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In this paper, the development of a numerical method to compute the multimodal scattering
matrix of a lined duct in the presence of flow is presented. This method is based on the use
of the convected Helmholtz equation and the addition of modal pressures at duct boundaries
as additional degrees of freedom of the system. The boundary effects at the inlet and outlet
of the finite waveguide are neglected. The choice of this matrix is justified by the fact that it
represents an intrinsic characterization of a duct system. The validation of the proposed finite
element is done by a comparison with the analytical formulation for simple cases of ducts.
Then, the numerical coefficients of the scattering matrix of a lined duct and its acoustic
power attenuation are computed for several flow velocities to evaluate the flow effect.

Key words: lined duct, scattering matrix, mean flow

1. Introduction

The characterization of the acoustic behavior of aircraft engines is an important tool used by
engine designers to reduce the noise inside such systems and radiated from them. These engines
are generally presented as a wave guide composed of an acoustic source and a series of a rigid wall
and lined ducts. To characterize these wave guide systems, some specific matrices are used such as
the mobility matrix as used by Pierce (1981), transfer matrix, see To and Doige (1979a,b), Lung
and Doige (1983), Munjal (1987), Peat (1988) and Craggs (1989), reflection matrix presented
in Akoum and Ville (1998) and Sitel et al. (2003), transmission matrix see Sitel et al. (2003) or
scattering matrix see Abom (1991), Leroux et al. (2003), Bi et al. (2006) and Sitel et al. (2006)
matrices. In a previous work, Taktak et al. (2010) developed the multimodal scattering matrix
of a lined duct to characterize an axisymmetric rigid wall — lined — rigid wall duct simulating
an aircraft engine without flow. In fact, this matrix represents an intrinsic characterization of
the duct element independently of the upstream and downstream conditions: it depends only
on acoustics and geometrical duct features and provides a complete description of the modal
reflection, transmission and conversion of the duct element. This matrix is also used to evaluate
the efficiency of the duct by computing its acoustic power attenuation as presented by Aurégan
and Starobinski (1998) and Taktak et al. (2010). In that latter work, the scattering matrix was
used to evaluate the efficiency of a lined duct and to characterize duct edges by calculation of its
acoustic impedance without flow. But in a real engine the flow is present and has an important
effect on the acoustic behavior of liners. For this rreason, a method based on the finite element
method to compute the multimodal scattering matrix of a lined duct in the presence of a uniform
flow with a Mach number smaller than unity is presented in this paper. This matrix is then used
to characterize the acoustic performance of the studied duct by computing its acoustic power
attenuation and to evaluate the flow effects on these parameters (scattering coefficients and
acoustic attenuation).
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In this paper, the studied problem is presented in Section 2. Then, the finite element method
to compute the numerical multimodal scattering matrix with flow of a lined duct is presented
in Section 3. Section 4 presents the computation of the acoustic power attenuation from the
scattering matrix. Results of the proposed numerical method are presented and discussed in
Section 5 to evaluate the flow effect.

2. Description of the physical problem

The studied duct is cylindrical. Figure 1 presents its symmetric part. It does not present a
sudden section change but an impedance discontinuity caused by the liner which is supposed to
be locally reacting is modeled by its acoustic impedance Z. (2 is the acoustic domain inside the
duct. The edge of the studied duct is composed of four parts: the rigid wall duct part Iy p, the
lined duct part I';p, the left transversal boundary I, and the right transversal boundary I'g.
I'wp, I'tr, I'y and ['r are characterized respectively by their normal vectors nywp, nyp, ng
and ng. A uniform flow with a Mach number smaller than unity is present in this duct modeled
by the vector My defined as

My = (20) = (%2) = Mo 2.1)

where My is the Mach number, Uj is the flow velocity, c is the sound velocity and z is the duct
axis. The objective of this work is the characterization of an industrial duct composed of a rigid
wall and lined parts and the evaluation of its efficiency as well as the flow effect on the acoustic
behavior of this duct. This is obtained by using the multimodal scattering matrix, from which
the acoustic power attenuation is deduced. The methodology of numerical computation of this
matrix as well as of the acoustic attenuation is presented in the next sections.

