City Research Online
City St George’s, University of London

ST GEORGE'S

UNIVERSITY OF LONDON

Citation: Guzman-Ilfigo, J., Yang, D., Johnson, H. G. & Morgans, A. S. (2019).
Sensitivity of the Acoustics of Short Circular Holes with Bias Flow to Inlet Edge
Geometries. AIAA Journal, 57(11), pp. 4835-4844. doi: 10.2514/1.j057996

This is the accepted version of the paper.

This version of the publication may differ from the final published version. To cite
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/29235/

Link to published version: https://doi.org/10.2514/1.j057996

Copyright and Reuse: Copyright and Moral Rights remain with the author(s) and/or
copyright holders. Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge, unless otherwise
indicated, provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is not changed
in any way. For full details of reuse please refer to City Research Online policy.

City Research Online: http://openaccess.city.ac.uk/ publications@citystgeorges.ac.uk



https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/

Sensitivity of the acoustics of short circular holes with bias flow

]
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to inlet edge geometries

Juan Guzmén-Iiiigo *, Dong Yang', Holly G. Johnson * and Aimee S. Morgans
Imperial College London, London SW7 2AZ, United Kingdom

Short circular holes with a mean bias flow passing through them can absorb or generate
acoustic energy depending on frequency. A recently proposed semi-analytical model (Yang
& Morgans, Journal of Sound and Vibration, 384 (2016) pp. 294-311) based on the Green’s
function method successfully captured this acoustic absorption and generation. The model
pointed to the importance of accurately capturing the path followed by the unsteady vorticity
shed from the hole inlet edge. In the present work, we systematically study the effect of the
path of the shed vorticity on the hole acoustics. We combine the above model with CFD tools
for capturing how the path of the shed vorticity varies for small modifications in the hole inlet
edge shape. A chamfered edge, a rounded edge and two elliptical edge cases are considered
to show that a very small change to the shape of the hole inlet edge can give rise to significant

differences in the hole acoustic response.

Nomenclature

= contraction coefficient

= stagnation enthalpy, J/kg

= speed of sound, m/s

= discharge coeflicient

= heat capacity at constant pressure, J/K - kg
= Dirac delta function

= hole edge modification, m

= hole resistance

= acoustic pressure, Pa

= Green’s function

= hole reactance
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H = Heaviside function

1 = turbulence intensity

k = acoustic wavenumber, m™!
ko = vorticity wavenumber, m™!
Kr = Rayleigh conductivity, m

M = Mach number

n = outwards normal direction
Ly, = holelength, m

A = hole opening expansion ratio

= acoustic energy absorbed by the hole, J/s

Q0 = volume flux, m3/s

Re = Reynolds number

R, = holeradius, m

Ry = radial location of the vortex sheet, m

p = density, kg/m?

K} = vortex sheet path, m

S = surface, m?

S; = Strouhal number

o = vorticity strength, s7!

t = time, s

T = temperature, K

u = velocity, m/s

u. = vortex convection velocity, m/s

il = mean flow velocity magnitude at the vena contracta, m/s
V = volume, m?

® = vorticity,s™!

w = angular frequency, rad/s

x = coordinates of the physical space, m

X = normalized axial location of the vortex sheet
y = coordinates of the acoustic source, m

b = normalized radial location of the vortex sheet

Superscripts



time-domain perturbation

frequency-domain perturbation

steady mean

Subscripts
u = region upstream of the hole
d = region downstream of the hole

Introduction

The sound absorption (“damping”) or generation (‘“whistling”) of a short circular hole is relevant to many applications.
Many practical situations involve a low Mach number mean flow passing through the holes, such as a cooling flow
passing through perforated liners or Helmholtz resonators in aero-engine or power gas turbine combustors [[116]], fuel-air
mixtures passing through injectors into combustors [7]], and air from the lungs passing through the glottis [8]].

At low frequencies, significant acoustic damping occurs due to the transfer of acoustic energy to kinetic energy.
When incident acoustic waves interact with the shear layers at the rims of a hole, unsteady vorticity is shed at the hole
lip. At high Reynolds numbers, this unsteady vorticity is convected through the hole by the mean flow and eventually
dissipated by turbulence far downstream. Theoretical models for hole acoustics usually assume that the vorticity shed at
the hole inlet edge is convected downstream by the mean flow to form a thin vortex sheet within the mean shear layer [9].
For an infinitely short circular hole with half spaces either side, Howe [10]] assumed a downstream cylindrical vortex
sheet with the same radius as the hole, neglected any shear layer instability, and then developed an analytical model
which captures the acoustic dissipation well for very short holes [[1, [11H18]].

