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ABSTRACT in the transition between the linear and nonlinear regimes.
Thermo-acoustic instabilities and, more generally, the noise

associated with combustion dynamics in high-performance com-

bustion systems are of increasing concern to gas turbine man- |NTRODUCTION

ufacturers. One way to hinder these phenomena is to improve

. ) ) : Gas turbine manufacturers are greatly concerned with the
acoustic damping. A perforated plate with a bias flow can be

s - ) ' > problems arising from the interaction between acoustics and
very efficient in fulfilling this function, as long as it is properly . b.stion dynamic Tl 2]. Perforated screens backed by a res-
designed. This system operates by converting incident acouSticonant cavity are widely used for acoustic damping in industrial
energy into kinetic energy of the flow field, which is then quickly applications. In a recent studyi[3], perforated screens designed
dissipated by turbulence. However this mechanism is not entirely using available linear modelsi[4, 5] and placed at the rear side
understood, especially at high amplitude pressure fluctuations. of a premixing system were used to hinder longitudinal thermo-
The present study deals V.Vith the different responses of an orifice 0.4 stic instabilities in a turbulent swirled burner. The damper
travgrsed by.a Lf"as flow, in linear and nonlinear regimes, when was shown to operate well for small pressure disturbances in the
_subjected toincident sound Wwaves. Large Eddy Simulation (LES) frequency range 250 to 400 Hz and the results were consistent
is used to analyze the flow field through the aperture, calculate with the model predictions. It eventually fails when the instabil-

its reflection and transmission coefficients and analyze sound ab- ity oscillation level raises inside the chambier [6]. The objective

sorption as a function of the perturbation level. Itis shown that ¢ yho hresent study is to analyze the transition between linear
the velocity fluctuation levebwithin the perforation plays a key and nonlinear regimes in the sound absorption process to design

roledln :Ee d|SS|pit_|onf;|3rocesls. '? tra?s_'t'?r? occ_?_rs wherexg robust damping systems at high sound pressure levels.
(r:eeveerze fleo:/nveignob?esrvg(\jlv \Ileea(()jti:rlwy n’)' n:g'orec(r)]grllsjgji%iﬂe bal Due to the wide variety of applications, extensive research
’ 9 J 9 has been devoted to the experimental characterization, modeling

ance bhetweetrr: rteflgcnont.and tran§ mission procteslsgsa Itis EOW{ and simulation of the absorption properties of perforated screens.
ever shown that absorption remains approximately INAependent ggo o of the plate porosity, thickness, geometry of the aper-

OI;etzsn?OL;ndeleveltsveD at :tlr(;e '?Ir?;eaz]lp) lt'.tgges.tﬂr:]hlgati ”: the tures or of the inner structure, ducting of the apertures or inter-
gation IeE)/eFof tlrjlz und!tlé%gy pr.essure K)S: tlhrouwg;h the p%rfol;ation actions between the holes were thoroughly examined (see fgr ex
; . ) ) i o ample [7[8.9, 10, 11,12, 13]). We restrict here the analysis to
Is then exammegl using d|f_ferent analytlgal models. Predictions thin perforates traversed by a bias flow and subjected to normal
are compared with simulation results. Differences are observed sound waves of increasing amplitudes. Recently, Ratgap. [L4]
carried out an experimental study on the effect of excitation am-

*Address all correspondence to this author. 1 Copyright © 2011 by ASME
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plitude on the absorption of a single orifice with a mean bias
flow. The transition between the linear and nonlinear regimes
is studied using PIV measurements and it is shown that absorp-
tion reaches a maximum when the sound level is increased before
being attenuated at higher levels. This type of response was al-
ready noted in the experiments gathered by Ingard and [sing [15].
A few numerical studies have already been conducted on the ab-
sorption properties of perforated plates with a bias flow. Leatng

al. [16] studied the effects of frequency and orifice opening size
on absorption by direct simulations in two dimensions. They z

found that absorption is improved at low forcing frequencies and £ ,GURE 1: SCHEMATIC VIEW OF THE COMPUTATIONAL
for small orifices. Large Eddy Simulation (LES) was also used popMAIN. FLOW FROM LEFT TO RIGHT. ACOUSTIC

by Mendezet al. to StUdy the response of perforates, e~ MODULATION IS IMPOSED ON THE RIGHT BOUNDARY
straining their study to the linear regime. Analytical expressions ~oNDITION.