3. Computation of the multimodal scattering matrix

3.1. Definition of the scattering matrix

The scattering matrix Syxny of the duct element relates the outcoming pressure wa-
ves array PSW = [POO - PPQ,PI”,. PI”] N to the incoming pressure waves array

mo=[PLT, . PPQ,PH*, e ,PP 1% (Fig. 1) as follows, see Taktak et al. (2010)

; R T -
P = SonxanPoy = l o S AN N (3.1)

TNXN RNXN]2NX2N

where P+ and P!~ are the modal pressure coefficients associated to the (m,n) mode traveling,
respectlvely, in the posmve and the negative direction in region I, P!+ and PII~ are respecti-
vely the modal pressure coefficients associated to the (m,n) mode traveling, respectively, in the
positive and the negative direction in region IT (Fig. 1). m and n are, respectively, the azimuthal
and the radial mode numbers. N is the number of modes in both cross sections, P and @ are,
respectively, the angular and radial wave numbers associated to the N-th propagating mode
(m < Pand n<Q).

3.2. Governing equations

The studied duct is axisymmetric. The boundary effects at the inlet and outlet of the duct
are neglected. The acoustic pressure p in the duct is the solution of the system containing
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Fig. 1. Schematic of the theoretical model for the computation of the multimodal scattering matrix

the convected Helmholtz equation with boundaries conditions at I'yp (rigid wall duct part)
and I'zp (lined duct part)

21w
Ap+ k*p+ — (Mo -Vp) =My V(Mo -Vp) =0 (2)

dp po( . A%
=B (- — r 2
By = o (FwUog) () (I'.p) (32)
dp
— I
Onwp 0 Twp)

where A is the Laplacian operator; k is the total wave number, pg is the density and w is the
pulsation. V = (9/0r,im/r,0/0z)T is the modified gradient for axisymmetric problems. X, is
the n-th root satisfying the radial hard-boundary condition on the rigid wall of the main duct.
The acoustic pressure fields at the left section 7, and the right section I'p (Fig. 1) are given as
follows

NT . oy —
pL _ zn:(PTIn-;elk%n(z—zL) + Pé;elkmn(z—zL))Jm<XT;nr)

(3.3)

NT‘ B oy —
pR _ ;(Péllrjelkjﬁn(zzlg) + PT{LIT;elkmn(zsz))Jm(X:n T)

with NN, being the number of radial modes. z; and zp are, respectively, the axial position of
the left and right boundaries, .J,, is the Bessel function of the first kind of the order m, a is
the duct radius, r is the radial variable. k, are the axial wave numbers associated with the
(m,n) mode and defined as

~ Mok £ \/k2 — (1 — M2)k?

+

(3.4)

where k; is the transverse wave number. The sign “4” means that the axial wave number is
calculated in the same direction of the flow, the sign “—”
calculated in the opposite direction of the flow.

means that the axial wave number is

3.3. Variational formulation

To solve problem (3.2), the finite element method is used. The weak variational formulation
of this problem is written as follows

1
II = /—(Vq -Vp)r df2 + = /(iwq + Uy - Vq)(—iwp + Uqy - Vp)r d2
0 0

dp 1 . 0
+ / {qa—nl — 2V nz’Q(_lw + an

Ty
ur;

)()r i =0
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where p and ¢ are, respectively, the acoustic pressure in the duct and the test function.
df? = drdz is the surface element. UI; present the whole boundaries (i = LD — lined part,
i = L —left, i = R — right). The third integral includes boundary conditions. This integral is
composed of three parts:

— Lined part I'rp

op 1 . 2 p
/ {qanLD 2 Yo IILDQ( iw + U 8nLD)(p)}T LD pow / 4 7" ML
I'p I'up
: o p o (099 p
-2 —(——=)rdlp — ——(——=)rdl 3.6
kwpolly / q8z<in)T Lo~ ol 0z az(in)T Lp (3:6)
I'p I'p
0/ p Lrp
2 —_— _
+ool[rag (5,7)]
with LLD being the lined part length.
— Left boundary I,
op 1 . B,
/[q% — c_2UO . nLq(—lw + UO%)(]))}T dFL
r
’ N, (3.7)
= 3 i [(L+ MY h Pl + K Ph) = kMo (PR 4 Ph)]| [ aon (X2 ar
n=1 I
— Right boundary I'g
dp 1 . 0
/[q% — 2V an(—uu + UO%)(P)}T dI'g
r
’ N, (3.8)
= 3 in (1 M) PR + i PR = kMo(PEE + PHO)] [ @ (X2)r d
a
n=1 I'n

The use of modal decomposition at the boundaries I';, and I'r in Eq. (3.3) introduces the modal
pressures as additional degrees of freedom of the model. It is necessary to complete Egs. (3.5),
(3.6) and (3.7) with more equations to obtain a well posed problem. This is done by supposing
that pressures at I'y, and I'r can be obtained by the projection of the acoustic field over the
eigenfunctions of the rigid wall duct

[ o (R

Iy,
/me(an
a
I'r

3.4.

a

r) Al = (Pt + pl-) / Jm<xm" 7“)27“ drry,
Iy,

. (3.9)

a

r) dTy = (P + PIL) / T nr)zr dl'g
I'r

Finite element discritization

To solve the proposed problem, the domain ({2) is discretized with triangular finite elements
while the edges are meshed by two node finite elements. The computation of integrals of Eq.
(3.4) is made by the summation over the finite elements number of elementary integrals (Dhatt
and Touzout, 1989)
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Iq= / —(Vq-Vp)rdf. + = /(iwq + Uy - Vq)(—iwp + Ugy - Vp)r df2.

2 O
— 2 p . 9/ p B , [940 [ p
L2 = —pow /qiw—Zr dle = 2iwpoMo / q& (in>r dle = poMy 0z 0z (in)T dle
. I 4
0 P Lip
2
I3 = poM; {Tqa (M—Z)} (310)
Ny
Ly =" ing [(1+ M3) (ki Pt + i Plin) — KMo (PLE + PL)] /qjm(x;nnr)r o
n=1 i
Ny
s = 3 (1 + M) PR + K PE) = Mo (PELF + PEY] [ (X220
n=1 3

The computation of integrals (3.9) is obtained by the summation over the finite elements number
of elementary integrals

I = /me(X’;” r)rdl, - (PLf + Pi) / Jm<XT;n’F)2T dr.
Ie

fe (3.11)

2
I, = /me<XZmT)T dl, — (PY{LIYL++P£[)/Jm<X:nT) rdl,
Ie

Ie

where (2. and I, are, respectively, the elementary triangular and two-node finite elements.

3.4.1.  FElementary computation of the triangular finite element

For the triangular finite element composed of three nodes, the integral I.; is written as
follows

L1 = [q1, 42, ¢3) (Ke )1 [p1, p2, 3] *

(Ke)1 = / —(Vq-VpTh)detjrdedn

Q’r‘ef (312)
. 1 .
+ / (E N +U0'VQ> (—%[N{,Né,]\fé]—ka-Vp) detjr d¢ dn
C
Qref Né

where p; = 1,2,3 and ¢; = 1,2,3 are, respectively, nodal acoustic pressures and nodal test
functions of the triangular finite element. j is the inverse matrix of the Jacobian matrix J of the
transformation from the reference element to the real base and Nj(&,n), N5(&,n) and N4(&,n)
are the interpolation functions of the triangular element (Dhatt and Touzout, 1989)

The integration of integral (3.12), is made using the numerical Gauss integration method, see
Dhatt and Touzout (1989). Finally, the global corresponding matrix is

NelT

K=Y (Ko (3.14)

1

where NelT is the number of triangular finite elements.
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3.4.2.  FElementary computations of the two node finite element