When the hole length is of the same order as the hole radius but not long enough to allow the separated mean inlet
flow to reattach within it (as shown in Fig.[T), the hole impedance was experimentally found to differ substantially from
Howe’s predictions [17]. Such holes were found to have the potential to generate as well as absorb acoustic energy,
even in the low Strouhal number region. Recent semi-analytical models [19} 20] which account for the vortex-sound
interactions both after and within the short hole revealed the importance of accurately capturing the path of the shed
vorticity (or the vortex sheet shape). When the vortex path is captured accurately, the acoustic predictions agree well
with previous experimental and CFD results[17, 21]], for example predicting both the absorption and generation of
acoustics.

However, it is widely known that both the flow contraction coefficient and the details of the vortex sheet shape near
the hole inlet edge can be sensitive to the hole inlet edge geometry [22]]. These changes lead, in turn, to changes in the
acoustic response (as shown in experiments [23H26]] and numerical simulations [27]). This inspires us to modify (and

eventually optimize) the hole acoustics by slightly modifying the hole inlet edge geometries. In the present work, the



Fig. 1 Mean flow velocity magnitude |u| for a straight-edge hole with L, /R, = 0.5. White lines denote
streamlines. The domain is axisymmetric with x; being the axis of symmetry.

semi-analytical model developed in [19] is firstly used to systematically study the effect of the vortex sheet shape on
the hole acoustics. Then, as the vortex sheet shapes are assumed unaffected by small acoustic perturbations [17]], the
vortex sheet shapes generated by different hole inlet edge geometries are obtained using incompressible RANS CFD.
These are incorporated into the semi-analytical model, allowing us to determine the effect of changing the hole inlet
edge geometry on the hole acoustic response.

This article is structured as follows. After a brief description of the acoustic model in Sec.[[I} we study the sensitivity
of the acoustics to the vortex sheet shape in Sec. [l and the sensitivity of the vortex sheet shape to the hole inlet
geometry in Sec. [[V] Both analysis are combined in Sec.[V]to quantify how different hole inlet shapes affect the hole
acoustic responses. Sec. [VI]presents a parametric study of the effect of the vortex convective velocity on the acoustic

response. A summary of results and conclusions are given in Sec.[VII]

Problem formulation

We consider a circular hole of radius Rj, perforated on a flat plate of thickness Lj, which separates two half spaces. An
axial (x-direction) uniform flow is imposed upstream which generates a low Mach number “bias flow” passing through
the hole. Due to the sudden contraction, the flow separates at the hole inlet edge forming a low-speed recirculation zone
close to the orifice edges and a jet through the central part of the hole (Fig.[I). A shear layer separates these regions.

A small amplitude incoming acoustic wave coming from the upstream side is imposed on this mean flow. Assuming
that the Reynolds number is high enough, the perturbed flow field can be considered inviscid everywhere but in the
vicinity of the separation point, where viscous effects need to be taken into account to avoid the geometric singularity
predicted by inviscid theory. Following Howe [[10], we allow vorticity to be shed from the rim of the orifice in such

quantities as to eliminate the singularity (via Kutta condition). Subsequently, the vorticity is assumed to be convected



without change by the mean flow along the shear layer. Any diffusion is neglected.

The stagnation enthalpy B = C, T + [u?/2 (where Cp, denotes the heat capacity at constant pressure, 7" the temperature
and u the velocity) is used to describe the flow. The flow variables are decomposed into steady mean, denoted by
overbar, and perturbation part, denoted by prime. Neglecting volume forces and assuming the flow to be homentropic
with constant mean density p and sound speed ¢, the perturbation stagnation entalphy B’ is governed, as proposed by

Howe [28]], by

1 0 — 0 2 2 ’ _ ’
(E(E’L”_axl) ~V)B =V (0 Xu), (1)
with boundary conditions
0B’
In =0 on the hole side walls. 2)

