060277L = pB(k) + ,0060277L- (2.15)
dy dy

The continuous velocity conditions, (2.5), become

H" (k, 0) = H"(k, 0) =0. (2.16)
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We substitute (2.15) into (2.12) and use the splitting, (2.10d), along with the relation
(2.11), to yield

L
k() H(k, 0) = HY(k, 0) + Q°(k) + &* (QL(k) + 8;;*(/@ 0)P(k)>

M

+ “"MP(k) OHZ (k 0) + P(k) (a (k) + B(k)), (2.17)

where P(k) = B(k* —k3)/(2pow?), and k =1 — yP. We use the splitting
H’ =" 4 e Mg (2.18)

along with (2.16), to replace the H"(k, 0) term in (2.17) with H° (k, 0). Finally, we
define

(k) = H (k, 0) + Q°(k), (2.19a)

c%’f (k) =P(k)— H+ (k, 0) + Q" (k), (2.19b)

so that we may write (2.17) as

M

- . , ) H
k() H(k, 0) = 0 (k) + e (k) + e P(k) aay_ (k, 0) + P(k) (a(k) + B(K)) .

(2.20)
This is the key equation for our problem, and the remainder of this section is
dedicated to using the splittings, (2.10), to obtain three Wiener—Hopf equations
allowing us to formally solve for HY (k, 0) and H" (k, 0).
We first use splitting (2.10a) to obtain

M
K (ke ™MHY (k, 0) = S0 (k) + e S (k) + 7'kMP(k) — + P(k) (a(k) + B(K)) .
2.21)

Using a multiplicative factorisation of « (k) =« (k)x_(k), as described in Jaworski &
Peake (2013), we obtain

eikM eik(L+M) , P 8HM P
- O+ p AL+ K—a—+—(a+ﬂ) (2.22)

M __
kK H =

This is a typical Wiener—Hopf equation, which we could write as

ki HY! —F =———=+F_, (2.23)
K_ dy
where
F=F, +F._
kM . eik(L+M) ) P
= A0+ — %’f+K—(a+ﬁ) (2.24)

is an additive factorisation into plus and minus functions. The factorisations required
for this problem will be discussed later in § 4. In (2.23), the right-hand side is analytic
in the lower half of the complex k plane, whilst the left-hand side is analytic in the
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upper half-plane. Therefore by Liouville’s theorem both sides must be equal to an
entire function, which must be a polynomial in k (Noble 1958). The degree of this
polynomial is determined by considering the k — oo behaviour of (2.22). As k —
00, Scott (1992) determines that k. ~k>2, and physically the most singular allowable
pressure at the leading edge is O(x~/?) as x— 0, so HY ~k~'/* as k— oo. Similarly,
the most physically allowable form of dHY/dy yields (0HY/dy) ~ k'/? as k — oo.
Therefore the entire function must be E, + kE, + k*E,, where E,,, are constants. We
now obtain two equations for HY and 9HY /9y in terms of Ey;, and Fi;

1
HY = — (Fy +Ey+kE, + K°E,) | (2.25)
JF
AHY K
=— (—F_+Ey+kE| + KE,) . (2.26)
8y P

We require that the pressure and its derivatives are not singular at P(k) =0, therefore
(2.26) yields four conditions;

=0. (2.27)

k=+k,, +ik,

eltM ik(L+M)
K (EQ +kE, + KCE, — A + QL} )
K_ K

These conditions allow us to determine the three constants, Ej;,, and one constant
in Q. One constant in Q" remains unknown. The constants in Q° are not formally
required since Q is determined as part of the solution for #° in (2.30), and no
singularity conditions arise from this term.

We now split (2.20) using (2.10b) and relation (2.11) to obtain

dH" . e kM gpM P
- A0+ e pE =47 — , 2.28
+ 5 L( & +)+Ly % +Jiat o @+ B) (2.28)

where J. = k. /ys ~ k* for large k. The scattered pressure is continuous across the
joint at x =0, hence the entire function is zero. Therefore

dH, G
- (2.29)
8y Jy
A =—-J_G._, (2.30)
where
G == G+ + G_
el ik gp
= I J — 2.31
A ++J_y 2y ++06+J (a+p). (2.31)
Finally we split (2.20) using (2.10c) to obtain
1 . . OHMN\ #E P
Kk H" = — <%ﬂ_"eﬂ + Pe”““M)_) — 4+ —(a+h). (2.32)
K+ dy K+ K+

As before, this equation can be separated into functions that are analytic in the upper
and lower halves of the complex k plane, and the conditions on the derivative of HY
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determine that the entire function must be equal to E; + kE, + k*Es where Es 45 are
constants. Hence

L 1 2
HY = — (h_ 4+ Es + kE; + K°Es) (2.33)
K_
HE =k (hy + E; + kEs + K°Es) (2.34)
where
h == h+ +h,

—ikL ) 8HM P
= ¢ (%{0 + Pe‘kM_> +— (¢ +p). (2.35)

Ky ay Ky

Once again, we have an expression that could be singular at P(k) =0, this time due
to the term P(dH’ /dy) within 7" . To ensure there is not a singularity, we obtain a
further four conditions

—ikL o OHM
|:K+ < [CK (%ﬂ" + Pe—'kMay>] +E; + kEs + k2E5> - QL] =0, (2.36)
N + k=k, ik,

which allow us to determine the three constants, E3 45, along with the final constant
in QF and thus completes the formal solution.

