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Validation of a Zonal Approach Computing the Sound
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A zonal approach for the prediction of the far-field radiation from flows in lined ducts is investigated. The
approach combines a high-order computational aeroacoustics scheme with the recently developed acoustic intensity-
based method for the calculation of far-field radiations. The advantage over the application of an acoustic analogy is
the usage of an open control surface for the acoustic input. The capability of the current hybrid approach was
validated on the basis of two benchmark cases. One considers the sound radiation from a two-dimensional semi-
infinite duct in which a small fraction of the walls close to outlet nozzle is lined. The second problem concerns the
sound radiation from a bypass enginelike annular duct with lined and hardwalled configurations of the infinite
centerbody and sheared flow conditions. A broadband time-domain impedance boundary condition based on the
extended Helmholtz resonator model and the Ingard-Myers boundary condition is implemented in the
computational aeroacoustic code to model the acoustic linings. Although mesh refinement may improve the solutions,
the good agreements of analytical solutions and numerical results, in particular for the radiation characteristics,
verify this approach as an accurate and efficient prediction tool.

Nomenclature
c = speed of sound
D, = directivity factor
f = frequency
fe= f? = reduced frequency
G, = spherical Hankel function
H, = Hankel function
i=+—1 = imaginary unit
k = wave number w/c
Ma = Mach number
MERR = face reactance
n = y-mode number/radial mode number
n = unit normal vector
P = pressure perturbation in frequency domain
P = associated Legendre polynomial
Po = ambient pressure
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24 = pressure perturbation

R = acoustic resistance

R; = acoustic intensity-based method’s input
surface radius

R, = acoustic intensity-based method’s observer

surface radius

(r,9) polar coordinates

(r, %, ) = spherical coordinates

T, = extended Helmholtz resonator’s period time
ug = mean velocity vector

u, = normal velocity perturbation
(x,5,2) = Cartesian coordinates

zZ, = complex acoustic wall impedance
B = cavity reactance

y=4+/1—Ma?> = Prandtl-Glauert factor

e = cavity resistance

K = ratio of specific heats

u(t) = Myers term

Lo = ambient density

10} = angular frequency

v = nabla operator

I. Introduction

N EVALUATION of acoustic radiations in both the near- and

the far-fields from an aeroengine using a single numerical
method is still out of reach for current numerical resources. It is
therefore critical to develop a practical zonal approach that combines
different numerical methods for different flow regions through which
the acoustic waves propagate. In the current study, a state-of-the-art
zonal approach is presented and validated with published analytical
solutions for the acoustic radiation from lined flow ducts. The idea of
using a hybrid approach for such a problem is not entirely new; it
started with Hardin and Lemkin [1], who considered the combination
of a classical computational fluid dynamics (CFD) method with an
acoustic analogy for the far-field prediction. It has been followed by a
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number of applications, which combine far-field prediction methods,
such as the Ffowcs—Williams and Hawkings (FWH) integral method
with a computational aeroacoustic (CAA) method [2,3]. However,
two critical challenges arise when the time-domain impedance
boundary condition with mean flow and the radiation through a free
shear layer are included in the prediction of far-field acoustic
radiations from an aeroengine. Namely, the Kelvin—Helmholtz
instability of the shear layers disturbs the solution. New ideas and
implementations for the practical handling of such challenges are
developed and validated in the current work.

Although significant advances have been made in the modeling of
the noise generation and propagation, there are still several essential
issues that need to be resolved in order to establish the methods in an
industrial environment. One of them is an efficient description of an
acoustic lining under flow conditions in the time domain, including
the modeling of the flow effect on the impedance without an
extensive mesh refinement for the wall-bounded shear layer. The
time-domain impedance boundary conditions have been studied
extensively in the past decade. Some interesting and new ideas have
been added to the time-domain impedance models, which allow the
implementation of likewise impedance models to a broad spectrum
of numerical methods. The latest development of a broadband time-
domain impedance model, namely, the extended Helmholtz
resonator (EHR) model [4], has been successfully implemented
into a CAA method [5-7], and the method is being validated here as
part of the hybrid zonal approach for the computation of the acoustic
far-field radiation.