Eq. [2|is equivalent to a slip boundary condition for the acoustic perturbation velocity u’ - n = 0 if we assume
vanishing vorticity at the walls. The mean velocity in the acoustic propagation term is assumed to be purely axial
(x1-direction) with value i. The right hand side of Eq. (1)) represents the acoustic source term, with @’ the oscillating
vorticity [10} [29]]. As previously stated, this vorticity is shed at the orifice upstream rim and its strength and phase
are determined in accordance with the Kutta condition that the pressure and velocity are finite at that point. In the
absence of viscous diffusion, the vorticity will be swept downstream along a infinitely thin sheet (subsequently termed
the vortex sheet). In this work, we assume that this vortex sheet corresponds to the streamsurface passing through the
upstream hole rim at which separation occurs (see Figs. [T]and[2). The vortex convection velocity is denoted by u. and
unless otherwise stated its magnitude is assumed equal to that of the mean velocity at the hole inlet [[1, |10} 30, 31]]. This
assumption is supported by the parametric study of the effect of the vortex convection velocity on the acoustic response
provided in Sec.[V]]

We solve this problem using the semi-analytical approach proposed by Yang and Morgans [19]. A detailed
description of the solution method is given in [19} 20, 132]. For the sake of completeness, the main steps of the method

are outlined below. First, we introduce a Green’s function which is defined in the frequency domain as é(x, y,w),
1 0 ~
(5 (Hiw +i5—)* = V?)G = 6(x - y), 3)
é? 0xq

where ¢ is the Dirac delta function, w is the angular frequency, x denotes the coordinates of the space in which we want
to solve the equation and y denotes the acoustic source location in space. Defining a Heaviside function H (x) which

equals 1 inside the physical domain and 0 outside of it and combining Eqs. () and (3), oscillations within the physical



domain are given by
B(x,w)H =f (zikMéEEi +GVB - Evé) -ds - f (@ X ug) - VGdv, 4)
s v

where V is the space volume, S denotes the surface bounding the volume, k = w/¢ is the acoustic wavenumber, i is a

unit vector in the axial direction and ds is the area vector in the outwards normal direction to the volume surface.
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Fig.2 (Left) A short circular hole opening to half spaces on either side. The unsteady vorticity has strength o
and convects with wavenumber &y = w/|u.| along the vortex sheet path, s. (Right) Upstream, downstream, and
hole regions.

As shown in Fig. 2] (right), the physical domain is split into three regions : upstream, inside and downstream of the
hole. The Green’s function which satisfies Eq. (3) can be obtained by incorporating boundary conditions for each region.
For the large spaces both up- and downstream, half space Green’s functions are used. Fourier Bessel expansions are
used to obtain Green’s functions inside the hole (see [19] for further details). Since the two half spaces upstream and
downstream of the hole have infinite area, the Mach number is zero in those regions. This is not true within the hole,
where we assume a finite uniform Mach number.

By substituting the relevant Green’s functions into Eq. (@), stagnation enthalpy oscillations in the three regions
can be obtained. Velocity oscillations at the hole inlet and outlet are unknown and are expanded as sums of a series
of Bessel functions. The curved vortex sheet is discretized along its path into short truncated cone rings. Once full
expressions for the stagnation enthalpy oscillations near the hole inlet and outlet have been obtained, the oscillating hole
inlet and outlet velocities follow by applying stagnation enthalpy continuity across the hole inlet and outlet interfaces.
Stagnation enthalpy oscillations in the up- and downstream regions can then be obtained as a linear function of only the
incident plane wave far upstream.

Considering the plane wave oscillations ahead and downstream of the hole, the Rayleigh conductivity of the hole,
which denotes the relation between the volume flux oscillation through the hole, é, and the acoustic pressure oscillation

difference across it, Ap, is finally obtained through
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Fig.3 Vortex sheet shapes: (blue dashed line) extracted from a CFD simulation for a straight-edge hole, (black
solid line) fitted by Eq. , and (gray dotted line) assumed by Howe’s model [10]. L, /R, = 1.0.

Kr =

—iwA‘iQ = 2R, (T — iAR). )
P

I'g represents the inertia of the hole flow and is called the hole reactance. When the hole Rayleigh conductivity is
included into a Helmholtz resonator model, accurate knowledge of this reactance is important for accurately predicting
the resonator’s resonant frequency [2, |6, 20} [33]]. Ag, termed the resistance, is responsible for the absorption (Ag
positive) or generation (Ag negative) of acoustic energy. This is because the acoustic energy absorbed by the hole IT can
be calculated through IT = <Re(Aﬁe’i“" ) Re(ée’i“" )>, where Re denotes real part and the angle brackets time average.

