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Abstract
This paper deals with the numerical prediction of the aeroacoustic behavior of orifices under grazing flow

conditions. A hybrid computational aeroacoustics approach is adopted where the steady, incompressible,

mean flow over the orifice is obtained from a RANS simulation. In a next step, the mean flow variables are

used to solve the linearized Navier–Stokes equations (LNSE), using a Runge–Kutta Discontinuous Galerkin

(RKDG) method. In this way, the linear interaction mechanisms between the aerodynamic and acoustic

fluctuations are studied which enables an aeroacoustic characterization of the orifice. A methodology is

presented involving a virtual impedance tube and two computations for each geometrical configuration: one

with the presence of a mean flow and one for a quiescent medium. This allows to isolate the contribution of

the mean flow to the orifice impedance. The method is verified against theoretical models and experimental

data from literature, and is used to study the influence of orifice geometry variations, such as the orifice

length, the plate thickness and the edge rounding, on the mean flow contribution to the impedance.

1 Introduction

Orifices in the wall of flow ducts, such as the one drawn in the left of Figure 1, are a common feature

of industrial products. They can be found in sound attenuation devices such as mufflers for HVAC and

automotive applications, or lining treatments for jet engines in the aeronautical industry. The presence of

perforations is sometimes dictated by other considerations than acoustic design, as in film cooling techniques

for combustion chambers.

From a theoretical point of view, the acoustic behavior of an orifice in a quiescent medium is relatively well

understood. In the frequency range of interest, the wave length of acoustic fluctuations is usually much

greater than the size of the opening. As such, the waves can be considered as locally plane, with uniform

pressure and velocity fluctuations over either side of the opening. As a result, it is convenient to characterize

the acoustic behavior of the orifice through the impedance jump between both sides. The dominating effect is

a purely reactive response, induced by the inertia of the volume of fluid in the orifice, which can be considered

as an incompressible air piston. However, the one-dimensional assumption is invalid in the vicinity of the

opening: the variation of velocity at each of the two section discontinuities represents a mass insertion and

an additional pressure drop. This can still be included in the one-dimensional model by virtually increasing

the height of the fluid slab, that can be represented as a fictitious pipe emerging from the opening, as shown

on the right of Figure 1. This length correction accounts for the influence of the orifice geometry. The

one-dimensional model was first formalized by Rayleigh [1] in terms of acoustic conductivity.

In most of the applications, the assumption of a quiescent medium around the orifices does not hold and the
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Figure 1: Orifice in a plate of thickness: H in free field. Left: Actual orifice: the plane-wave acoustic

variables are not continuous across the opening at both sides. Right: Model of Rayleigh: a fictitious pipe

with corrected lengths δ+ and δ− accounts for the mass insertion and additional pressure drop.

presence of the mean flow can significantly influence the acoustic properties of the orifices. In this case, the

acoustic waves are fluctuations around a non-uniform flow, that is either grazing (i.e. tangential to the orifice),

bias (i.e. flowing through the orifice), or a combination of both. Such configurations have been the subject of

many experimental investigations. Some of the most recent studies can be found in Ref. [2, 3, 4, 5, 6, 7, 8, 9].

The experimental results vary in a large extent, mainly because they address different orifice geometries and

flow conditions [8]. Therefore, the resulting empirical models of orifice impedance lack generality [3, 7],

particularly in the earlier works that do not take into account the boundary layer characteristics [8]. Only

one general trend at low Strouhal numbers is a common conclusion for all experimental studies: the grazing

mean flow increases the orifice resistance and decreases the orifice reactance compared to the no-flow case.

The physical phenomena lying behind the mean flow effects are still not clearly understood [7], and can be

interpreted in a number of ways [3]. Most of the theoretical models that have been proposed involve some

type of empirical parameter [7], and agree only qualitatively with experimental data [3]. A purely theoretical

method has been derived by Howe [10, 11, 12], Howe et al. [13]. It is based on the linear perturbation

of an infinitely thin vortex sheet spanning the aperture, which models the interaction between the acoustic

fluctuations and the unstable shear layer that conveys the vortices shed at the upstream edge. This model has

been adapted in Ref. [14] to handle different orifice geometries, and in Ref. [15, 16] to take into account the

finite thickness of the shear layer. This theory predicts, at least qualitatively, the alternating frequency ranges

of sound absorption and sound generation for a number of cases.