were proposed by different authors [I5l[1€/19, 20] to determine

the impedance of perforated plates operating in linear and nonlin-

ear regimes. These models include different lumped parameters

whose values must be determined. It is thus worth examining the sure waves. The central issue is to determine the Rayleigh con-

flow dynamics in the vicinity of the orifice to get insight in the  ductivity linking the fluctuating volume flowrate within the per-

mechanisms responsible for acoustic dissipation using detailed forations and acting as a sound source to the unsteady pressure

experiments or simulations. difference applied to the plate. Assuming harmonic fluctuations,
This study aims at understanding the change in the responsethe fluctuating pressung and velocityu’ write:

of a perforated plate from linear to nonlinear regime, when it

is subjected to incident acoustic waves of increasing amplitude

at a given forcing frequency. Three-dimensional LES is used to

simulate the flow through an orifice at isothermal ambient condi-

tions, allowing a detailed analysis of the flow dynamics near the \yherew = 271f is the angular frequency. Using these notations,

orifice. In the simulations carried out here, a single circular aper- the Rayleigh conductivity of the aperture is defined as:

ture is placed in a square-section domain, with a uniform steady

flow. The inlet acoustic boundary condition is non-reflecting, and L

the outlet is pulsed with harmonic modulations. The forcing fre- Kg = _lwpq (2)

quency is chosen to obtain conditions close to optimal absorption Ap
of the incident sound waves at low amplitudes.

The classical model developed by Howe [4] describing the wherep is the mean fluid density = Re{gexp(—iwt)} is the
§0und absorptiqn of perfo_ra.tes in t.he Iirjear regime is presented fluctuating volume flowrate antlp = B, — fa] is the fluctuating
in the next section. Predlcuor_\s with this model are then com- pressure difference applied to the plate. The Rayleigh conduc-
pared to numerical results, which are shown to be in good agree-jy;ity is a function of the geometry of the aperture, the bias flow

ment for small modulation levels, validating the methodology. velocity, the frequency and the sound levell[I5, 18]. For small

The aperture is then subjected to increasing sound levels, rangingpertyrpations it is possible to derive an analytical expression for
from 90 up to 150 dB. In this way both the linear and nonlinear s quantity.

responses of the damper can be investigated. The transition be-

tween these two regimes is then studied and is shown to depend

on the resulting velocity perturbation level within the orifice. It Howe’s model

is in particular shown that absorption properties remain approxi- The Reynolds number within the perforation is usually large

mately constant at high amplitudes, but the region within the flow enough (Res> 1) to neglect viscous effects except near the edges

where acoustic incident energy is dissipated changes between thevhere flow separation takes place. This type of behaviour has

linear and nonlinear regimes. been modelled by Howe][4] for a circular aperture of raditis
which a steady jet emerges irrotationally, separated from the am-
bient medium by an infinitely thin vortex sheet (Hig. 1). Vortices

ACOUSTIC ANALYSIS created at the aperture edges are swept away by the flow with a

We consider the case of a thin perforated plate with a steady velocity uc. The following analytical expression for a cylindrical
bias flow through the orifices, subjected to normal incident pres- vortex sheet of radiugand a constant vortex convection velocity

l

|

Non-reflecting pulsed outlet
o

T
—u \/\/\Zaﬂ— R

|

Non-reflecting inlet
I

L z=0 z=h z=h+L

p = Re{pexp—iwt)}, U = Re{lexp(—iwt)} 1)
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Uc can be obtained[4]:
Kr=2a(y—i0) 3)

The coefficientsy and é are positive functions of the Strouhal
number St wa/uc:

11/ 211 (St) exp(—St) — iK1 (St) sinh(St)
St[r1/211(St) exp(—St) + iK1 (St) cosH{St)]

y—id=1+ (4)

wherel; andK; are modified Bessel functions of the first and
second kinds. Note that the vortex convection velogitis often
taken equal to the bias flow velocity(= up) within the perfo-
ration without clear justificatior [5]. Howe mentioned that this
velocity equals half that of the jet velocity = u;/2 [4]. This
however does not take into account thena contracteeffect
[21]. Many models were derived based on the original expres-
sion Eq. [4), including plate thickness [10] 22], hole shapeé [23]
or ducting effectd[9]. These models are however limited to small

NUMERICAL CONFIGURATION

Simulations  in  this study were conducted
with the LES solver AVBP, developed at Cerfacs
(wwv. cerfacs. fr/ 4-26334- The- AVBP- code. php).

It solves the compressible Navier-Stokes equations on unstruc-
tured meshes based on a Large Eddy Simulation framework,
using explicit methods. The simulations in this paper are carried
out with the finite-volume Lax-Wendroff scheme [24], which

is second order accurate in space and time. The subgrid-scale
stress model used to close the turbulent fluxes is based on
the WALE model [25]. Inlet and outlet boundary conditions
are treated with the Navier-Stokes Characteristic Boundary
Conditions (NSCBC) method [26].

The configuration simulated in this paper aims at modeling
the unsteady flow through a perforated plate with a regular distri-
bution of holes. Since the number of apertures can be important,
it is out of reach to try to simulate the whole plate. Thus only a
single hole is considered here, and periodic conditions are used
at the lateral boundaries of the numerical domain to take into
account the presence of an array of apertures distributed over a

pressure perturbations and alternative approaches were proposegquare mesh. The symmetry of the problem is fixed by these con-

to take into account the effects of sound level [15, 18].

It is generally easier to examine the reflection and transmis-
sion coefficients far from the perforate instead of the Rayleigh
conductivity which requires the knowledge of the pressure dif-
ference across the plate and the velocity within the perforation.

Reflection, transmission and absorption
Assuming plane waves propagation away from the orifice,

one can relate the reflection, transmission and absorption coeffi-

cients to the Rayleigh conductivity. Small orifices, compact with

ditions and asymmetrical interactions between the orifices are not
considered here. Asymmetry would for example be triggered by
an instability in the flow within the perforation but this probably
only takes place at very high sound levels. The orifice walls are
modeled with a no-slip condition.

Figure[1 shows a schematic view of the numerical domain.
The domain has a square section wdth- 6 mm. This distance
also represents the separation between two apertures. In the cen-
ter of the domain, a solid wall of thickneks= 1 mm presents a
circular orifice of diameter@= 1 mm. The porosity of the plate

respect to the flow disturbances considered, can be characterizeds then given by = ma?/d® = 2.18 %. To avoid unsuitable in-

by two jump conditions. The first one is given by the definition
of Kr (Eq. [2). The second condition is given by the conser-
vation of the acoustic volume flowratg¢ through the aperture
§ = (yqd? = Gyd2. In this expressiong anduy, denote the acous-
tic velocity fluctuation downstream and upstream the perforation
within the square domain of cross sectiwh(Fig. ). By com-
bining these jump conditions, the reflection coefficiBrand the
transmission coefficierf can be written as:

ikd?

ikl -1 ikd2\ *
‘z—KR(l‘z—KR> ’T‘<l‘z—»<R) - ®

wherek = w/c is the wave number, andis the sound speed.
Finally, the absorption coefficient is given by:

R:

a=1-|RZ-|T (6)

It is worth noting that absorption is limited tay,ax = 0.5 for
a non reflecting duct &= —L (Fig.[d) [g].

teractions between the boundary conditions and the flow around
the orifice, the inlet and outlet boundaries are located at a large
distanceL = 120a from the aperture. Non-reflecting acoustic
conditions are imposed at both inlet and outlet boundaries. The
computational mesh contains 643000 tetrahedra, and the orifice
diameter 2 has been discretized with at least 20 points in the
radial direction. FigurE]2 shows an enlargement of the mesh near
the orifice.