It then follows that the absorbed acoustic energy,

Ry ARIADI?
wp

1 ~ o~
Il = Z(Aﬁ*Q +Q*Ap) = , (6)

(where [ ]* denotes the complex conjugate) is determined by the imaginary part of the Rayleigh conductivity, i.e. the

hole resistance.

Effect of the vortex sheet shape on the acoustic response
A key input parameter of the model presented in Sec. [[l}is the vortex sheet shape. This is the infinitely thin path
along which the vorticity shed at the hole inlet edge advects. In this section, we study the effect of this shape on the
Rayleigh conductivity of the hole. To this end, we introduce a parametrization for the shape of the vortex sheet using an
exponential function of the form

$=1-a(l-eb%, (7)

where § = Ry /Ry, and X = x| /Ry, are the normalized radial and axial locations, respectively, of the vortex sheet shape

in a cylindrical coordinate system centered at the upstream centre of the hole (see Fig. 2] (right)). This parametrization
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Fig. 4 Rayleigh conductivity: (black triangles) experimental results [17], (black solid line) predicted by the
present model, and (gray dotted line) predicted by the modified Howe’s model[10,12]. L, /Ry, = 1.

will prove convenient since it describes accurately enough the vortex sheet shapes obtained from simulations using only
two parameters: a and b. As X increases, the radial component becomes § ~ (1 — a) which approximates the radius
of the minimum cross section of the jet (vena contracta). The product ab determines the steepness of the jet at the
detachment point d9/dx (X = 0). Large values of a correspond to large contractions of the jet profiles. Large values of b
correspond to jet profiles contracting sharply after the separation point.

Fig. [3] shows a vortex sheet shape — defined as the streamline passing through the upstream edge of the hole —
extracted from a RANS simulation for a short hole defined by a length-to-radius ratio L;, /Ry, = 1 (further details about
the simulation are given in Sec. [[V). This vortex sheet shape has been fitted using the parametrization given by Eq.
to obtain a = 0.1736 and b = 8.871. Figure | shows the real and imaginary parts of the Rayleigh conductivity predicted
by the model using the fitted shape.

In order to assess the quality of the model, the predictions are compared at different dimensionless frequencies
S; = wRy, /|y | with experimental data from Su et al. [17]] and with predictions from the modified Howe’s model [[10]
using a compact hole mass inertial correction [[12]. The experimental investigation was undertaken at atmospheric
conditions in a test rig consisting of a 120 mm x 120 mm square cross- sectioned duct which was terminated at each end
by large plenum chambers. At one end of the duct a plate with holes was attached. The separation between holes was
enough to assure that each hole could be assumed to act in isolation from its neighbour. Attached to the duct were
2 loudspeakers that generated plane acoustic waves which were varied in frequency from 50 Hz to 1 kHz. All the
measurements were carried out within the linear absorption range. For the case of relevance here (L, /R, = 1.0), the
experimental Mach and Reynolds number based on the mean velocity of the orifice are Mj, = 0.06 and Re = 1.7 x 10*
respectively (the equivalent values are fed to the model). FigureE] shows that at very low frequencies (S; < 0.4), both the

modified Howe’s model (which does not account for details in the vortex sheet shapes) and the present model capture the



Rayleigh conductivity well, especially Az which is responsible for the acoustic absorption. For I'g, it should be noted
that experimental errors become significant for very small 'z as the acoustic impedance is dominated by resistance
(AR) at very low frequencies. The experimental I'r and Ag start to exhibit much larger values than those predicted by
the modified Howe’s model for frequencies larger than S; = 0.8 and S; = 0.4 respectively. As the frequency further
increases beyond S; = 1.0, the experimental I'g decreases slightly beyond S; > 1.2 while Ag decreases dramatically
beyond S; > 1.1 — even to negative values when S; > 1.4 which means the hole is generating rather than absorbing
acoustics. Both of these important trends are captured by the present model, but not by the modified Howe’s model.

It is widely known that the vortex sheet shape is rather sensitive to the hole inlet edge sharpness [17, [22] and,
therefore, small variations to the shape considered are expected. To illustrate the effect of vortex sheet shape deviations
on the model predictions, we have computed the acoustics response for two additional vortex sheet shapes in Fig. [5and
Fig.[6] T'r and Ag exhibit a strong sensitivity to the shape of the vortex sheet: I'g is sensitive over the whole considered
S; range, while Ar shows largest variations in the frequency range 0.6 < §; < 1.5.