An issue arises when we wish to actually calculate the solution from these formal
expressions since the Wiener—Hopf factorisations of F, G and & in (2.24), (2.31) and
(2.35), are all dependent on our unknown H. functions, therefore the formal solution
is implicit. A lengthy numerical solution for a two-dimensional implicit system is
given in Scott (1992). For our three-dimensional system we shall instead use an
approximation method discussed later in § 4 that provides results far quicker that the
procedure in Scott (1992).

2.2. Matrix formulation

We take equations (2.22), (2.28) and (2.32), and formulate them into a matrix equation,
MH, + MH_=P(a+ B)(1,1, )T, where

HY oHM /9y
H.=| 2 |, H. = 2 |, (2.37a,b)
IHY /oy H*

and M, , are matrices containing known functions. By inverting M, we obtain

y 0 e HY OHM /9y —eMy
_e—ikM Gkl _p e%”f + 0 = —-P8 |, (2.38)
—e WL 9 dH" /3y H: 0

which provides a simpler view of the formal solution to our problem than the six
separate equations presented in the previous subsection, and is of the form of a
standard Wiener—Hopf matrix equation. However, this is no easier to solve than the
implicit system of equations found in the previous subsection.
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2.3. Including porosity

Jaworski & Peake (2013) show that including porosity is a straightforward algebraic
process, which results in a redefinition of functions used throughout the elastic
analysis. We briefly repeat this here and state the required redefinitions. We now
suppose that the elastic section of the plate, x € (0, L) is also porous, with N circular
apertures of radius R. The fractional open area is ay = N7R?, and the Poisson ratio

is v so the effective plate stiffness is B = [1 —2ayv/(1 — v)} B. The average fluid
displacement in the apertures is 1, = —KzrAp/ (J'cpfa)sz), where Ap is the pressure
jump across the plate and equals —2H(x, 0), p, is the fluid density and K is the
Rayleigh conductivity. The poroelastic plate displacement equation, (equivalent to the
non-porous equation, (2.2)), is

_ /9 _
(1 —ay)B (axz - k;*n> = —2H(x, 0)(1 + 2NRKz), 0<x<L, (2.39)

where k, = (mw?/B)"/*. The new kinematic condition (equivalent to (2.4)) is

oH ZaHKRH

f

— B =pow’ [(1 —oag)n+
dy
The rigid boundary condition, (2.3), and the continuous velocity conditions, (2.5) are
unchanged. Taking the finite Fourier transform of (2.39) and (2.40), eliminating 7",
and using the splitting (2.10d), we obtain an equation identical to (2.20), but with a
redefinition of terms, X — X;

y=0

7 _ 4 74
P(k) = e (k* — k), (2.41a)
k(k) =1— yP(k) + 2NKy <R — ?P(k)) , (2.41b)
f
O = (1 + 2NRKj — 2P(k)KRN’;°> 0+ Q°, (2.41c)
’
25 D aH-LQ— AL
A =P(k) % (k, 0) + O"(k), (2.41d)
0 B " . 7 2./ 1.3
Q"(k) = 5(1 —agy) (n(0) — ikn"(0) — K*n'(0) + ik’n(0)) , (2.41e)
AL B " . " 2.7 )
0 (k) = 5(1 —apy) (—=n" (L) +ikn"(L) + k*n'(L) — ik’n(L)) . (2.411)

The function y remains unchanged. Since the fundamental equation, (2.20), is
unchanged except for these redefinitions, the solution in the poroelastic case is
immediate from (2.38).

3. Limiting cases

In this section we compare our formal solution (2.38) (and its poroelastic equivalent)
in the limit M — O to the solution in Scott (1992) and also consider the M — oo limit,
when the source is a sound wave,

pi — e—lk(] cos X—lko Smx’ (31)

incident from the far field.
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3.1. Limit of M — 0
The matrix formulation of the finite elastic plate problem from Scott (1992) is

—k ek Hﬁ R 44 ko sin x _ PeikL (eiL(k—kg cos x) __ 1)
: ) L | = , (32
(—elkL 0 ) (%ﬁf + H* k — ko cos x 0 ©-2)

where
, oH"

A =0+ P——. (3.3)
dy
The two equations are therefore
—ikL 770
—e LH+ +HE =0, (3.4a)
, : OH" ko sin x ,
_«H° KL sl 04 plii= _ _peikl 0 iLtk=kocos ) _ 1) = (3.4b
eHy +e A0+ O+ 0 k —kocos x (e ) (G:40)

In the limit of M — 0O, ij — H‘j[ therefore the first equation obtained from our matrix
system, (2.38), is redundant. The remaining two equations are

—e_i"LH?L + HE =0, (3.5a)
‘ , oH° o ko sin x .
_HO 1kL%L _p + %0 —_p ikL 0 iL(k—ko cos x) __ 1). (3.5b
vheny dy L © k—kocos x (¢ ). G3b)
By using the relation

oOH° oH"
ey (3.6)

dy dy

and noting that with M = 0 the continuous velocity condition upstream becomes
H® (k, 0) =0, we obtain the same equations as Scott, and thus have agreement in the
M — 0 limit.

