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ABSTRACT

It has been previously shown that relatively simggenputational fluid dynamics (CFD) models

can be used to calculate the transfer impedannekiding the associated end corrections, of
microperforated panels. The impedance is estimiayefitst calculating the pressure difference

across a single hole when a transient input velégitmposed, and then Fourier transforming the
result to obtain the impedance as a function afuemcy. Since the size of the hole and the
dimensions of the inlet and outlet channels arg genall compared to a wavelength, the flow
through the hole can be modeled as incompressiyeusing those procedures, Bolton and Kim
extended Maa’s classical theory to include a resigtnd correction for sharp-edged cylindrical

holes which differs from those previously propobgdhe inclusion of a static component. Here
it is shown that CFD models can also be used topoabenend corrections for tapered holes.
Since practical experimental characterization ofggated materials often involves measurement
of the static flow resistance, a closed form eroplriequation for that quantity has been
developed. Finally, it is shown that configuraBdmaving equivalent static flow resistances can

yield different acoustic absorptions.

PACS numbers: 43.55.Ev, 43.20.El



I. INTRODUCTION

The concept of microperforated absorbers was prghdsy Maa more than thirty
years ago and the related theory has been publishachumber of different formi$ (see
Ref. 4 for a discussion of the various publishedn® of the Maa theory). Maa’s theory
combines Crandall’s model for sound propagatiorsimall diameter tub&sand Ingard’s
resistive end correction for perforatiohs.Both theoretical and experimental work has
shown that microperforated absorbers can be effectiver relatively broad frequency
ranges and so they offer an attractive alternatveonventional sound absorbing materials,
especially when the use of non-fibrous absorberdeisirable. Descriptions of potential
applications in architectural acoustics and autoweohoise control can be found in Refs.
7-9. Recently, there has also been interest ingusnicroperforated lining materials in
flow-duct noise control applicatiort§*® Further, microperforated materials may be
incorporated into multi-layer systems to enhancetipaar aspects of the system
performancé’*®

The theory of microperforated panels has also le@¢anded to allow for the effect
of panel flexibility. See, for example, Refs. 19-fbor a discussion of essentially infinite
flexible permeable membranes, and Refs. 22-25 fdisaussion of the effect of flexibility
on finite microperforated systems at normal incicksnand Refs. 26-28 for more general
incidence conditions. Less attention has been paitthe effect of hole shape (whether in
plan shape or in the effect of variation of holardeter with depth). In addition to
cylindrical holes, slits have been studigédas have hourglass-shaped perforafidmsd
tapered hole® (note that tapered holes of relatively large ditanare considered in Ref.

32: in that work, the holes are sufficiently larfeat viscous effects within the holes are



negligible, and so their behavior is quite differdrom microperforated materials). The
study of tapered microperforations was the paréctibcus of the present work.

In the modeling domain, it has been shown thatdrigerforated sheets may be
modeled as rigid porous materials by an approprifitgice of macroscopic parametéts.
That work also suggested that either ri§idr flexible** arbitrarily-shaped microperforated
panels could be modeled using finite element methoRecently, it has also been shown
that the techniques of computational fluid dynam{€$D) can be used to calculate the
transfer impedance of rigid microperforated pankedving cylindrical hole¥. In that
work, it was shown that the resistive end corrattiwas essentially independent of
frequency rather than depending on the square odofrequency as was previously
suggestell As a result, the conventional Maa theory resuit@n underestimate of the
resistive end correction at low frequencies, agdgireviously in Ref. 36.

Here the CFD procedure of Ref. 35 has been appleedhe study of tapered
microperforations. In particular, CFD was usedntodel the oscillatory, viscous flow
though individual, sharp-edged, tapered holesstFit is demonstrated for static flow how
end effects for tapered holes can be incorporat¢d ithe usual Poiseuille term for the
resistance. An analogous method is then appliedbi@in an approximate, predictive
formula for the dynamic flow resistance that redtethe constant radius, cylindrical case
in the appropriate limit. The CFD results cleangdicate, amongst other things, where the
maximum energy dissipation occurs, and that thestige end correction is associated with
dissipation within the flow exterior to the holetliar than along the adjacent solid surface.
Finally, it is demonstrated that the new formultoak the accurate prediction of normal

incidence absorption of tapered hole, microperidasheets positioned above a finite-



depth backing space.

IIl. REVIEW OF THEORY

The relevant equations for the present discussierdescussed in this section.

A. Maa Model

The Maa model can include both linear and non-line@mponents, the latter of
which become significant only at high incident sdusressure levetd In this study, the
focus is on the linear part only, applicable fowlto moderate sound pressure levels. The
Maa model was derived for wave propagation in nartabes in which the oscillatory
viscous boundary layer spans the hole diameten cheoular holes, the equation for the
normal acoustic transfer impedancg,of a microperforated sheet with straight, constan

diameter holes, without end corrections, can beesged as:

S A N ()

where p is the density of airw is the angular frequency, is the length of the hole (or
equivalently the thickness of the sheet), anid the porosity of the sheet (i.e., the fraction
of the total surface area occupied by holes, wischquivalent to the fraction of the total
sheet volume taken up by the holes). In additiois, the perforation constant defined as:

k = dypw/(4n) =r/pw/n )
where 7 is the dynamic viscosity is the hole diameter; is the hole radius (note that in
this study either radius or diameter may be usedhichever best elucidates the
relationships), ando and /1 are the Bessel functions of the first kind of zbrand first

order, respectively.