Experimental results agree better with acoustics predictions for the parametric representation of Eq. given
by a = 0.1500, b = 6.000 than with the shape fitted from the simulations for a straight-edge hole. These results
suggest that this shape might be closer to the actual experimental one, which is unknown, than the one extracted from
simulations. The discharge coefficient C,; for the experimental measurements (defined as the actual flow rate/theoretical
flow rate through the hole area) further supports this idea. Su et al. [17] obtained an experimental discharge coefficient
of 0.73. This is higher than the values reported by Lichtarowickz et al. [34]] ranging from 0.63 to 0.67 for the same
length-to-radius ratio. Neglecting any friction losses and assuming that the holes are thin enough, the discharge
coefficients for the vortex sheet shapes depicted in Fig. [5|can be approximated by the contraction coefficient & (the
area of the jet at the vena contractal/area of the hole) to obtain 0.68 and 0.72 for the shapes a = 0.1736, b = 8.871
(fitted from CFD) and a = 0.1500, b = 6.000 respectively. While the discharge coefficient for the shape fitted from
the CFD simulation is consistent with the values obtained by Lichtarowickz et al. [34], the discharge coefficient of the
vortex sheet shape defined by a = 0.1500, b = 6.000 is closer to the one reported by Su et al. [[17]]. A certain amount of
bluntness of the hole edge in the experiment could explain the higher discharge coefficient and thus the better match
with the acoustic measurements for the latter shape.

The model predicts acoustic generation at frequencies beyond S; = 1.7 and S; = 2 for the shapes defined by
a =0.1736, b = 8.871 and a = 0.1500, b = 6.000 respectively. This agrees approximately with the “whistling region”
(about 1.3 < §; < 2.5) reported in the literature [35H37]]. The predictions of the model for the “whistling region™ are
greatly affected by uncertainties of the vortex sheet shape and the vortex convective velocity (see Sec. [VI).

Figs. [7]and 8] depict a systematic study of the influence of the vortex sheet shape on the acoustic absorption Ag at
four different frequencies and across two different hole length-to-radius ratios. The acoustic absorption does not exhibit

any local extrema in the 2D-planes, but a clear peak is obtained when fixing one of the two parameters. Generally,
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Fig. 5 Various vortex sheet shapes parametrized by Eq. (7) for different values of a and b.
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Fig. 6 Rayleigh conductivity predicted by the model using the vortex sheet shapes plotted in Fig. 5| for a hole
with L, /R, = 1.0. (Black triangles) experimental results [17].
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Fig. 7 Imaginary part of the Rayleigh conductivity Ag at frequencies: (top left) St = 0.3, (top right) St = 0.6,
(bottom left) Sr = 1.0, and (bottom right) St = 1.3. L,/R, = 1.0.

a larger variation of Ay is observed at higher S;, meaning that the acoustic response is more sensitive to the vortex
sheet shape variations at higher frequencies in the considered region. This result has two main implications: (i) the
acoustic response of holes can be greatly improved/penalized by small modifications of the vortex sheet shape at higher
frequencies, and (ii) at lower frequencies the model predictions for Ag are less sensitive to uncertainties in the vortex
sheet shape and, therefore, the mismatch with experimental data is lower.

The direction that we need to follow in order to locally maximize the acoustic absorption by modifying a given
vortex sheet shape is determined by the direction with the largest gradient of Ag in the plane a — b. It is clear from
Figs. [7]and [§] that this direction is strongly dependent on the frequency of interest.

It is also worth mentioning that negative Ag is seen at S; = 1.3 for the longer hole considered in Fig. [7]but not for
the shorter hole considered in Fig.[8] As consistent with previous studies [19, the longer hole is more

likely to generate acoustics than the shorter one.

Effect of the hole inlet edge geometry on the vortex sheet
It is clear that the hole acoustic response exhibits a strong sensitivity to the vortex sheet shape. In this section, we

perform the first investigation into how different vortex sheet shapes can be obtained by making very slight modifications
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Fig. 8 Imaginary part of the Rayleigh conductivity Ag at frequencies: (top left) St = 0.3, (top right) St = 0.6,
(bottom left) St = 1.0, and (bottom right) St = 1.3. L, /R, = 0.5.
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to the hole inlet edge. To this end, we use RANS simulations to obtain the mean vortex sheet profile for different hole
inlet edge geometries. This approach, where the mean flow is studied independently of the acoustics, assumes that
acoustic perturbations have a negligible effect on the mean flow near the hole [17].