3.2. Limit of M — o0

In the limit of M — oo, the splitting (2.10a) informs us that HYe * — H, since
HY — 0 by definition, and HY = H°. We use the relation

- OH) 0H’

_VH—Ty‘FTys 3.7

so our first equation obtained from (2.38) reduces to (2.14). Our second equation is
oH"
dy
which, after applying (3.7) and the rigid boundary condition,

ko sin x
H = ——— =
T k — ko cos x

—H+e" o —p P (1—etlhocon) = (3.8)

dH®  kosin x
dy  k—kycos y’

(3.9

will give us the first equation for the case of the semi-infinite rigid section. Our third
equation is ‘
—e "H + H" =0, (3.10)


https://doi.org/10.1017/jfm.2016.59

https://doi.org/10.1017/jfm.2016.59 Published online by Cambridge University Press

424 L. J. Ayton

which gives the second equation in the case of the semi-infinite rigid section on
application of (3.7). The two limited equations result in the following matrix system:

J ekt (dHY/dy N A\ kosin —J — Peiltk—kocosx) 3.11)
e *y=t 0 S H" ] k—kycos x —e ky ! T

4. Approximate solution

The formal solution obtained in § 2 requires multiplicative and additive factorisations
of k, F, G, h, however these cannot be found exactly, due in part to the awkward
exponential functions, e*/, e but also the implicit nature of the formal Wiener—
Hopf solutions, (2.22), (2.28) and (2.32). For the one-dimensional problem (i.e.
a single Wiener—Hopf equation) Jaworski & Peake (2013) provide a numerical
method for factorising « (and an asymptotic factorisation for special cases) however
this cannot be extended to our three-dimensional problem due to terms containing
exponential functions. Scott (1992) presents a numerical method for solving two
implicit Wiener—Hopf equations, but it is far from straightforward to implement,
and due to the truncation of infinite series it provides an approximate solution
nonetheless. Here we present a method with which to obtain an approximate solution
to the system of three equations given in (2.38), that is quick to produce results and
simple to implement.

We begin by taking the system of equations in (2.38) and rearrange so that the terms
containing exponential functions and our unknown H terms in the resulting equations
are either purely plus or purely minus functions, e.g. e is only present with H,
terms and never associated with H_ terms (known forcing terms do not have this
constraint). This yields

yST +e™Mst + 85 = —ea, (4.1a)
—k Sy + Pe KEAMg 4 kg 4 pST = —Pe (o + B) — OF, (4.1D)
kST +e MS +ySs +yPe*SS = —yPB —a — yetQF, (4.1c)

where Sli‘z’3 are the components of the plus and minus vectors in (2.38), except we
have set S5 = Hi’ so that we may impose the condition that Hﬁ’ is non-singular
(similar to (2.36)). We write the right-hand sides of (4.1) as A(k), B(k), C(k)
respectively. Recall QF contains 2 unknown constants.

By constructing the Wiener—Hopf equations in this way, we can formally obtain
expressions for some of the S, in (4.1) using standard Wiener-Hopf additive
factorisations. For example, take (4.1a); the right-hand side is analytic in the upper
half-plane (UHP). On the left-hand side, we require an additive factorisation of y S}
into plus and minus functions. Then by Liouville’s theorem we can consider just the
terms that are analytic in the lower half-plane (LHP) to obtain

Sy = (~rST)_+E®, (4.24)
where (-). denotes the part of an additive factorisation that is analytic in the

upper/lower half of the complex k plane, and E; is an entire function which must
be a polynomial containing a number of unknown constants dependent on the degree
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of the polynomial. We discuss the degrees of the unknown polynomials in the next
subsection. Similar consideration of (4.1b) yields

PS} = (kS3), + Ex(h), (4.2b)
where E,(k) is entire. Finally, after dividing (4.1¢) by y, we obtain

Sy = (—)’isy) + 55 (k) + Es(k), 4.20)

where s; arises from the additive factorisation of y~lc(k) — y~'e *MS and is
formally known since S; is given by (4.2a), and E; is a further entire function.

By creating equations (4.2) we have reduced the problem of factorising either
the matrix equation, (2.38), or solving the system of implicit equations, (2.22),
(2.28), (2.32), to a problem of merely having to calculate the entire functions, E; ;3
(which we do in the following subsection), and the additive factorisations of the
bracketed terms on the right-hand sides of (4.2). It is these factorisations that we
will approximate by using rational approximations of the functions y, ¥ and «/y in
§4.2 in a procedure that is far quicker than methods proposed for solving implicit
equations (Scott 1992) or factorising Wiener—Hopf matrices (Veitch & Peake 2008).

4.1. Determining the entire functions

To determine the entire functions, E;,3 in (4.2) we must consider the large k
behaviour of (4.1).
The dominant contributions to the left-hand side of (4.1a) for large k come from

yST +57. (4.3)

The remaining terms decay with k and are therefore not going to contribute to
assessing the polynomial E,. By considering the above terms, and using the splitting
(2.10a) we find in fact that (4.3) is ~(8H_"f/8y)e‘i"M, which cancels with the
right-hand side, A(k), yielding overall an equation that decays for large k, thus
the entire function, E; (k) =0.

The second equation, (4.1b), contains Q%F which could be dominant for large
k, however upon splitting S into a term containing dH*/dy, using (2.15), and
approximating 7#* by Fourier transforming n(x) ~ n(0) + xn’(0) + x*”(0)/2 +
x°n"(0)/6, we see that the contributions from Q% cancel with corresponding terms
from S;. By further splitting terms in (4.10) we reduce the dominant contribution for
large k to POH:/dy = O(k’/?), since HY = O(k~'/%) is the most singular allowable
solution (Jaworski & Peake 2013). Therefore by the extended Liouville’s theorem,
E,(k) = ey + ek + e,k* + esk?, where the e; are unknown constants. A similar analysis
of the third equation, (4.1c¢), yields E;(k) = e4 + esk.