Two further essential issues for the applicability of a zonal
approach to a realistic aeroengine are related to the jet formed by
flows from the bypass duct. First, the free shear layer between the
bypass flow and external stream can refract the sound waves
radiated to the far field. This phenomenon is described in the
analytical solution by an interface condition similar to the boundary
condition of Ingard—Myers for the impedance surface. In fact, there
may also be a strong nonlinear interaction of sound waves and
turbulence in the shear layer, which is neglected here for stability
reasons. The second issue is the instability problem when solving
the linearized Euler equations numerically over a resolved thin
shear layer. This problem is addressed by a filtering of the sheared
mean flow profile in order to remove the instability by artificially
thickening the profile.

The existence of the shear layer also adds an essential practical
problem for the traditional far-field integral methods. Because of the
inhomogeneous base flow properties over the shear layer, the
assumption of constant conditions outside the integration surface,
which are used for most of the far-field integral methods, is inevitably
violated. In addition, the integration surface that encloses the sound
source region must be closed for a classical far-field integration
method, such as the Kirchoff and FWH. The presence of a shear
layer, therefore, results in errors with these methods. A recently
developed acoustic intensity-based method (AIBM) [8] is employed
in this study for the acoustic far-field prediction. The AIBM is an
asymptotic method that directly solves the far-field prediction using
an inverse problem technique. Although the AIBM also requires the
sound waves to propagate in a homogeneous medium outside the
control surface, it only needs acoustic input data from an open
control surface as opposed to the closed FWH surface. The
computational accuracy and efficiency in aeroacoustic problems
have been demonstrated by Yu et al. [9,10]. The present validation
confirms the effectiveness for the hybrid method on the whole for
two-dimensional (2-D) as well as axisymmetric geometries with
lined duct walls and shear flow conditions.

This paper is organized as follows. In Sec. II, the basic imple-
mentation principles of the two numerical methods are summarized.
The CAA method used for the near-field computation is described
first, with particular interest in the modeling of the linings using the
EHR, followed by a brief depiction of the AIBM as a far-field
method. In Sec. III, the two benchmark problems are presented, the
settings of the zonal methods are given, and the numerical results are
compared with the analytical solutions. The conclusions are drawn in
Sec. IV.

II. Numerical Methods

A. Computational Aeroacoustic Method

The radiation of single tones and modes, as well as the broadband
radiation from lined flow ducts of an aeroengine, is one of the major
perspective applications of high-order CAA methods. Even though
such high-order CAA methods could also be used to calculate the
observed sound pressure level (SPL) in the duct, the near field of the
duct exit, and even the moderate far field, this seems highly
inefficient in terms of computational time and numerical accuracy.
Therefore, a CAA method is applied here to compute the sound
propagation inside the flow duct and to the near field only. The
linearized Euler equations over an arbitrary mean flow are solved
numerically using the dispersion-relation-preserving (DRP) finite
difference scheme [11] and a low-dissipation and dispersion Runge—
Kutta scheme as a 2N storage variant, proposed by Stanescu and
Habashi [12]. Spurious waves are suppressed by an 11-point filter
deployed every other time step.

The acoustic linings are addressed by a time-domain impedance
boundary condition, which is going to be validated and benchmarked
in the current work. The impedance model is based on the EHR
model of Rienstra [4]. It has been implemented and validated with a
CAA method [13,14] that is capable of handling 2-D problems,
including Cartesian and modal axisymmetric ones, as well as three-
dimensional (3-D) problems. The impedance boundary condition
has been validated with experiments, and the numerical properties
have been extensively investigated [5-7].

The frequency response of the impedance is described by the five
parameter EHR model [4] as

Z, =R + iomgr — i cotGowT, — ie) (1)

The time-domain impedance boundary condition is given by
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wherein the mean flow effects are considered in 4 (¢) according to the
Myers boundary condition [15]:
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A more detailed description of this implementation can be found in
Richter et al. [7].