In all the simulations conducted in this study, a mean bias
flow passes through the aperture (from left to right in Fig. 1).
The application envisaged for the configuration analyzed in this
work is the use of perforated plates backed by a resonant cav-
ity to damp low frequency combustion instabilities at the in-
let of an injection system, as studied by Tramnal. [3]. This
type of low frequency thermo-acoustic interactions features typ-
ically self-sustained oscillations of a few hundred Hertz. It was
chosen to conduct the analysis here for a modulation frequency
f =400 Hz. For the application considered here, incident acous-
tic waves are normal to the plate and the temperature of the gases
remains cool.

Copyright © 2011 by ASME



RESULTS
Flow visualization

Figured 8 and]4 show the vorticity field in the vicinity of
the perforation during a forcing cycle at 400 Hz for two different
forcing amplitudes. Note that in these figures, only a fraction of
the numerical domain is represented upstream and downstream
the orifice over a distanck/2a = 20. The numerical domain
extends up td/2a = 60. In these images, the mean flow is ori-
ented from the bottom to the top. Flow separation appears at the
edges of the aperture, due to the effect of viscosity. In Elg. 3

FIGURE 2: LONGITUDINAL CUT OF THE THREE- a moderate perturbation level is applied at the outlet of the do-
DIMENSIONAL COMPUTATIONAL MESH NEAR THE ORI- main, corresponding to an incident sound level SP110 dB at
FICE. this location. The acoustic perturbation incident on the jet gener-

ates a convective modulation of the vorticity field in the direction

of the flow synchronized by the forcing frequency. These fluc-

tuations are only visible on the jet flowing through the aperture

The case considered is an isothermal flow of nitrogen char- downstream the perforation. The vorticity field below the plate
acterized by a density = 1.18 kg 3 with a temperatur@,, = is not affected by these perturbations during the modulation cy-
300 K. Nitrogen is injected at the inlet with a small uniform ve- cle and remains constant. The flow remains axisymmetric during
locity U= 0.074 ms'L. This flow velocity corresponds to a bulk  the forcing cycle. The vorticity wave is swept away by the mean

velocity in the aperture isig = U/0 = 3.4 ms L. At this oper- flow above the plate and is then dissipated by turbulence at large

ating point, the Mach number in the orificeNf = Up/c ~ 0.01 distance from the orifice. By following the position of the max-

and the Reynolds number Re Ug2a/v ~ 220. imal vorticity magnitudez,qr in the jet at the different phases in
The mean pressure imposed at the outlgkis- 101300 Pa. the cycle, one finds that these vorticity disturbances triggered by

The acoustic forcing is obtained by adding a harmonic oscilla- the acoustic waves are convected at a velocity approaching that

tion to the characteristic pressure wave entering the donain ( Of the mean flowAz,ort/At =~ Up. This behavior is in agreement

in Fig.[), with a constant frequendy= 400 Hz. These forc- W|th the Classmal.scenanEI[ZI, 8], but the situation is different for
ing conditions correspond to a Strouhal numberSba/Uy = a higher modulation level.

0.37, which approaches optimal acoustic absorptios: 0.42 At high forcing amplitude, the structure of the unsteady flow
for small perturbation levels [8]. The amplitude of the incom- changes significantly. Figuté 4 shows the vorticity field for an
ing acoustic wave is then varied from 0.89 to 890 Pa. This incident SPL of 140 dB. The vorticity field now features large
corresponds to sound pressure levels (SPL) ranging from 90 dB fluctuations on both sides of the perforation with a change of
up to 150 dB. Nine different simulations were conducted to in- sign during the modulation cycle. The flow within the perfo-
vestigate both the linear (low forcing amplitude) and nonlinear ration is pulling large vortex rings which are alternatively con-
regimes (high forcing amplitude). These calculations are run vected downstream and upstream the plate. These large coherent
over 40 modulation periods and only the last 20 periods were structures go deeper within the flow, at a larger distance from the
post-processed to examine the acoustic properties. The hypoth-perforation, before being dissipated by turbulence and viscous
esis of plane wave propagation away from the orifice has been processes. The convection speed of the vortices before reverse
verified in the computations. The maximum phase difference be- flow occurs now scales with the fluctuating velocity in the ori-
tween two pressure signals taken at different points in the samefice Azont/At ~ up (t/Tp < 0.50). The unsteady flow remains
cross-section dt/2a = 50 away from the orifice is less than 1 axisymmetric only in the vicinity of the orifice. These changes
degree, and the maximum amplitude difference reaches 0.3%.in the flow deeply impact the acoustic properties of the aperture,
At the forcing frequencyf = 400 Hz considered here, the ratio  as shown below.