4.2. Rational approximations
We wish to construct an analytic approximation for the solution to the system of
equations, (4.2). We begin by approximating y and « by rational functions

B (k—a;f)(k—a;)
vy =]] v (4.4a)

B

7 k=BH*k—B)
k=] ==y’ (4.4b)

B
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which can be done using Padé approximants (Abrahams 2000). The poles and zeros
of the rational approximations lie in the upper or lower half-planes, denoted by =+,
respectively. We require the rational approximation of y to be accurate for bounded
values of k since we only wish to discuss the far-field scattered acoustics (which
requires evaluation of our approximations only at the bounded points k= —kycos @, as
shall be discussed later). If there are n zeros of y and n poles of y, there are n+ 4
zeros of k, and n poles of x. n must be even since we wish to preserve the symmetry
of our functions, i.e. the approximation of y should still be an even function. We
ensure that the relationship, x = 1 — y P, holds so that the poles of y and « are
identical (since P has no poles).

The approximations (4.4) now allow us to express the factorisations, (—yS|)_,
(kS7)4, (—ky~'ST)_ analytically. For example, consider yS; which we wish to
additively factorise. The minus function only admits poles at k= yj+ since S| cannot
have poles in the upper half-plane. Therefore we can write (4.2a) as

1

ST=)0 o P 450)

j J

The a! are unknown, and the number of these unknowns equals the number of poles

of y that lie in the UHP, n/2. We have not allowed for poles of order greater than 1

since non-simple poles do not arise for the functions we are considering here.
Similar consideration of (4.2b) yields

2
a:
PSS = ! E,(k), 4.5b
; zj:k—xj+2() (4.5b)
where the number of unknowns af equals the number of poles of x in the LHP, n/2.
Finally (4.2¢) yields

a’
S;=>_ 5 R+ B0, (4.5¢)
j J
where s, is now known in terms of the ajl. We apply Cauchy’s theorem to obtain this
additive decomposition.

We have now obtained series solutions for three functions in (2.38) in terms
of unknown constants, and with these we could determine H(k, 0), and thus the
scattered solution. We have 3n/2 4 6 unknowns constants due to our approximations
and the entire functions, E; » 3, and a further 2 from the constant terms in QF, totalling
3n/2 + 8.

4.3. Determining the unknown constants

. 1,2,3
To determine the unknown constants a;”

the equations, (4.1). Equation (4.1a) yields

and e, s, we consider rearrangements of

1 .
yiST = o [Ak) — ST —e™ST] . (4.6a)

where the left-hand side is analytic in the upper half k-plane, so the right-hand side
cannot be singular at y_ =0, i.e. at k = o;". Therefore the function in the square
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brackets of (4.6a) must be zero for all k = ozj*. Note, we obtain an expression for
S§ by rearranging (4.1¢). From (4.1b) we find

1 4 A
k_Sy =—— [B(k) — PSy — Sye " — pS;e "] (4.6b)
K+
so similarly, the function in the square brackets must be zero at all k = ;. From
(4.1c) we require

C(k) —Sye ™ —yS; — yPS§e| _ g =0 (4.6¢)

This gives us 3n/2 + 4 equations. We finally note that the expression for S5 in (4.5b)
cannot be singular at P =0 in the UHP and by virtue of the relationship

Sf =—yH" —H", 4.7)

S5 can also not be singular in the LHP, therefore we obtain a further 4 equations from
requiring the right-hand side of (4.5b) to be zero at P =0. This gives us a total of
3n/2 + 8 equations to solve for our 3n/2 4 8 unknowns (including the two unknowns
in QF). We may then rearrange the equations (4.1) to obtain solutions for all of the
six functions. Note, due to the small positive imaginary part of ko, all poles and zeros
discussed do have non-zero imaginary parts.

4.4. Far-field acoustics

Given the solutions obtained in the previous section, we can finally solve for
H(k, 0) = HY(k, 0)e”*™_ required in (2.7). We invert the Fourier transform, (2.6),
to yield H(x, y), which we can approximate in the far field, x, y — oo, by using the
method of stationary phase. We find the far-field scattered acoustic pressure,

ikor ikor

me (—ko cos 6, 0)e™™ 0=/ sin g = D(6) G

where (7, 6) are polar coordinates, with & = 0 denoting the downstream direction.
|D(0)| gives the directivity of the far-field acoustics as a function of observer angle.
Since we only evaluate HY at k= —kycos6, we only require our approximation to be
accurate for Hf (k, 0) (equivalently S}) when |k| < ko, which we obtain from (4.6a).

H(r,0)~ (4.8)

5. Results

Before proceeding with results for a rigid plate with poroelastic extension, we
first present verification that the rational approximation approach is reasonable
by comparing results for the scattering of sound by a purely rigid plate. All
Padé approximations are calculated using the built-in PadeApproximant function
in Mathematica.

5.1. Verification of the rational approximation method

We consider the scattering of sound by a purely rigid flat plate, M =2, L=0.

In figure 2 we compare the approximate result for the far-field scattered sound as
calculated using the rational approximation method in this paper (with y given by a
Padé approximation with 10 poles), with an asymptotic approximation which can be
obtained from Ayton & Peake (2013).
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FIGURE 2. Comparison of two approximate solutions for the far-field scattered acoustics
from a finite rigid plate of length 2, due to an incident sound wave with x =3mi/4 and
varying ko. Solid line uses asymptotic approximation from Ayton & Peake (2013). Dashed
line uses the Wiener—Hopf rational approximation approach and plots |D(0)|, given by
(4.8). Both results are normalised by the incident pressure amplitude. (a) ko =6, (b) ko=
10, (¢) ko = 14.