Numerical simulations can further improve the understanding of the underlying physical phenomena, as it

enables the direct visualization and measurement of the small-scale flow features, while being significantly

easier and cheaper to set up than experimental studies. It is relatively widespread in the adjacent field of

cavity noise [17]. Resonators for lining applications have been investigated through DNS [18, 19], and

perforated plates for cooling purpose through LES [22, 23]. The acoustic response of shear layers has been

predicted in systems like T-joints [20] and corrugations in ducts [21] by combining incompressible flow

simulations with vortex sound theory. A hybrid method combining incompressible CFD computations with

frequency-domain linearized simulations has been applied to several configurations in ducts [24]. However,

to the authors’ knowledge, no numerical study focusing on the case of an orifice in grazing flow has been

carried out. The work described in this paper aims at showing that numerical methods, in particular the

Runge Kutta Discontinuous Galerkin (RKDG) method [25, 26], can be used to study the acoustic properties

of orifices under grazing flow.

In this work, as in most of the studies in the literature, the focus is on orifices in plates that are subject

to a grazing mean flow only on one side. The analysis is restricted to two-dimensional geometries, being

representative for slit orifices in the high aspect ratio limit. The most similar geometries that have been

investigated in the literature are those of Ref. [5] and, to a lesser extent, Ref. [8]. The outline of this paper is

the following: in the next section, the most appropriate measurement configuration to determine the orifice

impedance is discussed. Subsequently, the governing equations and the RKDG are briefly summarized. The

computational domain, the mean flow simulations and the different orifice geometries under consideration are

discussed in the next section. Afterwards, the methodology is validated by comparison with both theoretical
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and experimental literature results and a sensitivity analysis is carried out with respect to the influence of

different geometrical parameters, i.e. the orifice length, plate thickness and edge rounding on the grazing

flow impedance. The major conclusions, drawn from this analysis are summarized in the final section.

2 Impedance Determination

The acoustic impedanceZ of a medium on a surface of area S is expressed as:

Z =
p

Su
(1)

where p and u are, respectively, the amplitude of the acoustic pressure and velocity fluctuations. The concept

of impedance is particularly useful when combined with the plane wave assumption, as in pipe systems

operating below their cut-off frequency. In this case, the impedance can be used to characterize the system

as an acoustic filter [27]. Small elements of the system, as the orifice shown on the left of Figure 1, can be

modeled in a lumped manner by an impedance jump ∆Z = Z+−Z−, even if they locally do not satisfy the

one-dimensional assumption.

Rayleigh [1] studied the problem of an orifice of thickness H . The assumption of an incompressible acoustic

flow, justified by the small size of the opening, allow to formulate the conductivity KR using the velocity

potential. Considering harmonic waves with a time-dependency in the form eıωt, the conductivity KR can

be related to the impedance jump as:

∆Z = −ıωρ0
1

KR
(2)

If the incompressibility assumption is fully valid, the value of KR is real and:

KR =
S

l
(3)

where l = δ−+H +δ+ is the effective length that represents the physical length H of the channel augmented

with both end corrections δ− and δ+ (right of Figure 1).

In the more general case of an element that is both resistive and reactive, the lumped impedance jump ∆Z
can be formulated as:

∆Z = −Z0

S
(r + ıkl) (4)

where r is a non-dimensional acoustic resistance, k = ω/c0, the wavenumber, and Z0 = ρ0c0, the specific

impedance of the medium.

Considering an orifice through an infinite plate in free field, the most obvious method to determine the

lumped impedance ∆Z from a simulation is to measure the quantities (pout, uout), which already include

possible end corrections, at either side of the orifice, and to directly calculate the impedances Z+ and Z−,

defined as Z+ = p+
out/Su+

out and Z− = p−out/Su−out. However, although being straightforward to achieve

in a numerical approach, this is cumbersome to carry out experimentally since it is not clear where the

measurement points should be located: if they are positioned too close to the orifice, the acoustic flow is not

one-dimensional and the acoustic fluctuations do not represent the plane-wave amplitudes (pout, uout); if they

are positioned too far from the orifice, the measured variables do not correspond to the actual impedance of

the orifice itself. Moreover, the non-uniform mean flow in the vicinity of the orifice creates vorticity pertur-

bations, that are measured simultaneously with the acoustic fluctuations. In the shear layer, the aerodynamic

pressure fluctuations are likely to dominate the acoustic fluctuations. Although it is possible to extract the

acoustic information from the measurements [28], the splitting procedure is rather complex.