between the orifice diameten2nd the acoustic wavelength

is small enough&/A = 1.2 x 103 < 1, so that the interaction

can be considered compact. No higher modes were observed,

except the harmonics of the modulation frequency at high SpL. Sound level effects

Far from the orifice, the amplitude of the second harmonic of It is interesting to compare the values of the reflection and
the modulation frequency observed in the pressure spectrum istransmission coefficients computed from the results of the nu-
lower by at least one order of magnitude than the amplitude of merical simulations with the predictions of the linear model
the fundamental peak. Eqg. (8) when the modulation level is increased. The reflection

4 Copyright (© 2011 by ASME



4

@t/T,=005  (b)t/T,=025  (O)t/Ty=050  (d)t/T,=075  (e)t/Tp=1.00

FIGURE 3: INSTANTANEOUS VORTICITY FIELD AT 110 dB, DURING A FORCING CYCLE AT 400 Hz. VORTICITY MAGNI-
TUDE FROM 0 (WHITE) TO 150g/a (BLACK).
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FIGURE 4: INSTANTANEOUS VORTICITY FIELD AT 140 dB, DURING A FORCING CYCLE AT 400 Hz. VORTICITY MAGNI-
TUDE FROM 0 (WHITE) TO 35up/a (BLACK). NOTE THAT THE SCALING FACTOR IS NOT THE SAME AS IN FIG.I3.
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coefficientRis determined in the simulations as follows (Fiy. 1):

(7)

where { = fy/pcly is the specific impedance of the orifice.
The pressure fluctuatiopy and the corresponding longitudinal
velocity disturbancely are taken here at a distanic&a = 50
downstream the orifice, in a region where the flow is uniform
away from the jet. In nonlinear regimeg,aidu represent the
fundamental-harmonic components of pressure and velocity fluc-
tuations, respectively. Knowing the reflection coefficient and the
pressure fluctuatiop,at a distancé/2a = 50 upstream the ori-
fice, it is also possible to compute the modulus of the transmis-
sion coefficient of the orifice:

|'Oz

IT|= (8)

:(1+R)‘

o

Figure[® shows the modulus of reflection and transmission
coefficients extracted from the simulations and compared to the
predictions from Eq.[{5). As expected, the agreement is good
at low to moderate excitation levels (SRL120 dB), thus val-
idating the methodology. For sound levels larger than 130 dB,
|R| and|T| depend on the acoustic perturbation amplitude. The
reflected wave amplitude grows, whereas the amplitude of the
transmitted wave drops when the sound level increases.

It is difficult to further analyze the results by only consider-
ing the acoustic properties far from the orifice. A quantity more
relevant to the flow dynamics in the vicinity of the perforation
is the ratio between the fluctuating velocityaveraged over the
cross section of the orifice and the bulk veloaigywithin the
orifice. Figurd6 shows the temporal evolution of the rafjduo
for three different SPL, over an oscillation period. The lines
Up = —Up andug = Ug are also plotted. When the temporal signal
crosses thep = —ug line, reverse flow appears in the orifice dur-
ing the forcing cycle. For sound levels lower than SPL20 dB,
no reverse flow occurs. This is not the case for higher sound lev-
els. When the SPL is higher than 130 dB, the velocity fluctuation

amplitude becomes higher than the mean bias flow velocity, and

then reverse flow is observed during part of the excitation cycle.
Vortex rings are then released alternatively from both sides of the

aperture, as indicated in Fifl 4, thus changing the way acoustic

waves are dissipated.