Figure 2 shows good agreement between the two approximate solutions. The
method in Ayton & Peake (2013) requires k to be large, and has errors of O(k; oIt
does not strictly impose zero pressure upstream of the flat plate, as seen in all three
comparisons; the errors at § = 7 can therefore be attributed to this discrepancy
of boundary conditions at this point. A final difference is that the asymptotic
approximation is for sound scattering in a background steady uniform flow with
non-zero Mach number; in figure 2 we set that Mach number to 0.01.

5.2. Results for poroelastic extensions

We now investigate the effects of a poroelastic extension to a rigid flat plate for two
different acoustic sources. First, an incident sound wave from the far field, and second,
a near-field monopole close to the poroelastic trailing edge. In both cases, we suppose
the poroelastic plate is clamped to the rigid plate at x =0 and the edge at x =L is
free, and we normalise the scattered pressure by the amplitude of the incident field.
The incident sound wave provides insight into the potential noise reduction capabilities
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FIGURE 3. Pg as a function of poroelastic section length, L, for different elastic plate
wavenumbers, k,, and incident frequencies, k. Porosity remains fixed at o, =0.014.

of poroelastic extensions for the scattering of external sound sources by blades. A
near-field monopole models a turbulent source within a boundary layer above a wind
turbine blade. The poroelastic extension is an attempt to model the flexible and porous
qualities of the trailing edge of the owl’s wing and understand the noise reduction that
could be achieved by a similar adaptation to turbine blades.

5.2.1. Incident sound wave

We first consider the scattering of a far-field sound wave with pressure

pi= e—iko cos x —ikg sin x (5 1)

Since the source emanates from the far field, it is independent of the properties of the
plate, in particular the length of the poroelastic section. We can therefore consider the
effects of altering the length of the poroelastic section without having to modify the
original source. For all results here, we set y = /4.

We define the following function, proportional to the total above-plate scattered
sound power, as

Py = /n ID©)* do, (5.2)
0

where D(6) is the far-field directivity given by (4.8). To assess the difference in above-
plate scattered power levels between a plate with a poroelastic extension of length x,
and a fully rigid plate, we define

Ptoth:Z,L:x > (5 3)

tot |M:2+x,L:0

P (x) = 101log, <

which is measured in dB.

Figure 3 illustrates Py for different elastic plates and different incident frequencies.
A negative result indicates noise reduction, whilst a positive value is a noise increase.
We see that altering the length of the poroelastic section could significantly reduce the
scattered noise but there exist lengths whereby the noise would in fact be increased.
The optimal choice of length L of the poroelastic section for reducing the scattered
noise depends on the parameters of the plate, L and k,, and incident frequency, k.
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FIGURE 4. P,, results used to produce the dashed line in figure 3. (a) P,, as a function of
poroelastic section length, L, for elastic plate wavenumber k, =20, and incident frequency
ko =3. Rigid plate length, M, is fixed at 2. (b) P,, as a function of rigid plate length, M,
for elastic plate wavenumber k, =20, and incident frequency k, = 3. Poroelastic section
length, L, is fixed at 0.

The eigenvalues, A, of an elastic plate of length L are discussed in Cavalieri et al.
(2014), and satisfy
cos(LA) cosh(LA) +1=0 5.4

when one edge is free and one is clamped. The first few eigenvalues are given by
LA =1.88, 4.69, 7.85, 11.00. All modes are permitted in our system, but due to the
practical restriction on length 0 < L < 0.5, we only observe the first few modes in
the presented results. If &, is close to A the plate experiences a resonance and we
expect a significant reduction of scattered noise. This is illustrated in figure 4(a);
we see significant troughs at lengths, L, where k,L ~ {1.88, 4.69, 7.85, 11.00}.
These reductions do not however automatically translate to a reduction of noise,
i.e. a significant reduction in figure 3 (dashed line), since the interaction of the
trailing-edge field with the leading-edge field must be taken into account to find the
total far-field noise. In figure 4(b) we plot P, for a rigid plate of varying length. The
total scattered sound varies with length since the phase shift between the leading- and
trailing-edge scattered fields is dependent on the length of the plate. A minimum in
figure 4(b) indicates a destructive interference between the leading- and trailing-edge
fields, whilst a peak indicates a constructive interference. By changing the trailing
edge from rigid to poroelastic, we alter the phase shift between the leading- and
trailing-edge fields. If in the fully rigid case, there is a destructive interference, e.g.
for M € (2.15, 2.3), altering the phase shift by introducing a poroelastic trailing edge
results in losing this optimal destructive interference and can produce an overall
increase in noise (despite the trailing-edge field being reduced in magnitude), as seen
in figure 3 for L € (0.12, 0.25).

We justify that the rigid—elastic connection is not a significant contributer to the
scattered far-field noise by considering figure 5 which illustrates the far-field directivity
for a finite poroelastic extension clamped to a semi-infinite rigid plate. There are no
oscillations, even at the high frequency of ky = 10, indicating only one source is
dominant in determining the far-field sound, and this must be the trailing edge. We can
therefore attribute any oscillations in the directivity of the far-field scattered sound by
our finite length plates to leading- and trailing-edge interaction rather than interference
by the rigid—elastic connection.
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FIGURE 5. Far-field directivity for a semi-infinite plate, M — oo, L =1, with ky = 10,
k, =70, a;, =0. Result is normalised by the incident pressure amplitude.
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FIGURE 6. P,y as a function of poroelastic section length, L, for different poroelastic
plate wavenumbers, k,, or porosity, o, and incident frequencies, ko. (@) Porosity remains
fixed at o, =0.014 and the frequency of the incident sound wave is ky =7. The bending
wavenumber is varied. (b) The bending wavenumber of the plate is fixed at k, =13, and
the frequency of the incident sound wave is ko = 1. Porosity is varied.