In order to enable a comparison with experimental studies, an indirect measurement technique, using an

impedance tube, is chosen for the current analysis, similar as done in e.g. Ref. [3, 5, 8]. For this purpose, the

end of the orifice which is not subject to the grazing flow is positioned at the end of a tube of width Ltu and
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length Htu, as shown on the left of Figure 2. A Gaussian plane pulse is introduced in the tube through its

open end and the time evolution of the pressure is monitored in two points P1 and P2 until all the acoustic

energy has been propagated away from the system or dissipated. Care is taken to place P1 and P2 far enough

from the orifice to avoid any non-acoustical contamination of the measured values by the mean flow. After

obtaining the pressure fluctuations p1 and p2 in the frequency domain through Fast Fourier Transforms, the

amplitudes of the up- (p+) and down-traveling (p−) waves are calculated, using the assumption of plane

acoustic wave propagation, as: [
p+

p−

]
=

[
e−ıky1 eıky1

e−ıky2 eıky2

]−1

·
[

p1

p2

]
(5)

y1 and y2 being the vertical position of the two measurement points with respect to the orifice. The reflection

coefficient at the orifice is then p−/p+, and the impedance at the orifice is calculated by:

Z− =
Z0

Stu
· p+ + p−
p+ − p−

(6)

where Stu is the area of the tube cross-section.

In order to isolate the effect of the mean flow on the acoustic properties of the orifice, the lumped impedance

jump ∆Z = ∆ZG + ∆ZF is split into a no-flow part ∆ZG, depending only on the geometry of the orifice,

and the contribution of the mean flow ∆ZF . Since the radiation impedance is the same with or without mean

flow, i.e. Z+ = Z+
G , and using (4), ∆ZF can be written as:

∆ZF = Z−G − Z− = −Z0

S
(rF + ıkδF ) (7)

where rF and δF are the contribution of the mean flow to, respectively, the non-dimensional resistance and

the end correction. As a result, this methodology requires two simulations for each case: one without mean

flow to obtain Z−G , and one with mean flow to obtain Z−. Using (6), following expression is obtained for rF

and δF :

rF =
S

Stu
ℜ

([
p+ + p−
p+ − p−

]
−

[
p+ + p−
p+ − p−

]
G

)
(8)

δF =
S

kStu
ℑ

([
p+ + p−
p+ − p−

]
−

[
p+ + p−
p+ − p−

]
G

)
(9)

In 2D, the ratio of areas reduces to the ratio of dimensions S/Stu = L/Ltu.

Finally, the influence of the mean flow on the acoustic behavior of the orifice is characterized through the

scaled non-dimensional quantities r̃F and δ̃F [5]:

r̃F =
rF

M∞
(10)

δ̃F =
δF

L
(11)

where M∞ = U∞/c0 is the free-stream Mach number and U∞ is the free-stream mean flow velocity. The use

of r̃F and δ̃F is motivated by the fact that these quantities, according to the theory of Howe et al.[13], only

depend on the Strouhal number (St = ωL/U∞) and on the shear layer parameters. In order to allow a fair

comparison with theoretical and experimental data from the literature, mainly the scaled non-dimensional

resistance r̃F and end correction δ̃F are used in the remaining part of this paper to evaluate the proposed

numerical methodology as well as to analyze the aeroacoustics properties of various orifice geometries.

620 PROCEEDINGS OF ISMA2012-USD2012



3 Numerical Methodology

3.1 Governing equations

In a quiescent medium, the acoustic propagation is linear up to relatively high sound pressure levels. How-

ever, in general, non-uniform flows can be subject to non-linear mechanisms of sound generation or damping.