Analysis of absorption

FigurdT plots the evolution of the absorption coefficient ver-
susup/up in the orifice for the different cases explored. The
simulations match well with the predictions of the modulus of
the reflection coefficientR| for perturbation levels lower than

6
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FIGURE 5: REFLECTION AND TRANSMISSION COEFFI-
CIENTS VERSUS SPL, AT 400 Hz. COMPARISON BE-
TWEEN LES RESULTS AND HOWE'S LINEAR MODEL.

5 ] :
—120dB

37 l' ‘\ tm- 130 dBi
. i ---140 dB

05
t/Tp

0.75 1

FIGURE 6: EVOLUTION OF THE RELATIVE VELOCITY
FLUCTUATION RATIO IN THE ORIFICE up/up, DURING A
FORCING CYCLE AT 400 Hz, FOR DIFFERENT SPL.

120 dB. A slight difference is observed in the modulus of the
transmission coefficient but surprisingly, there is a relatively
fairly good agreement between theoretical predictions and the
LES results even at high amplitudes. It is shown that absorp-
tion remains roughly constant over the whole range of perturba-
tion levels explored, covering several orders of magnitugeg
varying from 0.02 to 10.

However, the way the incident acoustic energy is dissipated
differs at low and high amplitudes. In Fi§] 7 the contributions
of the reflected and the transmitted waves to absorption are also

Copyright (© 2011 by ASME



indicated. As long as the velocity fluctuation within the i

{ip remains smaller than the mean bias flow velocigythe re- 1 T N aAVBP‘
flection and transmission coefficients remain independent of the — o Howe
sound level. In this case sound absorption within this orifice at a 0.8 e |R2AVBP
forcing frequency of 400 Hz nearly reaches the maximal theoret- 0 [T]2AVBP
ical valueamax = 0.5, and is mainly due to the low amplitude of 0.6 -
the reflected wave. When the velocity fluctuatigreXceeds the S A A A A A A A A
mean bias flow velocity, the modulus of the reflection coefficient 0.4- TTTT T o >
begins to increase with increasing amplitude and its contribu- '
tion to absorption drops correspondingly. This loss is however o
balanced by the increasing contribution of the transmitted wave,
because its modulud | decreases with the forcing amplitude.
Globally, the energy transfer process taking place between the 0 e — ——
acoustic field and the unsteady flow leads to approximately the 0.1 Y 1 10
same fraction of acoustic energy dissipated for velocity pertur- UO/UO

bation levels covering two decades, when<< up as well as FIGURE 7: ABSORPTION COEFFICIENTS VERSUSq/ o,
whentip > Up (at least forup/Uo < 10). This suggests thata uni- AT 400 Hz. COMPARISON BETWEEN LES RESULTS AND
fied model based on energy considerations should be able to de-HOWE’S LINEAR MODEL.
scribe the orifice response in these different regimgsy < 1
(linear) andug/up > 1 (nonlinear) for input levels lower than
fo/up < 10.

Acoustic energy is mainly dissipated here by vorticity. At
small disturbance levels, vorticity is only produced downstream 15 . ploutlet 0.3
with the formation of vortex rings. When acoustic velocities ---plinlet ...
within the orifice are smaller than the mean bias flow velocity, 10+ _U6/U0\,f" -0.2
vorticity production is dominated by the mean flow (see Elg. 3). . A
Values of the reflection, transmission and absorption coefficients 5 o Lt 0.1
are then found constant at small disturbance levels. For acoustic < \ ’ O
velocities larger than the mean bias flow velocity, reverse flow a,
appears and vortex rings are swept away from both sides of the “a
orifice (see Fig. }4). Dissipation takes place in this case both up- 5
stream and downstream the orifice, and this process is mainly , )
governed by the amplitude of the fluctuating flow in the orifice. S

The temporal pressure signals plotted in FIgs. 8[dnd 9 con- -10 0.2
firm this analysis. For a small modulation corresponding to ‘ ‘ ‘
110 dB (Fig[8), the velocity fluctuation amplitude in the orifice -15 0.25 0.5 0.75 1'0'3
reaches 20 % of the mean bias flow velocity and reverse flow t/Tp
is absent. The ratio between the amplitude of the transmitted
pressure wave at the inlet of the domain and the pressure fluc-FIGURE 8 TEMPORAL PRESSURE SIGNALS AT THE
tuation at the outlet is approximately equal to 1/2. At 150 dB DOMAIN INLET AND OUTLET, AND IN§TANTANEOUS