The computational domain used for the RANS simulations is composed of three sequential concentric cylinders.
The first one is placed in the left part of the domain with the flow inlet corresponding to its left base and its length
being 200 mm (40 Ry,) and radius R,,. To its right there is a shorter cylinder corresponding to the hole of interest and
whose radius measures 5 mm. Downstream (to the right) of the hole, there is a large cylindrical plenum of length
200 mm (40 Ry) and radius Ry = R,,. Both the length of the hole and the radius of the inlet duct R, are varied to
obtain different length-to-radius ratios Ly /R, and hole opening expansion ratios 4 = R,/ Ry, respectively. Due to the
axisymmetric nature of the problem and boundary conditions, the flow is solved in a wedge domain of angle 5 degrees
with corresponding boundary conditions in the azimuthal direction. Additional details about the mesh are provided in
the Appendix.

To calculate the mean flow, the incompressible RANS equations are converged to a steady state using the finite
volume solver OpenFOAM (Version 4.1) [38]]. The transport properties are those standard for air at room temperature,
ie. v=15x%x10"m? /s. The inlet normal velocity is varied to obtain three Reynolds numbers: Re = 2Ryit/v = 104,
2 x 10* and 4 x 10*. The adopted turbulence model is the Menter k — w shear-stress-transport (SST) model due to its
performance for free-shear and wall-bounded flows [39]. A SIMPLE algorithm is used to solve the momentum and
pressure correction equations. A non-slip boundary condition is imposed on the walls of the hole and downstream
plenum. A symmetry condition is imposed on the external walls of the inlet duct.

We first investigate how different geometric/physical parameters affect the vortex sheet shape of the non-
modified/straight-edge hole. Fig. [T|shows an example of a velocity field obtained for an unmodified straight (inlet edge)
hole. The theoretical vortex sheet shape can be approximated by the surface of largest azimuthal vorticity [[14] or the
streamsurface passing through the flow separation line — the upstream rim of the hole in this case. In this paper, we use
the latter for two main reasons: (i) assuming the vorticity to be a passive scalar and neglecting any diffusion, it will be
convected along that streamsurface by definition, and (ii) it can be accurately and easily extracted in practice.

We perform RANS simulations with the opening confinements upstream and downstream of the hole varying across
radius expansion ratios from 1 = 5 to 20 (L, /Ry, = 0.5 and Re = 2 x 10* are fixed). Results in Fig. E] (top left) show
that the expansion ratio does not noticeably affect the vortex sheet shape when it is larger than ~ 5, agreeing with
experimental results [40]. However, Fig.@](top right), with 1 = 5 and R, = 2 x 10%, clearly shows that varying the hole
length between 0.5 < L, /R;, < 2 can significantly change the vortex sheet shape. In the following, we consider only
the Ly, /Ry, = 0.5 case. This gives a nearly straight vortex sheet tail for x;/R;, > 0.5 and thus allows us to use the two
parameter expression in Eq. (7) for modeling. Note that more complex vortex sheet shapes could be considered by the

present semi-analytical model — the only requirement is that the hole is short enough to avoid mean flow reattachment
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Fig. 9 Influence on the vortex sheet shape of : (top left) expansion ratio A, (top right) length-to-radius ratio
Ly /Ry, (bottom left) Reynolds number Re, and (bottom right) turbulent intensity /.
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within it [19, 20].

In Fig. |§| (bottom left), we show the results for different Reynolds numbers Re with A fixed to 5 and L, /Ry, = 0.5.
At these high Reynolds numbers (common in acoustic dampers for aero-engine and power gas turbines), the vortex
sheet shape is insensitive to variations of the Reynolds number [34]. Figure 9] (bottom right) shows that the turbulence
intensity 7 at the inlet of the domain (1 = 5, L, /Ry, = 0.5, and Re = 2 x 10*) does not impact the vortex sheet shape.
The last two results indicate that the shape of the mean flow jet profile inside the hole is determined by inertial terms

and, therefore, by the geometry of the lip of the hole.

]
012 23 35 4

Fig. 10 Mean flow velocity magnitude |u| for holes with : (top) a chamfered-edge and (bottom) a rounded-edge.
The geometry is defined by L;,/R;, = 0.5 and 6;/Ry, = 2.5%.