As a result, the presence or absence of non-linear phenomena in the governing equations is an important as-

pect in the choice of the simulation methodology. The mean flow effect on the acoustic behavior of orifices

in grazing flows seems to be dominated by the shear layer instability [5]. The qualitative success of the linear

theory of Howe et al. [13] illustrates that this effect is essentially not non-linear. The experimental study of

Kooijman et al. [8] indicates that non-linear phenomena are triggered at lower sound amplitude around the

instability frequency, but the acoustic response can still be considered to be linear for low-amplitude exci-

tations. Furthermore, as pointed out in Ref. [10, 16], the non-linear mechanisms result in the saturation of

the shear layer oscillations, but do not significantly affect the instability frequency. Finally, Kierkegaard [24]

successfully simulated the acoustic behavior of orifice plates and area expansions in ducts, which are char-

acterized by similar physical phenomena with a methodology involving linear governing equations.

These considerations, in combination with the fact that both aerodynamic and acoustic fluctuations need to

be taken into account, motivate the choice of a linearized version of the compressible CFD equations as

governing equations. This yields a hybrid methodology for the computational aeroacoustic characterization

of the orifices, in which the mean flow is first obtained from a steady, fully non-linear CFD simulation,

and the linear computation of the acoustic field and its interaction with the fluctuating aerodynamic field is

performed by means of the time-domain linearized compressible CFD-equations.

In principle, both the Linearized Navier–Stokes Equations (LNSE) as the Linearized Euler Equations (LEE)

can thus be used as governing equations [29]. Both the two-dimensional LEE and LNSE can be formulated

in matrix notation as [26]:
∂q
∂t

+
∂Fr

∂xr
+ Cq = s (12)

Here r is one of the two Cartesian coordinates (x1 ≡ x, x2 ≡ y) on which Einstein’s summation convention

is used; q is the vector of unknowns containing the density, pressure and velocity fluctuations; Fr are the flux

Jacobians including, for the LNSE, the viscous stresses; Cq are the terms accounting for the non-uniform

mean flow effects; and s is the acoustic source vector.

However, preliminary simulations with the LEE result, depending on the grid, in a very slow damping or

even an unstable growth of the shear layer oscillations due to the Kevin–Helmholtz instabilities in the shear

layer. Since the damping of the instability with the LEE is only due to numerical dissipation, and not to

mean flow effects, dissipative effects play an important role in the evolution of the shear layer instability and

its interaction with the acoustic field. As a result, viscous terms must be included in the model to correctly

predict the orifice impedance and the LNSE are chosen as governing equations for the hybrid methodology,

presented in this paper.

3.2 Runge–Kutta Discontinuous Galerkin Method

In this work, a Runge–Kutta Discontinuous Galerkin method (RKDG) is applied to unstructured triangular

meshes [30]. For a in-depth discussion of the implementation and characteristics of the RKDG method, the

authors refer to Ref. [25, 26]. The computational domain is paved with straight-edge triangles, on which the

quadrature-free form of DG method is applied. Optionally, elements and edges with second-order shape, that

require the use of quadrature [31], are employed in the vicinity of the curved wall boundaries of the orifice.

In comparisson to the LEE, the application of the DG method to the LNSE is more complex, because of the

second derivatives of the velocity contained in the viscous terms. The treatment of these terms, consisting

in applying twice the DG derivation operator, leads to an unstable formulation [30]. Therefore, the so-called
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“BR1” mixed finite element formulation, originally developed by Bassi and Rebay [32], is used. In this

method, the gradients of the velocity are treated as independent variables and extra equations are added to

the system of equations in order to solve for them. This formulation is known to be unstable when the

convective term is negligible with respect to the viscous term. The more sophisticated “BR2” formulation

has better stability properties [33, 34], but its use of complex lift operators makes it computationally more

costly in an explicit RKDG framework, in addition to being more difficult to implement. Another issue is

the significant adverse effect of diffusion on the conditional stability of the method: the so-called viscous

CFL condition, that depends on the square of the element size, can severely restrict the maximum time step.

Since in the current analysis, the LNSE is employed in cases dominated by the convection effects, the “BR1”

formulation can be considered to be sufficient, and the stability and accuracy properties of the scheme are

similar to the LEE.

For the inter-element communication an upwind flux formulation is used for the convective flux contribution,

while for the viscous flux contribution a central flux formulation is used to calculate the element boundary

part, because the diffusive nature of this term does not exhibit any preferred direction. Time-marching

is carried out using an optimized Runge-Kutta time integration scheme for the DG space discretization

scheme [35].