VELOCITY RATIO IN THE ORIFICE uy/up, EXTRACTED

FROM NUMERICAL SIMULATION. EXCITATION AT 400
Hz AND 110 dB.

e o0 0 0 ° ® o

"~ Up/lo

(Fig.[9) this ratio is reduced to approximately 1/6. It is three
times smaller than in 110 dB case, whereas the velocity fluctu-
ation in the orifice is 10 times larger than the mean bias flow
velocity. The transmission coefficient is thus much smaller at
150 dB, as shown in Fig] 5. In this case, the time traces of the
transmitted pressure and the velocity fluctuations in the orifice,
averaged over the cross section, are not pure harmonic signals at )
high amplitude. This indicates a nonlinear response of the aper- nnlinear analysis.

ture. For a forcing level at 150 dB, the velocity fluctuation within Different types of analysis were envisaged to treat the non-
the perforation reachas) /Uy = 10. The nonlinearity observed linearity of the orifice response. Many of them consider the un-
on the sound waves at large distance from the orifice in [Hig. 9 steady pressure loss through the orifice caused by the acoustic
remains however weak and can probably be treated by a weakly modulation under quasi-steady assumptlon[[27, 28]. This pres-
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FIGURE 90 TEMPORAL PRESSURE SIGNALS AT THE

DOMAIN INLET AND OUTLET, AND INSTANTANEOUS
VELOCITY RATIO IN THE ORIFICE u/Uy, EXTRACTED
FROM NUMERICAL SIMULATION. EXCITATION AT 400
Hz AND 150 dB.

sure loss writes [19]:

1
Ap EP’]|U0|U0, 9)

wheren is the pressure loss coefficient anglthe bias flow ve-
locity in the orifice. The absolute value in this expression takes
into account a possible reverse flow in the orifice. When this ve-
locity is modulatedip = Ug + Up, it is possible to write Eq[{9) in
terms of the fluctuating pressure loss:

%)

Uo

This expression was used by Belluatial. [20] to analyze the
response of perforates in both linear and nonlinear absorption
regimes. Equatio (10) was treated in the frequency domain.
The problem is then to specify the pressure loss coefficient
n. In the linear absorption regimg < Up, the model developed
by Howe [4] can be used. By combining the linearized form of
Eqg. (10) and Eq[{2) for the Rayleigh conductivity with Eg. (3),
the pressure loss coefficient can be written as a function of the
Strouhal number only:

/
Ap = }pu_%n H1+ % (1+ (10)
2 Uo

- nst 8

R . (1)

At very high acoustic levels, the fluctuating velocity in the orifice
is significantly larger than the mean bias flow veloaigys u.

This justifies the use of a nonlinear model based @rrea con-
tracta approach([1%, 18,20, 27]. The pressure loss coefficient is
then approximated by a constant discharge coeffi€ignt

(12)

Bellucciet al. [20] used in their analysis a heuristic expres-
sion (Eqg. (32) in that reference) to examine the values taken by
the pressure loss coefficientduring the transition between the
linear and nonlinear regimes. It is assumed in that study that
the linear expression Ed._{10) is valid for velocity fluctuations
lower thanug and that the pressure loss coefficient tends toward
Eq. (I2) at very high sound levels. Predictions with this model
for the evolution of the pressure loss coefficient as a function of
the disturbance level are reproduced in Eid. 10 as dashed lines.
The value used for the discharge coeffici@t= 0.82 in this
figure is the same as the one used by these authors for a single
orifice without mean bias flow.

It is possible to compare these predictions with results ex-
tracted from LES simulations. A Fast Fourier Transform (FFT)
algorithm is applied to the fluctuating pressure signals recorded
at large distance from the orifice in the simulations. This enables
to determine the pressure difference fluctuation amplif\filex-
amined at the forcing frequendy= 400 Hz. The same proce-
dure is applied to the right-hand side term in Eqg] (10). The veloc-
ity signal is first averaged over the orifice cross section and the
right-hand side term in EJ_{1L0) is calculated in the time domain.
The first harmonic component of this signal is then calculated
with the FFT algorithm. This is used to examine the evolution
of the pressure loss coefficientat the forcing frequency as a
function of the velocity ratiaig/ug in the orifice.