Hereafter, we fix 1 = 5, Re =2 x 104, I = 1% and L;,/R;, = 0.5 and we study cases with modified inlet edges. We
consider four geometries: (i) a chamfered edge, (ii) a rounded edge, (iii) an elliptical edge with the major axis placed
horizontally, and (iv) an elliptical edge with the major axis placed vertically. Fig.|10| shows the chamfered and rounded
edge cases with the modification 6;/R;, = 2.5% being very small compared to the radius of the hole. The mesh near the
edge is carefully refined to make sure that the flow separation is accurately captured. To this end, a sensitivity analysis
of the mesh in that region has been systematically performed in the Appendix.

Even though the edge modifications are very small, the extracted vortex sheet shapes in Fig. [[T]exhibit noticeable
differences compared to the straight case, which confirms high sensitivity to the hole inlet edge shape. The vortex sheet

shape from the straight edge case agrees approximately with results from [40]. The chamfered and rounded cases both
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Fig. 11 Vortex sheet shapes for different hole-inlet-edge shapes: (dotted lines) extracted from CFD simulations
and (solid lines) fitted by Eq. (]Z[) Lu/Ry, =0.5.

give a less contracted shape. Note that the difference between both is small but noticeable with the chamfered one
exhibiting a larger contraction.

Equation (7) is used to fit these vortex sheet shapes. The fitted results are plotted in Fig.[ITwitha = 0.1874, b = 7.085
for the straight case, a = 0.1663, b = 4.632 for the chamfered case and a = 0.1760, b = 5.108 for the rounded case. It
can be seen that the shapes for the chamfered and rounded cases are well captured by the corresponding fitted curves,

although with slight differences near the edge.

Fig.12 Zoomed-in view near the inlet edge of the mean flow velocity magnitude [u| for two elliptical-edge holes
with L, /R, = 0.5. 6;/R), = 2.5%.

Fig. [I2] shows a zoom-in view of the velocity field near the hole edge for the two elliptical cases. We compare the
vortex sheet shape for both cases with the straight and rounded edges in Fig.[I3] It can be seem that the shapes for the
rounded and the two elliptical cases are rather similar with small differences only noticeable close to the edge. The
fitting parameters are a = 0.1710, b = 5.090 and a = 0.1741, b = 4.518 for the ellipse with horizontal and vertical
major axis, respectively. These fitting values suggest that the acoustic performance of the two elliptical and the rounded
edges might be similar. This analysis however neglects the discrepancies of the three vortex sheet shapes in the vicinity

of the hole inlet. For edge modifications of a larger scale than the ones considered in the present study, this region might
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Fig. 13 Vortex sheet shapes extracted from CFD simulations for different hole-inlet-edge shapes. L, /R, = 0.5.

have an important impact on the acoustics and further studies would be necessary.

Effect of the hole inlet edge geometry on the acoustic response
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Fig. 14 Rayleigh conductivity predicted by the model for holes with different inlet-edge shapes. L, /R, = 0.5.
Gray dash-dot lines correspond to the frequencies depicted in Fig. @

In this section, we put together the results obtained in Sec. [l and Sec. [[V]to quantify the impact of the geometry on
the acoustic response of the hole by incorporating the fitted vortex sheet shapes into the present semi-analytical model.

We compare the straight, chamfered and rounded cases. The Rayleigh conductivities across a wide range of
frequencies are shown in Fig.[T4] Both the chamfered and rounded holes give significantly different results compared to
the straight one even though their edge modification is small. This is especially true for Ag in the frequency range
1 < S; <2, Ag for the modified holes can be 30% ~ 50% larger than for the straight hole case, meaning that the
sound absorption can be 30% ~ 50% higher. At high frequencies, we found that the chamfered edge hole is the best
shape for maximising acoustic absorption, with the straight edge hole exhibiting the lowest absorptions. In contrast, at

low frequencies, these shapes invert roles, with the largest absorptions given by the straight edge and the lowest by
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the chamfered-edge hole. In practice, the absorption depends not only on the Rayleigh conductivity, but also on the
oscillating pressure difference across a hole (Eq. @) and, thus, the acoustic boundary conditions either side of it.
The hole reactance, I'g, can be much lower than for the straight hole at frequencies below S; = 1.3 (10% ~ 80%

lower depending on its absolute value at different frequencies).