4 Problem Description

4.1 Configurations

In this paper, various orifice and impedance tube geometries are studied. In particular, several tube widths,

orifice lengths, plate thicknesses and the effect of round edges, both upstream and downstream, are assessed.

The relevant geometrical parameters are defined on the right of Figure 2. The geometries, investigated in this

work are summarized, in Table 1, along with the corresponding Reynolds number Re based on the inlet mean

flow velocity and the orifice length. In all cases, the kinematic viscosity is 1.461 · 10−5m2/s, and the inlet

mean flow velocity is set to 5 m/s. This relatively low velocity is intended to avoid non-linear phenomena,

which are not taken into account by the linearized equations. The simulations are set up in such way that

the boundary layer thickness δ is approximately 24 mm at the orifice, which enables a comparison with the

experimental results of Golliard [5], where δ lies between 10.9 mm and 38.4 mm.

Case H[mm] L[mm] Rup[mm] Rdown[mm] Ltu[mm] Re

1 1 7 0 0 14 2396
2 1 7 0 0 21 2396
3 1 7 0 0 28 2396
4 1 14 0 0 28 4791
5 1 21 0 0 28 7187
6 2 7 0 0 14 2396
7 4 7 0 0 14 2396
8 2 7 0.75 0 14 2396
9 2 7 1.5 0 14 2396

10 2 7 0 0.75 14 2396
11 2 7 0 1.5 14 2396

Table 1: Characteristics of the simulated orifice cases.
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Figure 2: Left: Schematic view of the computational domain for the orifice case. (Thick solid line: plate,

orifice and tube wall boundaries; Dotted line: free-field boundary for the mean flow simulation; Dashed line:

free-field boundary for the acoustic simulation; Dashed-dotted line: open end boundary of the tube) Right:

Orifice geometry.

4.2 Computational Domain

The computational domain for both the mean flow and the acoustic simulation is shown on the left of Fig-

ure 2. The free-field region, located on the upper side of the orifice plate, is defined by a rectangular boundary

for the mean flow simulation and by a semi-circular boundary for the acoustic simulation. It extends from

1.5 m upstream to 1.5 m downstream of the orifice. This large size, compared to a typical orifice length of

L = 10 mm, is needed for attenuating the acoustic waves before they reach the boundaries in the acoustic

simulation, in order to reduce the amplitude of spurious reflections. On the lower side of the plate, only the

impedance tube is included in the simulations. As a result, the impedance tube method has the advantage of

reducing the size of the computational domain compared to the determination of Z− by direct measurement

of p and u in free-field, which reduces the computational cost. The length of the impedance tube equals

Htu = 200 mm for all simulations.

4.2.1 Mean Flow Simulation

The mean flow is obtained from a steady RANS simulation by means of the CFD software OpenFOAM. The

SST k-ω turbulence model, that is solved all the way down to the wall without any specific wall modeling,

is used. The steady, incompressible flow is solved using the SIMPLE algorithm. The spatial discretization

method is a standard finite volume method in which the convective terms are treated with upwind fluxes,

while the diffusive terms are treated with central fluxes.

The upper side of the plate, the orifice and the tube walls are modeled using a no-slip boundary condition.

At the upper and downstream sides of the free-field region, as well as at the lower end of the impedance

tube, pressure outlet boundary conditions are applied. The upstream side of the free-field region is treated

as a velocity inlet, where an arbitrary velocity profile can be applied. In the present simulations, a uniform

inlet velocity profile is imposed, since the domain is large enough for the boundary layer to grow and reach

a thickness of approximately 24 mm at the orifice’s leading edge. A hybrid grid, which is structured in the

boundary layer and shear layer region, as well as in the orifice, while an unstructured grid is used in the

rest of the domain. An example of a grid in the region of the orifice is shown on the left of Figure 3. The

different RANS-meshes contain between 27000 and 53000 cells, depending on the geometry of the orifice.
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For every configuration, the non-dimensional wall distance y+ of the first cell is of the order of 1 or lower,

in accordance with the requirements of the SST k-ω turbulence model.