The mean flow conditions of the second investigated problem
include an infinite thin sheared mean flow profile with a thermal
boundary layer that cannot be handled by the current CAA method.
As described previously, the related model in the frequency domain
is similar to the Ingard—Myers boundary condition and adds an
instability when transferred to the time domain. A repeated filtering
of the base flow and source variables with a second-order Taylor filter
is introduced. The filtering results in an artificially thickened shear
layer profile. In addition, due to the low-order filtering of the mean
flow gradients, which acts as the source terms here, the stability is
greatly improved.

B. Acoustic Intensity-Based Method

The AIBM is recently developed for the far-field prediction [8—
10]. The method expresses the solution of the Helmholtz equation in
an asymptotic form of a linear combination of basis functions. The
2-D asymptotic solution of Helmholtz with mean flow in x direction
is written as [10]
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N
P(x,y) = exp(ikMax/y) [aoHo(k?/y) + Z(an cos nd)

n=1

+ b, sin né)Hn(kf/y)} )

The axisymmetric formulation is simplified from 3-D asymptotic
expression with mean flow in the z direction, which can be written
as [9]

N n
P(x,0,z) = exp(ikMaZ/y?) Z Z[anm‘;'m ©
n=0 m=0

- ibnmnm]Qnm (éf—l)g’l(ky}’}.—l)/(zfm)
where

and Q" = P /sin"p, amd (X, y,2) = (yx, Yy, yz). N is a suitable
integer. The choice for N has been discussed in [9]. One obvious
restriction is that the number of coefficients to be determined must
be less than the number of the measurement or input points. The
coefficients a, and b, or a,,, and b,,,, are determined by solving the
inverse problem Ax = b with boundary conditions of pressure and
its normal derivative over an open surface in a radiated field. Then
the entire radiated field can be calculated efficiently as a direct
problem. The theoretical uniqueness of the solution is guaranteed
by the unique continuation theory of elliptic equations. Although
the method is stated in frequency domain, it effectively predicts
acoustic radiation of multiple frequencies through superposition.
AIBM combined with CFD and/or CAA is particularly effective for
the prediction of far-field aeroacoustic noise. AIBM requires
acoustic input data from only an open surface as opposed to the
closed FWH surface required by conventional methods, and it is
extremely efficient for 3-D aeroacoustic applications. AIBM can
also be used under the presence of inhomogeneous mean flows, and
thus provides an effective alternative for far-field prediction of
aeroacoustic problems.

III. Validation of the Hybrid Method

A. Radiation of Sound from a Two-Dimensional Acoustically
Lined Duct

Figure 1 shows the geometry of the 2-D duct problem that was
presented by Koch [16]. A semi-infinite parallel plate channel of
height H is equipped with a finite-length lining panel of length L.
The lining section is located a distance L away from the open end of
the duct. Koch simplifies the problem by abstracting walls to be
infinitely thin. This assumption is also used in this numerical
investigation. A sound source on the outer left side of the compu-
tation domain, shown in Fig. 1, generates a sound wave of amplitude
Dn» Wherein n denotes the mode number in the y direction. The wave
oscillates with different frequencies, given as reduced frequencies
fo= f%. Following the notation of Koch, the reduced frequency is
used here synonymously for the Helmholtz number He = % The
sound wave impinges on the lined section and is partly reflected and
absorbed before it is radiated from the duct end. In the outside region
to the right, only outgoing waves exist and determine the directivity
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Fig. 1 Geometry of the 2-D duct problem.

Table 1 Studied cases of the 2-D lined and hardwalled
duct configurations

Reduced frequency f,
y mode n 0.2 0.8 1.2 1.8 2.8
0 NO-F0.2  NO-F0.8 NO-F1.8  NO-F2.8
1 N1-F0.8 NI1-F1.8  NI-F2.8
2 N2-F1.2  N2-F1.8  N2-F2.8

characteristics. Table 1 names the cases that are computed, compared
with Koch’s results and consulted for the validation.