Effect of the vortex convection velocity on the acoustic response

Throughout this paper, the vortex convection velocity is assumed constant and equal to the mean velocity at the hole
inlet. This assumption was first introduced by Howe [10} 28] and has been used in a number of studies [1} 30, [31] since.
To justify it, Howe [10] proposed the vortex convection velocity |u.| = 0.5i, for an infinitely thin hole (with i, the
magnitude of the velocity at the vena contracta). Using the conservation of mass through the hole, the mean velocity at
the inlet of the hole can be related to this velocity by itj, = «ii,, with @ the contraction coefficient. Assuming that the
contraction coeflicient is the minimal theoretical value @ = 0.5 [41], the vortex convection velocity can be expressed as
lu.| = i,. However, experimental and numerical values reported in the literature range from 0.61 to 0.67, making the
previous expression an approximation.

Fig.[I3]depicts the Rayleigh conductivity predicted by the model using three different vortex convection velocities:
(a) the mean velocity at the inlet of the hole, (b) the velocity at the vena contracta and (c) the theoretical velocity
proposed by Howe [[10, 28]] (half of the velocity at the contracta). The value of the Rayleigh conductivity at the peak
is similar for the three cases, but the frequency at which the peak is located exhibits a strong sensitivity to the vortex
convection velocity, with the maximums in Ag and I'g shifting to lower frequencies with lower velocities. The vortex
convection velocity which predicts the Rayleigh conductivity in closest agreement with the experimental results is the
velocity at the inlet of the hole. |u.| = ii, and |u.| = 0.5i, over- and under-predict the frequency of the peak (and the
convective velocity) respectively . This result suggests that an appropriate value for the vortex convection velocity will
be in between these two values. The range 0.6 — 0.8 times the magnitude of the velocity at the vena contracta might be

reasonable choice. The velocity at the inlet of the hole falls into this range and seems a plausible approximation.

Conclusions
The present paper provides a theoretical and numerical study of the sensitivity of the acoustics of short circular
holes to their inlet edge geometries, achieved by slightly modifying the inlet edge shape. The theoretical part relies on a
recently developed semi-analytical model which accounts for detailed vortex-sound coupling for short circular holes
with mean bias flows. This makes the study of the acoustic response of holes with different vortex sheet shapes very
efficient. As the vortex sheet shape is strongly sensitive to the shape of the hole inlet edge, but assumed insensitive to
small acoustic perturbations, we use incompressible RANS simulations to extract it. The acoustic response is then

obtained by combining these two parts. This approach provides a very efficient tool to study this problem and paves the
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Fig. 15 Rayleigh conductivity predicted by the present model for different vortex convection velocities. (Black
triangles) experimental results [17]. L, /R, = 1.0.

way to systematically optimize the acoustics of short circular holes by modifying their inlet edge shapes.

We have shown that very small changes of the hole inlet edge can bring about significant variations in the vortex
sheet shape, and corresponding significant modifications to the hole acoustic response. This is specially true at
higher frequencies, where the acoustic absorption presents a stronger sensitivity. Additionally, we have found that
rounded/chamfered edges create less contracted mean jet profiles than straight edges. This, in turn, leads to a significant
increase in acoustic absorption at high frequencies and a slight decrease at low frequencies as compared to a straight
hole. From an application point of view, these results stress the importance of carefully manufacturing short holes with
mean bias flows (such as acoustic liners and Helmholtz resonators) in order to ensure good acoustic performance.

The method outlined in this paper is restricted to small modifications of the edge when compared to the radius of the
hole. If we aim to account for larger modifications, these must be included into the acoustic analysis. This challenge is

currently being explored and will be addressed in a forthcoming study.

Appendix A. Mesh sensitivity analysis

In this appendix, we study the influence of the mesh density on the vortex sheet shapes. We set the physical and
geometric parameters of the RANS simulation at A = 5, L;, /R, = 0.5, Re = 2 x 10* and I = 1% through this appendix.
All the meshes are structured meshes.

Fig. [I6) depicts the vortex sheet shape obtained for three different meshes for a straight edge hole. The meshes
denoted as coarse, medium and fine are composed of 19890, 52960 and 73185 cells, respectively. As we can observe,
the vortex sheet shape is accurately captured by the three meshes.

Fig.[I7|shows the vortex sheet shape obtained for the four edge shapes addressed in this paper. The sizes of the
coarse and fine meshes respectively are 24588 and 73980 for the chamfered edge, 23500 and 47275 for the rounded
edge, 22128 and 48200 for the elliptical with horizontal major axis edge; and 20048 and 47545 for the elliptical with
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Fig. 16 Influence of the mesh density on the vortex sheet shape for a straight-edge hole.

vertical major axis edge. Again, the vortex sheet shapes are confirmed insensitive to mesh refinement.
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