The mean flow velocity and pressure around the orifice for Case 1 (Table1 are shown in Fig. 4. It can be

noticed that the flow over the orifice is mainly grazing, with a faint stagnation point close to the downstream

edge and a small velocity inside the orifice. The weak character of the recirculation inside the impedance

tube suggests that the mean flow effect on the acoustic behavior of the orifice mainly depends on the shear

layer interaction effects, occurring at the opening of the orifice, while the impedance tube geometry only has

a limited influence. The mean flow boundary layer parameters, summarized in Table 2 for all configuration,

show to be nearly identical for all cases.

Case U∞[m/s] δ[mm] δ∗[mm] θ[mm] H

1 5.047 24.21 4.847 3.205 1.512
2 5.047 24.25 4.845 3.203 1.512
3 5.047 24.32 4.836 3.199 1.511
4 5.047 24.30 4.759 3.160 1.506
5 5.049 24.35 4.705 3.135 1.501
6 5.047 24.19 4.852 3.207 1.513
7 5.047 24.21 4.825 3.195 1.510
8 5.047 24.91 4.688 3.144 1.491
9 5.047 24.86 4.658 3.135 1.486

10 5.047 24.91 4.688 3.144 1.491
11 5.048 24.98 4.727 3.157 1.497

Table 2: Boundary layer characteristics at a distance L upstream from the orifice: free-stream velocity U∞,

thickness δ, displacement thickness δ∗, momentum thickness θ and shape factor H .

X

Y

Z X

Y

Z

Figure 3: Detail of the RANS (left) and acoustic (right) mesh in the region of the orifice.

4.3 Acoustic Simulation

For the acoustic simulations, the free-field boundary and the open end of the impedance tube are subject

to non-reflecting boundary conditions. Unstructured grids, refined in the orifice and in the shear layer, are

used to correctly resolve the vortical movement in the shear layer region. The strong grid stretching in the

free-field region provides additional numerical dissipation to compensate for the limited performance of the

non-reflecting boundary conditions by progressively damping the acoustic, and also vortical, disturbances

before they reach the boundaries of the computational domain. The LNSE grids are, depending on the

geometry of the orifice, composed out of 680 to 1150 elements. An example of a LNSE grid in the region

of the orifice is shown on the right of Figure 3. The order of the polynomial approximation for the DG
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Figure 4: Detail of the mean flow around the orifice for Case 1: velocity magnitude and pressure.

discretization is set to p = 4. A proper high-order representation of the mean flow is obtained from the CFD

results by using the least-square interpolation procedure [26].

5 Discussion of the Results

In order to ensure that hybrid computational approach, discussed above, yields realistic results, the numer-

ically obtained impedance is first compared to theoretical and experimental data from the literature. The

coherence of the impedance measurement method is further assessed by varying the tube geometry. In the

next section, the hybrid approach is applied to different orifice geometries, discussed above.

5.1 Validation of the Numerical Methodology

Comparison with Experiments

In order to assess the ability of the proposed hybrid methodology to predict the acoustic impedance of

an orifice under grazing flow conditions, the numerical results are compared to the experimental data of

Golliard [5]. The two orifice geometries with straight edges and a plate thickness equal to H = 1 mm

(Case 1 and 4) correspond to experimental available results, although the boundary layer characteristics

are slightly different due to the difficulty to impose identical boundary layer parameters at the orifice leading

edge using RANS simulations. A comparison of scaled non-dimensional resistance r̃F and end correction δ̃F

is shown in Figure 5, for orifices of with a length of L = 7 mm (left) and L = 14 mm (right). Experimental

results are shown for four different boundary layer profiles, corresponding to the values listed in Table 3. A

good qualitative agreement between the numerical and experimental results is observed, although the high

frequency peak of r̃F and δ̃F in the L = 14 mm case is not correctly predicted. Since the experimental data

shown in Figure 5 represent averages of several runs, varying in excitation amplitude [5]; and given the large

relatively large variability with respect to the boundary layer characteristics, the results, obtained with the

numerical approach can be considered as satisfying.