Figure 6(a) illustrates the effects of altering the poroelastic plate stiffness on
possible noise reduction, as the length of the plate is increased. We see the peaks
and troughs familiar from figure 3, with more oscillations for higher values of k, since
more flexible plates admit more resonances. The overall trend of when there is an
increase or decrease in noise is similar across all k, values, since this is governed by
the leading- and trailing-edge interaction rather than the alteration of the trailing-edge
field directly by the poroelastic plate.

We see the effect of altering porosity in figure 6(b), which we know from Jaworski
& Peake (2013) and Cavalieri et al. (2014) has more significant effects at low
frequencies. We see that a higher porosity has the capability of maintaining a
negative sound power difference for a larger range of values of L, and in agreement
with Cavalieri et al. (2014), the more porous the extension, the greater the possible
reduction of noise. There are only two oscillations in the results in figure 6(b)
since there are only two lengths that correspond to resonances which can be seen
in figure 7(a). Figure 7(b) does not have any minima, therefore the leading- and
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FIGURE 7. P, results used to produce solid line results in figure 6(b). (a) P, as a
function of poroelastic plate length, L, for elastic plate wavenumber k, =13 and incident
frequency ko, = 1. Rigid plate length, M, is fixed at 2. (b) P,, as a function of rigid plate
length, M, for elastic plate wavenumber k, =13 and incident frequency k, =1. Poroelastic
plate length, L, is fixed at O.

trailing-edge interaction does not have a significant impact on the scattered noise,
and overall we see reductions in total noise for almost all lengths of extension and
the main mechanism reducing noise in figure 6(b) is due to the reduction of the
trailing-edge scattered field by the addition of the poroelastic extension.

Realistic designs with poroelastic extensions would only use small values of L, to
minimise adverse aerodynamic effects, and we see from figures 3 and 6(a) that even
small poroelastic extensions of 5-10%, L € (0.1, 0.2), of the total rigid chord length
can yield a reduction in scattered sound power of up to 4 dB for certain frequencies.
Figure 6(b) shows that increasing the porosity of the extension could extend the range
of lengths over which we would see a noise reduction for given frequencies, thereby
allowing the poroelastic extension to be chosen to optimise noise reduction over a
wide range of possible incident sound frequencies.

5.2.2. Near-field monopole

For a near-field source, located just above the trailing edge, varying the length of the
poroelastic section significantly alters how the source interacts with the rigid section
of the plate, therefore for clarity when comparing results we shall focus on results at
fixed values of L. Unless otherwise specified, we choose a monopole source,

pi= Leikﬁrm (5.5)
l kO Ym ' ‘
where r,, is a radial coordinate centred on the location of the monopole. We begin
by comparing results to Cavalieri et al. (2014, figure 9a) in figure 8; we see clear
similarities although there is a notable difference in the sharp dip between lobes in
our k, =20 result, which is much less pronounced in the result from Cavalieri et al.
(2014). This is most likely a result of our different source terms (we use a monopole
but Cavalieri et al. (2014) use a quadrapole; the quadrapole radiates noise differently
towards the leading edge therefore producing a different leading-edge scattered field
than the monopole), but there could also be an effect from our result having a non-
zero rigid length, thereby allowing the leading-edge acoustic field to be scattered by
a rigid edge rather than a clamped elastic edge.
In figure 9 we see the effect of altering the plate stiffness for M =1.85, L=0.15,
o, =0.0014 and k) =8. We refer to the k, =0.01 case as the rigid plate comparison.
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FIGURE 8. Directivity of the far-field scattered pressure from a monopole at (L, 0.06)
with kg =5, interacting with an impermeable elastic plate of length L =0.999 with rigid
section, M =0.001. Results are normalised by the incident pressure amplitude.

—,=0.01

FIGURE 9. Directivity of the far-field scattered pressure from a monopole with ky = 8,
interacting with a rigid plate of length M = 1.85 with a poroelastic extension of length
L=0.15, with o, =0.0014 and varying k,. Results are normalised by the incident pressure
amplitude.

We see a large increase in noise for k, =50 compared to the rigid plate, and a large
decrease for k, = 70. These increases or decreases with respect to the rigid plate
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FIGURE 10. Far-field noise difference in dB at each polar angle 6 between the rigid
plate, k, =0.01 and flexible plates, with M =1.85, L=0.15 and o, =0.0014, for k, = 8.

scattered noise arise for similar reasons as the previous section; altering k, alters the
trailing-edge field which could be close to a resonance, however there could be a
constructive or destructive interference of the leading- and trailing-edge acoustic fields.
The decrease for k, =70 occurs since it is close to a resonance (0.15 x 70 = 10.5),
whilst the increase for k, = 50 occurs since in the rigid case there is an optimal
destructive interference between the leading- and trailing-edge field, but the poroelastic
trailing edge with k, =50 alters the phase shift between the leading- and trailing-edge
fields in such a way as to create a constructive interference. Figure 10 uses the same
results as figure 9 to illustrate the noise difference in dB at each angle 6 between the
rigid plate and a flexible plate.