For the two-node finite element belonging to the lined part of the duct composed of two
nodes, I.o and I.3 are computed as follows

Ier = [q1, 2] (Ke)2 {gi} (Ke)2 = (Ke)21 + (Ke)2z + (Ke)a2s
1
(Ke)21 —Polw/{%;} [N1, No] [Nlei] % dg§
e (21, Z5) {N;}

21.1/2,1/2] 7.2, 2] { _1/12/2} L (3.15)
(Ke)o2 = _2POUO/{]]¥1} Lo T [Ny, VY] Srd¢

Tolln ™ ey

217y, Zy] 2}
(Ke)23:p0—U3/1 ; {_1/2} L2102 —[Nl,N]LE[ 1 2{ 2 J | Le,

iw J L) 1/2 ] 2 2 | 2
21 / (21, Zo] {%2} <[Z1, Zs) {N;}) 2

where p; = 1,2 and ¢; = 1,2 are, respectively, nodal acoustic pressures and nodal test functions
of the two-node finite element. Z; and Z, are the acoustic impedance of each node of the
two-node finite element. L. is the finite element length, Nj(§) and N2(&) are the interpolation
functions of the two-node finite element defined by Dhatt and Touzout (1989)
1-¢ 1+
Ni(&n) = —5— N2(€) = —
The computation of I.3 is done for the two-node finite elements on the lined part extremities in
which the first node of the first finite element of this part and the second node of the last finite
element of the lined part are used

I3 = [q1, ¢2)(Ke)3z2 {i;} — g1, 2] (Ke)321 {p1}

(3.16)

b2

(Z1, Z)] { B 1/2}
(K. )y — pQUOL {0} [=1/2,1/2] . 1/2 [7“1,7“2]{(1)}

] — [0,
iw 1 2
Z17Z2 { } <Z1,Z2]{(1)}> (317)

> (21, Z,)] { y 1/2}
(Ke)zz1 = pols L% {1} 0 [1,0] 2 [11,72] {1}

iw 0 2 0
[Z1, Z5) {(1)} ([Zl,ZQ] {é})

where r1 and ro are the radii of each corresponding real node. The integration of the above
integrals is made using the numerical Gauss integration method, see Dhatt and Touzout (1989).
The assembly of different elementary integrals computed before is obtained as follows

NelLD

Koz = Y (Ke)s+ (Ke)szi + (Ke)aze (3.18)
1

where NellD is the number of two node finite elements along the lined part.
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The integral I.¢ is written as follows for a finite element belonging to the left boundary

Ies = [q1, 2] Ke) T (LN, + a1, ¢2) (Ke) g (PN,

[, (14 M) — kM) | Ny (€) I (2227 e e
1

(Ke)ff _ (3.19)

[_lkjrjr:Ln(l + MOZ) — kMo] jli N2(£)Jm(an,r) %T dé.
- 2N,

The integral I.5 is written as follows for an two-node finite element belonging to the right
boundary

Ies = [q1, @) (Ke)F (PN, + (a1, 2] (Ke)s (PLL ),

1
i ik (14 M) — KM | Ny ()T (52r) B o
(Ke) == -
5 ik, (1 + M) — kM| | No (&) Jn (X227 ) Lo d
- 2N,

By using linear interpolation of the pressure, the integrals I.¢ and I.; are obtained as follows

Ies = (Ke)o {Z;} + (Ko)GPrin, + (K)g (Phm)n,

Ie7 = (Ke)71 {g;} + (Ke)%(P{y{rj—)Nr + (Ke);Q(P{’V{TL_)Nr

1 (3.21)

1
(KoJor = (Ke)rn = | [ M) (Xar) Gpr de [ No(€)on (Xgmr) G

2Ny

(Ke)é% = (Ke)ga = (Ke);% = (Ke)7g = [diag (/Jm(XTmT)Q?T df)]
Ny XNy

Once the elementary integrals are computed, the assembly of them is obtained as follows