Name U∞[m/s] δ[mm] θ[mm] H

B 39.9 10.9 1.1 1.28
C 39.4 16.3 1.9 1.38
E 38.4 32.0 4.0 1.38
F 39.8 38.4 4.0 1.38

Table 3: Experimental boundary layer characteristics, measured 28 cm upstream from the orifice [5]: free-

stream velocity U∞, thickness δ, momentum thickness θ and shape factor H
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Figure 5: Scaled non-dimensional resistance r̃F and end correction δ̃F for an orifice of length L = 7 mm

(Case 1) (left) and L = 14 mm (Case 4) (right)

Comparison with Theory

In a second step, the impedance results are compared with the theory of Howe et al.[13]. For a rectangular

orifice subject to grazing flows of velocity U+ and U− on, respectively, the upper and lower side the Rayleigh

conductivity can be expressed as:

KR =
πb

2 [F (σ1, σ2) + Ψ]
(13)

where b is the spanwise dimension of the orifice, and:

σ1 =
ωL

2
1 + ı

U+ + ıU−

σ2 =
ωL

2
1− ı

U+ − ıU−

F =
−σ1J0 (σ2) [J0 (σ1)− 2W (σ1)] + σ2J0 (σ1) [J0 (σ2)− 2W (σ2)]
σ1W (σ2) [J0 (σ1)− 2W (σ1)]− σ2W (σ1) [J0 (σ2)− 2W (σ2)]

with W (x) = ıx [J0 (x)− ıJ1 (x)] and J0 and J1 being Bessel functions. As a 2D problem is considered,

the resistance r and the end correction δ should be calculated from the conductivity per unit span KR/b.

For the configurations under consideration, the velocities are set to U+ = U∞ and U− = 0, and the function

Ψ, accounting for the acoustic environment of the orifice, equals [5]:

Ψ =
1
2

(
−γE + ln

16
π

+ ln
Ltu

L
+ ln

1
kL

)
(14)

where γE is Euler’s constant. It should be mentioned that Ψ only accounts for the reactance of the orifice

and its environment, and does not include the resistive part. Neglecting the acoustic boundary layers in the

orifice, the geometry-related resistance is only caused by radiation. In a 2D space, the impedance of an

acoustically compact (kL ≪ 1) plane radiator in a baffle wall can be formulated as [36]:

Zrad =
Z0i

S

kL

2
(15)

A comparison between the scaled non-dimensional resistance and effective length without mean flow, which

are obtained numerically and theoretically is shown in Figure 6 for cases 1 and 4. The numerical and

theoretical predictions are in excellent agreement. At high frequencies, a small discrepancy can be noticed in

the non-dimensional resistance for the longer orifice (L = 14 mm), which can be caused by the fact that the
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assumption of acoustic compactness does not longer hold since at f = 3000 Hz, kL = 0.39. The numerical

impedance curves for both cases show weak oscillations in the low frequency region, which are probably

due to the limited performance of the non-reflecting boundary conditions in the far field.

The numerical, experimental and theoretical results for the cases with mean flow are shown in Figure 7.

The theory of Howe et al. [13] stated that the scaled non-dimensional resistance r̃F and end correction

δ̃F are independent of the orifice geometry. However, this is not noticed in the present simulations, nor

in the experimental results. The qualitative agreement between the numerical and experimental results is

present, whereas the theoretical results show a significantly different behavior. This is due to the crude

approximations, such as the infinitely thin vortex sheet and the zero plate thickness, on which the theory

relies.
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Figure 6: Scaled non-dimensional resistance ℜ (Z−) S/Z0 and effective length ℑ (Z−)S/kZ0 without flow

for orifices of lengths L = 7 mm and L = 14 mm: comparison between the simulation and the theory [13,

5, 36].
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Figure 7: Scaled non-dimensional resistance r̃F and end correction δ̃F for an orifice of lengths L = 7 mm

(left) and L = 14 mm (right): comparison between the numerical, experimental [5] and theoretical [13, 5]

results.

Influence of the Impedance Tube

Finally, the robustness of the numerical approach with respect to the impedance tube dimensions is verified

by performing simulations with varying impedance tube widths, while the orifice geometry is fixed (case

1,2 and 3). The results are shown in Figure 8 where it can be noticed that all tube widths yield nearly

identical results, except at very low Strouhal numbers. However, they exhibit the expected behavior in

the low frequency limit, with positive values of r̃F , corresponding to an increased absorption of sound,
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and negative values of δ̃F which can be interpreted as the added mass of the end correction being “blown

away” [5].
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Figure 8: Scaled non-dimensional resistance r̃F and end correction δ̃F : comparison between simulations

with different tube widths.