We see from figure 10 that by choosing a length and bending wavenumber close
to a resonance, a large noise decrease could be achieved. Figure 11 illustrates a
similar situation as figure 10 but for ky = 10 and L = 0.1. We choose different
bending wavenumbers to provide consistent bending Mach numbers, §2 = ky/k;,, as
the previous situations, since the bending Mach number was found to be a key
parameter in Cavalieri et al. (2014). By comparing figures 10 and 11 we see that the
same poroelastic plate would have different noise reduction capabilities for different
source frequencies. The reduction in noise for k, =75 occurs due to the proximity of
the resonant mode (0.1 x 75=717.5).

A turbulent boundary layer would contain a vast number of sources at different
locations with different frequencies. The results in this paper can allow multiple
sources to be assessed. To illustrate this, we consider figure 12 which shows
the magnitude of the far-field acoustic pressure produced by five monopoles of
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FIGURE 11. Far-field noise difference in dB at each polar angle 6 between the rigid plate,
k, =0.01 and flexible plates, with M =1.9, L=0.1 and «;, =0.0014, for ko = 10.

equal strength, located at points (0.15, 0.06), (0.13, 0.04), (0.14, 0.03), (0.12, 0.02),
(0.145, 0.05), with frequencies 6, 6.5,7,7.5, 8, for a plate with L=0.15, M =1.85 and
constant porosity «;, =0.0014. Figure 13 shows two of the contributions to figure 12.
In figure 13(a) we see a result where the overall sound pressure is decreased for the
given flexible plates compared to the rigid plate, whereas in figure 13(b) this is not
the case and we see increases in noise for certain values of k, versus the rigid plate,
in particular k, =40, 50. It is these values of k, that cause an increase in pressure at
certain angles in figure 12 which could result in an increase of total scattered noise.
We notice however that the increases in figure 12 for the combined five monopoles
are much less than the increases seen in the single monopole result in figure 13(b),
indicating that over a number of different turbulent sources the capability of the
poroelastic plate to increase total noise is lessened.

By comparing figures 13(a,b) we see that the magnitude of the far-field acoustic
directivity for the rigid plates is very different despite the similar sources, indicating
that in the case of figure 13(b) there is a strong destructive interference between the
leading- and trailing-edge acoustic fields, whereas in figure 13(a) there is not. This
explains why, for the same values of k,, we do not always see a consistent increase
or decrease of noise even though the length of the poroelastic section is the same.
The destructive leading- and trailing-edge acoustic interference is dependent on the
acoustic source, which differs between figures 13(a,b).
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FIGURE 12. Far-field pressure directivity obtained by five monopoles with different
locations and frequencies. In all cases o, =0.0014.

(b)

FIGURE 13. Far-field pressure directivity for two different single monopole sources, with
a, = 0.0014. Results are normalised by the incident pressure amplitude. (a) k) = 7.5,
located at (0.12, 0.02), (b) ko =8, located at (0.145, 0.05).

6. Conclusions

In this paper we have considered the scattering of acoustic sources by finite rigid
plates with finite poroelastic extensions in an attempt to model the noise control
properties of the trailing edge of an owl’s wing. Whilst the formulation holds for
an arbitrary acoustic source, we have focussed on results in two important cases;
far-field sound waves, applicable to rotor blockage within aeroengines, and near-field
monopoles, applicable to turbulent boundary layer self-noise. In both cases the rigid
section of the plate was seen to be important in determining the potential noise
reduction due to interference between acoustic leading- and trailing-edge fields,
something that studies for purely poroelastic plates or semi-infinite plates have not
assessed. Additionally the length of the poroelastic section was a key parameter
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affecting noise levels since longer extensions permit more possible resonant modes.
We have also presented an approximation method for Wiener—Hopf factorisations,
based on Padé approximations. This is particularly effective for this problem since
we are concerned only with the far-field scattered acoustics; the method would not
be appropriate for calculating the acoustics in the mid or near field.

Blade geometry and mean flow have been excluded from the analysis. An
inclusion of either would significantly complicate the modelling of the fluid—structure
interaction, and progress with the Wiener—Hopf technique would be difficult.
Abrahams (1983) discusses the scattering of sound by a finite elastic plate in
uniform subsonic flow, however to solve this problem one must use a matched
asymptotic expansion in conjunction with the Wiener—Hopf technique. By including
a mean flow the sound generated by non-acoustic sources, such as a convective
gust from far upstream, could be assessed. Also we have neglected any viscous
fluid action within the perforates of the extension. The poroelastic plate model used
here presents just a first-order correction to account for the porosity of the plate,
provided k,R < 1, koR < 1 and o} < 1. These restrictions, along with the effects of
mean flow on a perforated plate are discussed in Howe (1998). We would anticipate
that any effective increase in surface damping (such as including the effects of
viscosity within the perforate) could further decrease the far-field scattered sound
by decreasing the trailing-edge scattered field, however the interaction between the
leading- and trailing-edge fields could still result in noise increases.