For each frequency, Koch analyzed the lined as well as the
completely hardwalled duct configuration. Koch [16] applied an
impedance model of Ko [17], which is very similar to the current
EHR model. Moreover, the relation of the geometry of the single-
layer classical Helmholtz resonator-type liner to its impedance is
provided by Koch [16] in terms of a specific face sheet reactance
frequency scale f,, reduced cavity depth d,, resistance parameter
R, and their relation to the internal structure as

zo=r.(14i12) ico@ar.a) ®)

0%

The parameters of the EHR [Eq. (1)] can simply be identified with the
parameters used in Koch’s publication by comparison of the
coefficients. The second parameter, the if, term, corresponds to a
very small mass reactance of the EHR (mpyg = 1.5 x 107°), and
hence leads to a very small time-step size. The validation is carried
out for several frequencies individually while the EHR parameters
are kept constant. Therefore, the validation can be considered a
validation of the broadband capabilities of the boundary condition as
well.

Table 2 summarizes the physical parameters employed in this
study. The last three parameters were taken from the U.S. Standard
Atmosphere [18] at sea level, while the ratio of specific heats « is set
for an idealized gas with two atoms.

1. Computational Aeroacoustic Method Configuration

The computation domain of the CAA method is divided into eight
rectangular subdomains for a parallelized computation (see Fig. 2).
The ductitself, which is located in the center of the figure, is splitinto
three subdomains according to the wall boundaries: the hardwalled
duct inlet (I), the sound-absorbing lining section (II), and the
hardwalled duct outlet (III). Sound waves of 130 dB enter the
computational domain at the nonreflecting sound source boundary in
block I. At the transition to the ambient free field, a radiation
boundary condition according to Bogey and Bailly [19] is applied,
giving only little reflections and no instabilities from the domain’s
border regions. The uniform grid accommodates 30 grid spacings in
a vertical direction inside the duct. In only the lining section (II) and
the duct section (I), the grid was slightly stretched with a factor of

Table 2 Parameters of the 2-D lined duct problem by Koch [16]

Quantity Value Description
H 187.3 mm Duct height
L, 2.17H Distance of the lining section
from the duct exit
L, 1H Length of the lining section
R, =R/(pyc) 14 Specific acoustic resistance
fox =foH/c 8.14 Reduced characteristic frequency
of the facing sheet material
d,=d/H 0.136 Dimensionless depth of the
honeycomb cavities
K 14 Ratio of specific heats
c 340.29 m/s  Speed of sound
Po 101,325 Pa  Ambient pressure
Lo 1.2250 kg/m? Ambient density
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Fig. 2 CAA computation domain of the 2-D duct problem.

1.0016 in the x direction to fit the liner’s length. Altogether, the
highest frequency is resolved with 10.7 points per wavelength
(PPW), and the total number of grid points is about 270,000.

As previously mentioned, the small mass reactance dictates the
small time step of At =15.5-107% s to obtain a stable solution with
the time-optimized alternating 5—-6-stage Runge—Kutta scheme. The
comparative cases where the acoustic linings are replaced by a
hard wall are executed with an increased time step of Ar=
8.9-1077 s. The computations were carried out on four 2.2 GHz
Advanced Micro Devices, Inc. (AMD) Opterons. Statistical
stationarity is achieved within 40,000 iterations, taking 12 h, and
within 360,000 iterations, taking 112 h, for the hardwalled and the
partially lined cases, respectively.

2. Acoustic Intensity-Based Method Configuration

The intensity-based far-field computation is based on the CAA
data that are interpolated on a semicircle of radius R; and its center
located at the duct exit. The pressure gradient in the direction normal
to this control surface is approximated of the second order. The far
field can be computed on an arbitrary 2-D domain, although a second
concentric semicircle line of radius R, is sufficient as an observer
surface, in this case, for comparison with Koch’s results [16].
Figure 3 depicts the CAA computation domain and the AIBM input
and observer surfaces. To determine the optimal control surface for
an efficient and accurate far-field prediction, preliminary studies in
modifying the control surface radius and the number of surface
points were carried out [20]. The evaluation is based on the
comparison of the AIBM’s reconstructed field on an observer surface
inside the CAA domain, with the original CAA data at this distance.