These numerical estimates are compared in[Efy. 10 to the
predictions of the three models presented above. At low to mod-
erate modulation levels, the simulations show good agreement
with the linear model Eq[{11), while the constant value taken by
n is slightly underpredicted by this model compared to humer-
ical results. The pressure loss coefficient takes a constant value
up to a velocity ratioug/up = 2 in the simulations while Bel-
lucci et al. fix the transition to nonlinearity aig/up = 1. For
Go/Uo > 2, numerical estimates af decrease with the velocity
fluctuation level, approaching the valge= 1.49 predicted by
the nonlinear model Eq[(IL2) f@p = 0.82. This limit value is
reached foug/up > 6 in the heuristic approach of Bellucet al
For Up/Up ~ 10 simulations yieldy ~ 1.65. While the correct
limits at small and high oscillation amplitudes are predicted, the
transition level between linear to nonlinear regimes and the sat-
uration at higher oscillation levels are not properly reproduced
by the heuristic approach. It should however be noted that the

Copyright (© 2011 by ASME
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FIGURE 10: PRESSURE LOSS COEFFICIENT VERSUS
io/Up, AT 400 Hz. COMPARISON BETWEEN LES RESULTS
(¢) AND ANALYTICAL MODELS: LINEAR MODEL FROM
EQ. (11) (DASH-DOTTED LINE), NONLINEAR MODEL
FROM EQ. (12) (SOLID LINE) AND BELLUCCI ET AL.
HEURISTIC TRANSITION MODEL (DASHED LINE).

saturation level found at high oscillation amplitudes depends on
the value chosen fa€p. The numerical value used here and in
Ref. [20]Cp = 0.82 is not the only possible choice. The dis-
charge coefficien€p was thus computed for the steady flow in

takes place when the fluctuating acoustic velocity in the orifice
becomes larger than the bulk velocity. When this limit value is
exceeded, reverse flow appears, and vortex rings are shed on both
sides of the orifice. The absorption coefficient of the orifice re-
mains however almost constant over the amplitude range simu-
lated here, coveringg/Up = 0.02 to 10, but both the reflection
and transmission coefficients of sound waves are strongly mod-
ified at high modulation amplitudes. When the incident wave
amplitude is increased, acoustic energy dissipation decreases at
the reflection side and increases at the transmission side of the
aperture. Comparisons between numerical estimates of the un-
steady pressure loss through the orifice with different analytical
models show that the general trends and the limits are well re-
trieved, but work is still required to capture the correct transition
level between the linear and nonlinear regimes and to predict the
correct saturation at higher levels. These results help in under-
standing the behavior of perforated plates at high sound levels,
and motivate the seek of a unified model in linear and nonlinear
regimes based on energy considerations.
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data yielded a valu€p = 0.62. This numerical estimate is con-
sistent with classical values found for a steady jet through a small
orifice [18/29]. One can however see that the saturation level
reached by the pressure drop coefficignt 2.58 calculated with

this value for the discharge coefficigty = 0.62 is much higher
than the one reached in the simulations. This indicates that it is
probably difficult to deduce the correct saturation value of the
pressure loss coefficient from steady simulations and motivates
further analysis of sound absorption mechanisms at high ampli-

tude. Results must also be gathered at other forcing frequencies

and further numerical simulations must be conducted.

CONCLUSION
Three-dimensional large eddy simulations of the flow
through an orifice submitted to low frequency sound waves of

increasing levels have been carried out. The analysis conducted

here has shown that the knowledge of the induced velocity fluc-
tuation amplitude in the aperture is crucial to properly analyze

the acoustic response of an orifice traversed by a bias flow. The

transition between the linear regime, where acoustic properties

are independent of the sound level, and nonlinear regime, where
these properties strongly depend on the perturbation amplitude,
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