5.2 Geometry Variations

Orifice Length

At first, a variation in orifice length is considered. The left of Figure 9 shows the results obtained for config-

urations 1, 4 and 5, which correspond to orifices with a thickness equal H = 1 mm and straight edges. As

the length of the orifice increases, both the number of oscillations and their amplitude grow. This effect has

also been observed in experimental studies [5, 8]. Also a shift in the Strouhal number is noticeable, which

is due to the fact that the upper frequency limit for instabilities of the shear layer depends only on its mo-

mentum thickness and exterior velocity. Since the boundary layers are identical for all three configurations,

the shear layers are unstable in the same frequency range which corresponds to higher Strouhal numbers

for larger orifices. Longer orifices enable low frequency oscillation modes of the vortex sheet in addition to

those at higher frequencies, which explains the increased number of oscillations as can beseen on the right

of Figure 9.
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628 PROCEEDINGS OF ISMA2012-USD2012



Plate Thickness

The left of Figure 10 shows the results with varying plate thickness H (cases 1, 6 and 7), corresponding to

orifices with a length equal to L = 7 mm and straight edges. Although the influence of the plate thickness

on the frequency of the shear layer instability is unclear, the amplitude of the oscillations in both scaled non-

dimensional resistance r̃F and end correction δ̃F seems to decrease slightly with increasing plate thickness.
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Figure 10: Scaled non-dimensional resistance r̃F and end correction δ̃F : comparison between simulations

with different plate thicknesses H (left) and different edge roundings (right).

Edge Rounding

Finally, the effect of the leading and trailing edge rounding is evaluated by considering configurations 6, 8, 9

10 and 11, corresponding to orifices with a length and plate thickness equal to, respectively, L = 7 mm and

H = 2 mm. As can be seen in the right of Figure 10, the influence of the edge rounding on the amplitude

of the oscillations is not obvious.The frequency of the shear layer instability, on the other hand, seems to be

slightly decreased by the rounding of the upstream edge. Both curves are less affected by the rounding the

downstream edge, as the vortex shedding, resulting from the shear layer instability, is mainly influenced by

the geometry of the upstream edge.

6 Conclusions

In this paper, a numerical methodology for the prediction of the acoustic properties of orifices under grazing

flow has been presented. The hybrid approach is based on a two-step procedure. At first, the steady, in-

compressible mean flow is calculated using a RANS simulation. Afterwards, a Runge–Kutta Discontinuous

Galerkin method is used to solve the LNSE. The orifice is acoustically characterized by its impedance, which

can be formulated as a function of the non-dimensional resistance and end correction. In order to enable a

comparison with experimental data, the parameters are determined indirectly using a virtual impedance tube.

The effect of the flow field on the aeroacoustic characteristics of the orifice is isolated by subtracting the

results obtained with a simulation without mean flow from the results obtained with a simulation with mean

flow and using an identical orifice geometry.

For the no-flow cases, the numerical approach shows an excellent agreement with theoretical results, but a

large discrepancy is observed in presence of a mean flow. Since the agreement with experimental data, mea-

sured for the same orifice geometries but under different boundary layers, is much better, the discrepancy

with the theoretical results is due to the fundamental shortcomings of the theoretical model. The numerical

characterization methodology has also been used to study the influence of the orifice geometry on the aeroa-

coustic impedance. It is shown that the results, obtained by increasing of the orifice length corresponds to
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experimental observations from the literature. The influence of varying plate thickness and edge rounding of

the orifice edges only has a limited influence on the aeroacoustics characteristics of an orifice.

The LNSE simulations have proved to be successful in predicting the behavior of linear shear layer insta-

bilities that dominate the aeroacoustic effects on the orifice impedance. However, the results, shown in this

paper, are only representative for low amplitude excitations, whereas high sound pressure levels, which may

trigger nonlinear saturation phenomena, can be encountered in realistic applications. Furthermore, the results

have only been presented for a relatively low free-stream velocities. As the viscous effects play an important

role in the shear layer dynamics, the linear simulations can overestimate the strength of the instability for

higher mean flow velocities, due to the lack of turbulent dissipation. Nevertheless, these limitations are likely

to affect only the amplitude of the oscillations, while it can be expected that the prediction of the frequency

at which the shear layer instabilities occurs, remains accurate.
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