CAA domain
Fig. 3 AIBM control and observer surfaces of the 2-D duct problem.

The accumulated deviations are weighted by the number of surface
points to give respect to different amounts of surface points. A good
compromise in terms of time and accuracy is achieved with the
largest possible control surface radius of R; = 1.5 m and 980 equally
spaced surface points. The AIBM far-field surface has no impact on
the far-field computation itself, only the resolution of the solution is
affected. For a continuous and representative far-field solution, the
semicircle observer surface was designed at a distance R, = 50 m
away from the duct exit, consisting of 500 equidistant surface points.
The AIBM computations were carried out on a 2.13 GHz Intel Core 2
Duo E6420 PC. Each computation for the hardwalled and the lined
configurations took between 1.2 and 1.8 s.

3. Results

For each mode and frequency, Koch’s results [16] (which are
based on the Wiener—Hopf technique) are compared with the CAA
and the AIBM solutions simultaneously. Figures 4—6 show the space-
independent directivity factor D,,,

Dn — Prms far-field V/ Ra/H (9)

prms.incnming

of the fundamental, as well as of the first antisymmetric and
symmetric incoming duct waves with modes n =0, 1, and 2. The
upper half planes show the hardwalled cases, while the cases with
linings are depicted in the lower half planes.

The current hybrid zonal approach shows good agreement with the
directivity patterns of Koch [16], in particular at low frequencies. At
higher frequencies, and mostly at small radiation angles ¥ < 20°, the

+ | without lining [+

0°

NO-F1.8

, | without lining |:

0°

2g [with |in;r;g 10
NO-F2.8

Fig. 4 Directivity factors of the fundamental mode D, [Eq. (9)]; from
top to bottom, f, =0.2,f, =0.8,f, =1.8,and f, =2.8.
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Fig. 5 Directivity factors of the first y mode D, [Eq. (9)]; from top to
bottom, f, = 0.8, f, = 1.8, and f, = 2.8.

CAA- and AIBM-computed intensities are smaller than the
analytical, in particular when considering the lined configurations. A
comparison of the AIBM far-field results with the CAA near-field
results, on the other hand, shows that the AIBM-computed intensities
are only slightly reduced. Thus, the proper application of the CAA
method is the key to an overall accurate solution. It should be noted
that the small time-step size for the lined duct cases at the same time
increases the number of filtering operations for the same propagation
distance. Thus, the known practical accuracy limit of approximately
7 PPW for the CAA method will not be reached for these cases.
Moreover, Koch’s solution did not consider a so-called Kutta
condition for the trailing and leading edges of the lined surface. The
current CAA result will, however, feature a partial Kutta condition at
these points due to the spatial filtering of the solution. A full Kutta
condition, with its high-order of accuracy concerning the following
of the streamlines to the wall contour, cannot be achieved by this
filtering though. This partial Kutta condition may have an influence
on the solution, which cannot yet be studied in more detail.
Furthermore, the source boundary condition tends to produce
reflections for incoming waves close to cutoff, such that additional
higher modes may be excited by the source. A combination of these
effects probably leads to the observed discrepancy that also may be
the underlying cause for the strong deviation of the lined duct case
N2-F2.8. A mesh refinement may be applied to improve the solution
quantitatively for higher frequencies. The slightly lower intensities in
the aft duct region are due to the numerical induced finite duct length.
Weckmiiller et al. [21] showed that an extended rear duct surface
minimizes the deterioration at higher radiation angles while, in
return, computational costs increase.

80°

[wihoutiming 20"

\ 9'00 ]:l ",'I

PRSI
120°

30°

T without lining |20°

N2-F1.8
.30°

[winout ining 20

b 10°

075 7 D

N2-F2.8

l

Fig. 6 Directivity factors of the second y mode D, [Eq. (9)]; from top to
bottom, f, = 1.2, f, = 1.8, and f, = 2.8.