NelL NelR
Kf - Z (Ke)ilt KE% - Z (Ke)g (3-22)
1 1

where Nell and NelR are, respectively, the number of two-node elements at the left and right
boundaries

NelL Nell
Kg = Y (K)ot K=Y (Kda

NelR NelR (3.23)
K=Y (K)n Kp= > (Ki)n

1 1
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The arrangement of the previous system leads to the following matrix system

p1
Ko K)uxn,  KDwxn, K3 wmxn, (K uxnw,
(Ke)noxm (Kg)nexn,  (K)nexn, 0 0 paly,
0 0 0 0 0 P )x. (=0
0 0 0 0 0 (P
(K71) N, x 0 0 0 (Kra)nosn,  (Kfp)noxn] | (PI-)
PN,
(3.24)

Ky =Ky +Koj3

with M is the number of nodes. For a given m, the azimuthal scattering matrix is defined as

P P
= S2N, x2N, _ (3.25
(i = s Al )
This matrix is obtained by formulating the system of Eq. (3.24); as follows
Pi+ Pi- P+ Pi-
Kp+A{P}’}E}+B{P}7}1}:0 Cp+U{P}7}’1 + Vo =0 (3.26)
mn mn mn mn

where p is the nodal acoustic pressure vector, and the matrices A, B, C, U, and V are defined
as

A= [KiK{] B = [K{K;]| C=Kg +Kn
(3.27)
U= [K&K%} V= {K&Kﬁ}
The azimuthal scattering matrix is then written as
s=(V-CK 'B ) (U-CK'A™) (3.28)

The total scattering matrix of the studied duct Sonxon is obtained by repeating this operation
for each m and by gathering the azimuthal matrices san,.x2n, and N is the total number of
modes present in the duct.

4. Computation of the acoustic power attenuation

The axial acoustic intensity at a point M(r, 0, z) located in a plane section of the duct is given
by Ville and Foucart (2003)

1 % \%
L(r,0,2) = =(1 + M2)Re(P,V}) + 22 CRe(V,V7) + — 0 (PP?) (4.1)
2 2 2poch
where V, is the axial acoustic velocity and P is the acoustic pressure. The acoustic power is
given by
+oo [ee)
W(Z) = Z Z Iz,mn(Z)Nmn (4.2)
m=—oo n=0
with N, is the normalization coefficient associated with the (m,n) mode defined as
2
m
Ny = SJ2,0mn) (1 = —5—) (43)
an

where S = mwa? is the plane section are of the duct.



Numerical characterization of an azxisymmetric lined duct...

321

The axial acoustic intensity associated with the (m,n) mode I,y is given by the following
expression in function of modal acoustic pressures and velocities

1 1%
L gnn(2) = 5 (1 + M)Re(Prun Ve ) + E52Re(Vaiun Viimn) + 5 Re(PrnPi)  (44)

2POCO

From this expression, the incident, reflected, transmitted and retrograde modal intensities are
given by

1+ — (1 + Mg)NmnkT—:—zn PI+|2 Ilf — (1 + MO)Nmnk;zn | |2
= 2pgco(k — Mokihn) ™" zmn = 2poco(k — Mokmn) ™" (4.5)
e (14 MFNpnk, plL+p2 - 1+ MO)Nmnk;m 112

Zmn 2[)060(]{1 — Mok‘;ﬁn) Zmn 2[)060(]{5 MOkmn)

The acoustic power attenuation W, of a two-port duct is defined as the ratio between the
acoustic power of incoming pressures from the two sides of the duct W** and the acoustic power
of out-coming pressures from the two sides of the duct W

in

Wat(dB) = 10log

Wout
Z Z (1 + Mg§) Ny, ( Fn IPLE? 4 Pl |)
= 2p0c k — Mok ke — Mokmn m (4.6)
(1 + M2)Npn,
Wout: Z Z +2 O (]'C - ‘ ’2 . ’ II+ )
_ Pn=0 PoCo MOkmn k— MOkmn
The acoustic power attenuation is then written as follows
Watt(dB) =10 IOg " =10 # (47)
Wreut Y= Aildil?
where \; are the eigenvalues of H defined as
Tx
Honson = [[diag(XO)]2NX2NS2NX2N[diag (XI)]Ez\lzszLNXQN
. . 1
- | [diag (XO)]anxanSanxan| diag (XI)]2N><2NLNX2N
Xy = + + M, 4.8
" \/2poco ( k— Mokt (k — Mokshn)? 0) e

