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a b s t r a c t

In this paper, a convected frequency-domain approach for acoustic scattering prediction is
suggested, for sources and scattering surfaces in a uniform constant flow. Frequency-
domain moving-medium formulations are used for prediction of the incident acoustic
pressure and acoustic pressure gradient. The latter is required for evaluation of the
hardwall boundary condition in a moving medium and allows a convected definition of the
equivalent sources. The scattering approach is validated by the analytical case of scattering
of a pulsating monopole source by a rigid sphere. The applicability of the methodology to
moving-medium problems is demonstrated for rotating and pulsating monopole point
sources in a uniform flow, located near an infinite flat scattering surface. The suggested
approach allows frequency-domain scattering predictions for sources in a uniform con-
stant flow of any subsonic velocity, enabling direct inclusion of convection effects on
incident and scattered acoustics. The hardwall boundary condition is thus evaluated
directly in a moving medium. The need for a Lorentz transform is obviated, overcoming the
complexity it introduces and the limitations it imposes.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Aerodynamic noise generated from rotors, wings, and airframe components in a uniform flow comprises of incident and
scattered acoustic fields. The presence of neighboring bodies may result in reflected and scattered sound waves of greater
amplitude than the incident acoustic field [1]. Moreover, acoustic levels may be amplified due to uniform flow effects. Nu-
merical methodologies capable of simulating convection effects are thus necessary for accurate aeroacoustic scattering
prediction in realistic configurations.

Efficient aeroacoustic scattering prediction for sources in a uniform flow can be realized by boundary methods, such as the
boundary element method (BEM) [2,3] and the equivalent source method (ESM) [4e6]. These methods are generally
preferred over finite difference or finite element methods since they only require evaluation of the hardwall boundary
condition on a discrete number of points on the scattering surface. The ESM provides specific advantages over the BEM, since
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it allows choosing less source points than scattering points, whereas it does not suffer from the numerical singularity at
interior resonance frequencies occurring in the BEM. The hardwall boundary condition can be satisfied by enforcing zero
acoustic velocity or, equivalently, zero acoustic pressure gradient normal to the surface. This boundary condition is valid for a
stationary scattering surface or a surface in rectilinear motion, as long as the surface has a very small slope in the direction
parallel to its motion [7]. The ESM has been developed in the time domain [5] and in the frequency domain [4]. A frequency-
domain solution is particularly advantageous for periodic noise problems, such as rotating sources.

Frequency-domain aeroacoustic scattering predictions for a source and scattering surface in uniform flow can be realized
by considering convected or non-convected acoustic waves. Scattering prediction can be divided into propagation from the
source to the scattering surface (incident field) and propagation from the scattering surface to the observer (scattered field).
Incident predictions can be obtained by integral acoustic formulations whereas the scattered field may be efficiently
computed using the ESM. As shown in the flow chart of Fig. 1, two main categories of methodologies can be identified for
frequency-domain scattering predictions in a uniform flow.

The first category, seen on the left-hand side of the flow chart displayed in Fig. 1, relies on non-convected acoustic waves
and consists of the ESM proposed by Dunn and Tinetti [4], the derivation of which is based on a Lorentz transformation. Due
to the requirement of such a transformation, this approachwill be referred to hereafter as ESM-LT. In the ESM-LT, the hardwall
boundary condition is evaluated by computing the incident field on the scattering surface (see Refs. [8e10]), by acoustic
pressure gradient or acoustic velocity formulations derived in a stationary medium (i.e. [11e14]). After incident acoustics on
the scattering surface are computed, the boundary condition is evaluated in a stationary medium and subsequently equiv-
alent source strengths are computed. Propagation of the scattered field is finally realized by amethodology based on a Lorentz
transform. The transformation adds complexity to the approach. It also tends to elongate the scattering surface geometry in
the direction of the flow, which can in turn lead to erroneous acoustic characteristics for specific surface shapes. Moreover, the
application of the ESM-LT should be limited to low-speed flows as mentioned in Ref. [4].

The second category of methodologies, depicted on the right-hand side of the flow chart shown in Fig. 1, is based solely on
convected acoustic waves, where uniform flow effects are considered directly during the evaluation of the boundary condition,
as well as during scattered field propagation. This is possible by a solution of the convected FW-H equation. Ghorbaniasl et al.
have recently derived a moving-medium formulation for acoustic pressure and acoustic pressure gradient prediction, in the
frequency domain [15]. Application of these formulas was shown for acoustic scattering of sources in stationary media [16,17].
To the authors' knowledge, the acoustic pressure gradient formula suggested in Ref. [15] is the only formulationwhich is based
on the convected FW-H equation and can be used for evaluation of the hardwall boundary condition in a moving medium. It
also allows to define convected equivalent sources, and thus a convected ESM, in the frequency domain.

Purpose of the present paper is to suggest a convected frequency-domain equivalent source approach capable of simu-
lating the scattered field directly, along with uniform constant flow effects of any subsonic flow velocity. The suggested

Fig. 1. Placement of the main contribution of the present work within the current state of art of frequency-domain equivalent source methodologies, for sources
and surfaces in uniform flow. The proposed convected approach is depicted on the right-hand side, whereas the ESM-LT of Dunn and Tinetti [4] is depicted on the
left-hand side.
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