However, the sound radiation directivities, in particular the
angular accuracy of the lobes and the radiation-free regions, are
predicted correctly by the hybrid method. Indeed, the radiation
characteristics calculated by the CAA method, although computing
only the acoustic near field, are already satisfactory enough. The
absence of mean flow does not vary the radiation characteristics with
increasing distance. Therefore, the AIBM gives similar results.

B. Sound Radiation from an Annular Duct with Jet Flow and a
Lined Centerbody

The second benchmark problem was presented by Demir and
Rienstrain 2006 [22]. It concerns the sound radiation from an annular
duct with an acoustically treated centerbody. The effect of subsonic
mean flow on the propagation characteristics is considered for lined
and hardwalled centerbody configurations. Figure 7 shows the geom-
etry of the problem. It consists of an annular duct: A semi-infinite
outer duct with radius R, encompasses an infinite cylindrical center-
body with radius R;. The outer duct consists of a hard wall from
inside and outside, while the centerbody is completely hardwalled,

coflow
Po- Cos Yo

R, / \PJ' S Ui

centerbody Z, X

\ /bypass jet

Fig. 7 Geometry of the annular duct problem according to [22].

shear layer

outer duct
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Table 3 Specification of the studied cases of the annular duct problem

Frequency in Hz 660 1095

Radial mode 1 1 2 3

Mean flow, hardwalled centerbody MF-HC-660-1 MF-HC-660-2 MF-HC-1095-1 MF-HC-1095-2 MF-HC-1095-3
Mean flow, lined centerbody MF-LC-660-1 MF-LC-660-2 MF-LC-1095-1 MF-LC-1095-2 MF-LC-1095-3
Without mean flow, lined centerbody NF-LC-660-1  NF-LC-660-2  NF-LC-1095-1 NF-LC-1095-2  NF-LC-1095-3
Mean flow, lined afterbody MF-LA-660-1 MF-LA-1095-1

Table 4 Geometrical and physical parameters
of the annular duct problem

Quantity Value Description

R, 0.8 m Inner duct radius

R, 1.2m Outer duct radius

Z, 2—i Impedance of the linings

m 4 Azimuthal mode

Lo 1.2 kg/m>  Ambient density

co 330 m/s Ambient speed of sound

iy 99 m/s Mean flow velocity of the coflow
M,, 0.3 Mach number of the coflow

iy 1.17 kg/m®  Static density of the jet

¢ 350 m/s Speed of sound inside the jet

u; 175 m/s Mean flow velocity of the jet
M, 0.5 Mach number of the jet

K 1.4 Ratio of specific heats

Po 93,342.86 Pa  Ambient pressure

pj 102,375 Pa Static pressure inside the jet

completely lined, or partially lined from the duct exit in respective
cases. The latter case is called a lined afterbody. The duct walls are
assumed to be infinite thin, and the lining impedance Z,, is again of
the Helmholtz type. Outside the annular duct exists an ambient flow,
which is axial uniform with density p, and Mach number M, , = Z—g
A shear layer emanates from the edge of the outer duct and separates
this coflow from a uniform jet in the central region with density p;
and local Mach number M, ; = ';—j Considering the cases without
mean flow, the whole region consists of a homogeneous fluid with
ambient properties.

A single (m, n) = (4, n) mode is excited at the source and enters
the region from the left between the inner and outer duct. Two
frequencies, 600 and 1095 Hz, as well as the first two and three radial
modes n are examined, respectively, where n = 1 denotes the first
radial mode. The studied cases are specified in Table 3.

Table 4 lists the geometrical and physical parameters. The fluid is
assumed to be an ideal diatomic gas with a ratio of specific heats of
k = 1.4. The mean ambient and jet pressures were calculated by

1
p=pc (10)

1. Computational Aeroacoustic Method Configuration

A modal axisymmetric approach is used in the computation [23].
The CAA solution is computed on an axisymmetric uniform grid

Ma
0.53

0.49
0.45
0.41
0.37
0.33
0.30

N WA 00 N

e

Fig. 8 CAA computation domain of the annular duct problem.