Nown 7 (1 4+ M2 Emn Frnn M,
XOmn = ( ( * 0 ) = + 9 + MO)
2p000 k — Mokmn (k - jw’Okmn)2

don = Ugfon (TTM)oy

with U is the eigenvector matrix of H and Tx denotes conjugate transpose.

5. Numerical results

5.1. Scattering matrix coefficients

The studied duct in this paper is a 1 meter long cylindrical duct composed of three parts:
0.35m rigid wall duct, 0.3 lined duct and 0.35m rigid wall duct. This duct is similar to the
experimental duct used by Taktak et al. (2010). The computation of the multimodal scattering
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matrix and the acoustic power attenuation is made by supposing that the duct is lined by
a Helmholtz resonator composed of a perforated plate with the thickness e = 0.8 mm, the
hole diameter d = 1mm with a perforation ratio ¢ = 5% of the honey comb structure with
thickness D = 20mm and a rigid wall plate. This kind of liner is characterized by its acoustic
impedance Z. In the present work, the acoustic impedance model of Elnady and Boden (2003)
is used as the input for computation of the numerical multimodal scattering matrix and the
acoustic power attenuation of the studied duct. This model gives the resonance frequency at
ka = 2.22. Computations are made for different Mach numbers (My = 0, 0.1, 0.2) over the

frequency band ka € [0,3.8] to evaluate the flow effect.

(@) 10 (b) .40
203 g 035
£ = 0.30]
206 S 0.25¢
= = 0.20}
04 015}
0.9 0.10
0.05

0 0 L

02 06 10 14 18 22 26 30 3,4k 38 18 2.2 2.6 3.0 3.4 . 3.8
a a

Fig. 2. Modulus of the transmission coefficients Ty o (a) and Ty 5, (b) versus ka for several Mach
numbers

Figures 2a,b present the moduli of transmission coefficients TOJE),OO and T 1J6,10 computed
in the same direction of the flow versus of the nondimensional wave number ka for different
Mach numbers. The modulus of the coefficient TOJE),OO shows that it is near 1 in ka € [0,0.8].
From ka = 0.8, this modulus decreases with the frequency until becoming nil in the interval
ka € [2.4,2.8] near the theoretical resonance frequency. Then, an increase of the modulus is
observed in the rest of the studied frequency band until reaching 0.4 at ka = 3.8. For the
T1J6,10 modulus, an increase versus ka is observed from ka = 2.8 to reach 0.4 at ka = 3.8.
Figures 2a,b also show that there are no significant effects of the flow on transmission coefficients.
Figures 3a,b,c present, respectively, the moduli of reflection coefficients Ro*o,om thlo and Rérogo

(a) 0.40 (b) 10
803 208
= 0,;,0— E
S 0.25 206
= 0.20 =
0.15 0.4
0.10p 02
0.05}
0 ‘ ) o .. ... 0
18 2.2 2.6 3.0 3.4 3.8 138 2.2 2.6 3.0 3.4 3.8
ka ka
(c) 09
w 0_8_
= \,
=07 Y
= 0.5}
0.4}
0.3
02
0.1
0 ' ‘ ‘ : ‘ :
30 3.1 32 33 34 35 36 3.7 38

ka

Fig. 3. Modulus of the reflection coefficients R o (a), Ry o (b) and Rj; 5o (c) versus ka for several
Mach numbers
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of the studied duct. Oscillations are observed on the reflection coefficient R(j)Lo,oo- The reflection
coefficients of higher order modes are close to 1 near the cut on frequencies, then a decrease of
their moduli is observed versus ka. Figures 3a,b,c show the flow effects on reflection coefficients:
when the flow velocity increases, the reflection coefficients moduli decrease except the R(J)ro,oo
coefficient modulus in ka € [1.2,1.8]. This decrease is more apparent on the (0,0) mode reflection
coefficient (~ 0.05) and (2,0) mode (~ 0.2) and less important than the (1,0) mode.