The solution in this paper allows us to calculate the scattered field from multiple
near-field sources, as would be found in a turbulent boundary layer above a wind
turbine blade. Whilst we have seen that not all single monopole source cases result in
an overall decrease of far-field noise for flexible plates compared to fully rigid plates,
we would expect, given that we know owls fly almost silently despite turbulence
generated within the boundary layers above their wings, that when a large number
of sources interact with the poroelastic trailing edge, the noise is reduced overall. In
this paper, we have seen that single monopole sources can scatter more noise when
interacting with plates with certain poroelastic extensions than when interacting with
fully rigid plates. However, the combination of multiple monopole sources results in a
much reduced increase in the scattered noise in these situations. We expect that if we
included far more near-field sources, any poroelastic extension would reduce the total
scattered noise compared to that from a fully rigid plate. Further work is required
to support this hypothesis, however it is similar to the results observed for sound
generation by wavy leading edges; for single turbulent sources, wavy leading edges
have been seen to both increase and decrease noise compared to straight leading
edges (Mathews & Peake 2015). However, fully turbulent flow with a large number
of sources predicts a consistent noise reduction for all types of wavy leading edge
when compared to straight leading edges (Haeri, Kim & Joseph 2015).

We can conclude that, in agreement with previous studies, poroelastic trailing
edges could be a significant tool for reducing sound scattering for a range of acoustic
sources, however the interaction of the leading- and trailing-edge scattered fields has
the capability of increasing the overall far-field scattered noise when compared to a
purely rigid plate.

Acknowledgements

The author is very grateful to C. A. Daly and N. Peake for sharing preliminary
work on the case of a semi-infinite rigid section (M — 00). The author also wishes


https://doi.org/10.1017/jfm.2016.59

https://doi.org/10.1017/jfm.2016.59 Published online by Cambridge University Press

438 L. J. Ayton

to thank A. Kisil for many helpful conversations about the Wiener—Hopf method, and
is grateful to Sidney Sussex College for providing financial support.

REFERENCES

ABRAHAMS, 1. D. 1983 Scattering of sound by an elastic plate with flow. J. Sound Vib. 89, 213-231.

ABRAHAMS, 1. D. 2000 The application of Padé approximants to Wiener—Hopf factorization. IMA J.
Appl. Maths 65, 257-281.

AYTON, L. J. & PEAKE, N. 2013 On high-frequency noise scattering by aerofoils in flow. J. Fluid
Mech. 734, 144-182.

BARONE, M. F. 2011 Survey of techniques for reduction of wind turbine blade trailing edge noise.
Sandia Tech. Rep. pp. SAND2011-5252.

CAVALIERI, A. V. G., WOLF, W. R. & JAWORSKI, J. W. 2014 Acoustic scattering by finite
poroelastic plates. In 20th AIAA/CEAS Aeroacoustics Conference, Atlanta.

CLARK, I. A.2014. A study of bio-inspired canopies for the reduction of roughness noise. PhD
thesis, Virginia Polytechnic Institute and State University.

GRAHAM, R. R. 1934 The silent flight of owls. J. R. Aero. Soc. 38, 837-843.

HAERI, S., KIM, J. W. & JOSEPH, P. 2015 On the mechanisms of noise reduction in
aerofoil-turbulence interaction by using wavy leading edges. In 21st AIAA/CEAS Aeroacoustics
Conference, Dallas, TX.

HOWE, M. S. 1979 On the added mass of a perforated shell, with application to the generation of
aerodynamic sound by a perforated trailing edge. Proc. R. Soc. Lond. A 365, 209-233.

HowEg, M. S. 1991 Aerodynamic noise of a serrated trailing edge. J. Fluids Struct. 5, 33-45.

HOWE, M. S. 1993 Structural and acoustic noise produced by turbulent flow over an elastic trailing
edge. Proc. R. Soc. Lond. A 442, 533-554.

HowE, M. S. 1998 Acoustics of Fluid—Structure Interactions. Cambridge University Press.

JAWORSKI, J. W. & PEAKE, N. 2013 Aerodynamic noise from a poroelastic edge with implications
for the silent flight of owls. J. Fluid Mech. 723, 456-479.

KOEGLER, K. U., HERR, S. & FISHER, M. 2009 Wind turbine blades with trailing edge serrations.
US Patent App. 11/857,844.

MATHEWS, J. & PEAKE, N. 2015 Noise generation by turbulence interacting with an aerofoil with a
serrated leading edge. In 21st AIAA/CEAS Aeroacoustics Conference, Dallas, TX.

NOBLE, B. 1958 Methods Based on the Wiener—Hopf Technique for the Solution of Partial Differential
Equations. Pergamon.

ROGER, M. & MOREAU, S.2005 Back-scattering correction and further extensions of Amiet’s trailing-
edge noise model. Part 1: theory. J. Sound Vib. 286, 477-506.

ScotTt, J. F. M. 1992 Acoustic scattering by a finite elastic strip. Phil. Trans. R. Soc. Lond. 338,
145-167.

TIMOSHENKO, S. P. & WOINOWSKY-KREIGER, S. 1959 Theory of Plates and Shells. McGraw-Hill.

VEITCH, B. & PEAKE, N. 2008 Acoustic propagation and scattering in the exhaust flow from coaxial
cylinders. J. Fluid Mech. 613, 275-307.


https://doi.org/10.1017/jfm.2016.59

	Acoustic scattering by a finite rigid plate with a poroelastic extension
	Introduction
	Formal Wiener–Hopf solution
	Elastic edge
	Matrix formulation
	Including porosity

	Limiting cases
	Limit of M0
	Limit of M∞

	Approximate solution
	Determining the entire functions
	Rational approximations
	Determining the unknown constants
	Far-field acoustics

	Results
	Verification of the rational approximation method
	Results for poroelastic extensions
	Incident sound wave
	Near-field monopole


	Conclusions
	Acknowledgements
	References