Table 5 Effect of repeated smoothing steps
on the shear layer thickness

Number of Shear layer
smoothing steps thickness, m
0 0.00
25 0.48
50 0.66
75 0.80

Table 6 Parameters of the EHR Model

f.,Hz R MEHR B T £

660 2.0 0.17456 1.8215 2.4998-10~* 0
1095 2.0 0.02088 1.6670 2.4998-107* 0

with spacings Ax = Ay =0.02 m providing a resolution of
15 PPW. Figure 8 shows the computation domain for the CAA
simulations, composed of five rectangular subdomains, that consists
of 204,873 grid points in total. The annular duct region is described
by blocks I and II. At the boundaries to the ambience, a buffer zone of
30 grid points is attached, inside which the grid spacings are stretched
by a factor of 1.05 outward to prevent grid reflections. The
computation domain is colored by the nondimensional local velocity
in relation to the ambient speed of sound ¢,,. Thus, the Mach number
in the jet region is actually not the local Mach number. Depicted is
also the shear layer between blocks III and IV. Demir and Rienstra
[22] assume an infinite thin shear layer accompanied by an artificial
discontinuous jump of the physical quantities. A model is applied to
describe the passage of sound waves through the shear layer, which
has a high similarity to the Ingard—Myers boundary condition at the
liner. This model would add an instability for the time-domain
method. Thus, the discontinuity in the mean quantities has to be
smoothened for the CAA computation in order to obtain a resolved
shear layer profile. A second—order Taylor filter is repeatedly applied
on the base flow and the source variables to artificially thicken the
shear layer. Table 5 shows the shear layer thickness depending on the
executed smoothing steps. With 75 filtering iterations, the shear layer
covers the complete jet width. Preliminary investigations [20] have
shown that the influence of multiple filtering steps on the numerical
solution can be neglected, whereas a solution can not be obtained
with an infinite thin shear layer due to instability. Eventually, 50

.

.
.
.
.
.
.
.
.
.

R

.
.
.

)

t CAA domain

Fig. 9 AIBM control and observer surfaces of the annular duct
problem.
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Fig. 10 SPL in decibels of the hardwalled centerbody with mean flow.

smoothing steps were chosen for the CAA computation as a
compromise between the accuracy of the numerical methods and the
comparability to the analytical solutions with an infinite thin shear
layer.

The sound waves enter the domain through a nonreflective sound
source boundary, which is positioned on the left of block I. The
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Fig. 11 SPL in decibels of the lined centerbody with mean flow.

impedance of the lined centerbody configurations is again modeled
with the EHR model. The particular parameters to match the given
impedance of Z,, = 2 — i of Demir and Rienstra [22] are specified in
Table 6 for the two studied frequencies. At the transition to the
ambient free field, a radiation/outflow boundary condition [19] is
applied.
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Fig. 12 SPL in decibels of the lined centerbody without mean flow.

Accurate and stable solutions were obtained with a time step of
3.64- 10~ s for the mean flow cases and with 5.92 - 1073 s for the
cases without mean flow. The modal axisymmetric CAA compu-
tations were carried out again on a 2.2 GHz AMD Opteron. Statistical
stationarity is achieved after an averaged 25,000 iterations, taking
approximately 15 h of computation time.

2. Acoustic Intensity-Based Method Setup

The far-field computations were carried out with the 3-D
axisymmetric AIBM formulation, which is appropriate for the
axisymmetric geometry of the annular duct problem. The AIBM
prerequisite of an undisturbed and source-free control surface is not
satisfied though. On the one hand, the infinite and semi-infinite ducts
describe boundaries inside the free field, where sound waves impinge
and reflect. The comparison to the analytical results of Demir and
Rienstra allows us to analyze the reliability of the far-field prediction
under these circumstances.