5.2. Acoustic power attenuation

Acoustic power attenuations are computed using a configuration of unit modal incident
pressures from one side of the duct (left) and in the same direction of flow, see Taktak et al.
(2010) (P" =[1,1,1,1,1,0,0,0,0,0]"). Figures 4a,b,c present the acoustic power attenuation
of the studied duct versus ka, respectively, in presence of (0,0), (1,0), (2,0) for different studied
Mach numbers. They show that attenuations are dependent of the incident wave and that the
maximum of attenuation is observed near the liner resonance frequency. The amplitude and the
frequency of this maximum is dependent on the flow speed. Figure 4a shows that this maximum
is equal to 15dB without flow at ka = 3.1, 17dB for My = 0.1 at ka = 3 and 19dB for
My = 0.2 at ka = 2.95. The same remark is observed in presence of the (1,0) and (2,0) mode:
without flow, the maximum of attenuation in presence of the (1,0) is 12dB at ka = 3.2, 13dB at
ka = 3.1 for My = 0.1 and 14dB at ka = 3.05 for My = 0.2. These figures allowed concluding
that an increase in the flow velocity generates a increase in the acoustic power attenuation and
a decrease in the maximum of attenuation frequency.

(a) 20 (b) 15
m 18 )
. 16 o,
= 14 ~
3 g 10
2 1 g
= 10
: s :
£ 6 < 5
+ +
< 4 <
2 .
0 0720 2224 26 28 30 32 34 36 38
ka ka
(€) 12
210
g8
b=
= 6
24
<
2
0
30 31 32 33 34 35 36 37 38

ka

Fig. 4. Acoustic power attenuation of the studied duct in the presence of (0,0) mode (a),
(1,0) mode (b) and (2,0) mode (c) versus ka for several Mach numbers

6. Conclusions

In this study, a numerical method for the characterization of a lined duct inthe presence of
flow was developed and presented. This method is based on the computation of the multimodal
scattering matrix as well as the acoustic power attenuation. By varying the flow velocity, its
effect was evaluated: the increase of the flow decreases the reflection coefficients when the effect
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is weak on the transmission coeflicients. For the acoustic power attenuation, the increase of the
flow velocity increases the attenuation and decreases the frequency of the maximum attenuation.
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Numeryczna charakteryzacja wyScielanego przewodu osiowo-symetrycznego z przeplywem
za pomocg wielomodalnej macierzy rozpraszania

Streszczenie

W pracy zaprezentowano numeryczng metode wyznaczania macierzy rozpraszania dla wyscietanego
przewodu z uwzglednieniem wewnetrznego przeptywu czynnika. Metode oparto na zastosowaniu rownania
konwekcji Helmholtza z wprowadzeniem ci$nien modalnych na brzegach jako dodatkowych stopni swo-
body uktadu. Efekty brzegowe na wlocie i wylocie przewodu falowego o skoniczonej dlugosci pominieto.
Wybér macierzy rozpraszania uzasadniono faktem, ze reprezentuje ona wewnetrzng charakterystyke ana-
lizowanego modelu. Zaproponowany element skonczony zweryfikowano poprzez poréwnanie z istniejacymi
rozwiazaniami analitycznymi dla prostych przypadkdéw konfiguracji przewodu. Nastepnie numerycznie ob-
liczono wartosci elementéw macierzy rozpraszania oraz wspotczynniki ttumienia akustycznego dla kilku
predkosci przeptywu w celu okredlenia, jak dalece wplywa on na badany uktad.
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