The CAA data are interpolated on a circular segment. This
approach is similar to the procedure of the first problem. Based on
this open control surface with radius R;, the far field is computed on a
semicircle observer surface at distance R, from the duct exit (see
Fig. 9). Analog to the procedure of the first problem studied,
preliminary studies to identify the necessary number of control
surface points and the control surface radius were carried out [20].
For the most accurate and effective results, an input surface radius of
R; = 6 m near the transition to the buffer zone, consisting of 893
points with an equal space distribution, is chosen.

According to Demir and Rienstra [22] the far field is computed and
validated at R, = 46 m. The observer surface consists of 500 grid
points. The mean flow of the AIBM computations was set to the
ambient mean flow of ¢, = 330 m/s. The computations are carried
outon a2.13 GHz Intel Core 2 Duo E6420 PC again, taking between
85and 117 s.

3. Results

For validation, the SPLs of the AIBM are compared with the
analytical solutions of Demir and Rienstra [22], which are calculated
by means of the Wiener—Hopf technique too. For a better overview
between the analytical and the numerical far-field results, the CAA
results are omitted here, except for the first radial mode cases of the
lower frequency. A complete comparison including the CAA results
is givenin Buske et al. [20]. To enable comparability, the entire sound
field is normalized in the first step of the CAA postprocessing, such
that the cross-sectional averaged intensity at the duct exit equals
1 W/m?. To enable comparability with the far-field results, the CAA
results, which are taken at a distance of 6 m, are scaled for the
distance of 46 m.

The results of the hybrid method, depicted in Figs. 10-13, show in
general a very good agreement with the analytical solution for all
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Fig. 13 SPL in decibels of the lined afterbody with mean flow.
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Fig. 14 Instantaneous pressure contours of the acoustic near field.

cases. The CAA results show near-field influences, as the main lobes
are deflected to some higher degrees, and the shear layer adds an
additional lobe especially for the lined centerbody (see Fig. 11).
Furthermore, the scaled SPLs of the CA A method are underpredicted
at upstream angles compared with the analytical far-field solutions,
in particular when no mean flow is considered (see for instance,
Fig. 12). This divergence was also observed at the study of Koch’s
problem [16] and seems to be a characteristic inaccuracy due to the
limited size of the CAA domain. An extended computation domain
to the aft region and a refined grid may improve the solution as
previously mentioned. The application of the far-field AIBM ceases
the near-field effects of the CAA. The directivity of the main lobes
agree exceptionally well with the analytical solution. Only the
radiation-free angles are less distinctive. Undulations of the AIBM
occur mainly above 150° and in the critical regions near the duct
walls due to the missing AIBM input data from inside the duct. Thus,
the AIBM has to guess the sound field in that angular direction. The
shear layer of the hardwalled configurations (see Fig. 10) generates
additional spurious oscillations at upstream angles, because the
inhomogeneous flowfield does not comply with the AIBM require-
ments. Yet, the main sound radiation characteristics are reproduced
correctly by the hybrid approach, with major deviations in the SPL of
not more than 4 dB in cases where mean flows are present and 10 dB,
at most, for the cases without mean flow.

Demir and Rienstra [22] also provide pressure contour plots of the
near field for cases MF-LC-660-1 and MF-LC-1095-1. In Fig. 14,
they are compared with the CAA-computed instantaneous pressure
perturbations. Although the phase angle of the instantaneous plots is
not exactly the same, the propagation characteristics inside and
outside the annular duct are found in reasonable agreement.

IV. Conclusions

A zonal approach combining a finite difference time-domain CAA
method based on the DRP and an AIBM has been validated. The
CAA method incorporates a broadband time-domain impedance
model, which is based on the EHR model and can include a model for
the base flow effects on the impedance of the lined surface by the
Ingard—Myers boundary condition. The AIBM is characterized by
the possibility of using open control surfaces, which allow us to
excluderegions with large flow gradients in the average field from the
exchange surface. The comprehensive comparison to the analytical
solution for the 2-D and axisymmetric geometries and various mean
flow conditions validates the accuracy of the whole method by
correct predictions for hardwall, as well as softwall, acoustic
radiation. The effectiveness of the AIBM, in particular, makes this
approach advantageous compared with classical integration far-field
methods.
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