It should be noted, that in the limit of low frequeees, Eq. 1 can be approximated

by:

®3)

L(8n r?p*w? powL (4 1*plw?
ZMaaz < + - .
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The first term of the real part is the same ressltthat obtained from simple Poiseuille
flow. Maa has presented the lowest order realiarajinary terms as an approximation of
Eqg. 1, but it is instructive to see the form of tfiest higher-order terms directly as
functions of the frequency as well.

Additional energy dissipation occurs when the flewters or exits a small hole.

Maa used the concept of a surface resistjrizfined by:

Rs = /2npw / 2 (4)
to add resistive end effects to Eq. 1 above. Hiughed a correction term to the reactance
as well, derived from the radiation impedance @iston, and together Maa’s proposed end

effects can written as:

End _ B 77_(4) i
Zyfoa = s\ |2p + 0.85jdw (5)

Note that both correction terms go to zero as tbguency goes to zero and therefore have

no effect on the predicted static flow resistance.

B. Guo Model

Guo et a”® gave a modified form of Eq. 1 to account for hgeometry:

-1
jpwL 2 ki —j a2R Spw
ZGuo :]p_ 1 -]1( ]) + S+] p (6)

o _k\/TUO(k\/TJ') a o

where a is a nominally frequency-independent factor whitcounts for the hole type




(particularly sharp-edged or rounded); it was ssgge that a value of 4 was appropriate
for sharp-edged holes and 2 for rounded holes, @d®the form of Maa’s resistive end
correction implies a value of 0.5. The paramefes a factor for the mass end correction,
sometimes known as the correction length, and Guggested a value of = 8d/3m,
matching that of Maa. Note that in the contexta@htively large perforations, Ingard has
shown that the end corrections are a function affguation rate, with the corrections
generally being reduced as the perforation ratecases. However, in the range of surface
porosities usually considered appropriate for nperdorated absorbers, this effect is
negligible, and, as a result, surface porosityas included as a parameter in the various
formulae presented here. Therefore, the resultth@fpresent work strictly apply only to
low surface porosity cases, and would need to bdifmed for cases in which the surface

porosity was relatively large.

C. Bolton and Kim Model

Looking now just at the resistive part of the td@msimpedance/Zg, Bolton and
Kim®® found that for frequencies below about 5 kHz, taetor « in the real part of Guo’s

equation:

o fipel], 2 (D) L e
ZR‘Re{ L N ooy ) }+ z )

could better be represented as a function of frequeinstead of a constant. They found

the functional form of a good approximation to be:

L
a = (Cl E + C2> 0)_0'5 (8)

with ¢ and ¢; being constants. By substitution into Eq. 7,



i — -1
Zp = Re {%[1—1{%__]% }+@(Clg+cz). 9)

In the latter form, it can be seen that the endexiiron proposed by Bolton and Kim is

independent of frequency at low frequencies: tleere is a static, resistive end correction.

Ill. CFD MODEL

A. Geometry

To perform the CFD calculations, an axisymmetricdeloof a single tapered hole
was created parametrically using general CFD codése inlet and outlet chambers were
sized to be twice as long in the flow directionvasle (in an axisymmetric model), as can
be seen in Figure 1. To set up the models, thet ailmeter was determined from a given

porosity based on the hole inlet sizg, the actual volumetric porosity was calculateciat

Velocity Pressure
Inlet Outlet

FIG. 1. (Color online) Sketch of the CFD geometr¥he axis for this axisymmetric
geometry is at the bottom of the sketch, and theeupboundaries are slip-surfaces

(symmetry).

The inlet is on the left, where a velocity is spead, and an ambient pressure outlet
is on the right. Note that the center-line of thesymmetric model is at the bottom of the
sketch, and the boundaries at the top are non-patimeg, slip surfaces. No slip conditions

were imposed on the solid surfaces comprising tle And the surrounding panel surfaces.



B. CFD Parameters

The CFD calculations were performed using a commeCFD package based on
the finite element method. Since all model dimensi were very small compared to a
wavelength at all frequencies of interest, the flavas assumed to be essentially
incompressible and isothermal. Twenty computatiotells were placed in the radial
direction of the hole, with the cell along the akising four times the size of the cell
closest to the wall. Similar cell gradations wersed along other edges, to increase the
mesh density near the hole. An example sectioa bfpical mesh, near the hole, can be

seen in Fig. 2.

FIG. 2. Typical computational mesh in the regidnhe perforation.

The inlet velocity was chosen to be a Hann windowed&Hz half-sine having a
maximum amplitude}s, of 1 mm/s: i.e.,

_ 1 — cos(4mft)

1
> -sin(2rft) for t<— (10)

2f

wheref was set equal to 5 kHz for all runs. Thus, thletinelocity was non-zero for the

V:VO

first 100 us, and equal to zero thereafter.
The inlet velocity profile, as well as its Fourigpectrum, is shown in Fig. 3. There

is a node at 20 kHz, but that is outside the fregyaange of interest.
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FIG. 3. Inlet velocity as a function of time (a)cathe corresponding Fourier spectrum as a

function of frequency (b).

In addition to the standard post-processing of CH&ults that allows the
visualization of the pressure field, the velocitagnitude, and the local shear rate, a local
energy loss rate per unit volume can be definethagproduct of shear ratg, squared and
viscosity, n. If integrated over the whole volume, a total mgyyeloss rate,dE/dt, is
obtained, which is also equal to the overall pressirop,4P, multiplied by the volumetric

flux, Q: i.e.,
dE
b AP-Q:f n-y?-dv (11)
dt v

The local energy loss rate, or simply the sheae,r& useful for locating regions of
significant energy dissipation.

A fully-coupled solution was obtained with autontatime-stepping which had a
maximum time step of 0.ps (which was also the data output frequency). ideo to
obtain accurate low-frequency results that matcsieady-state results with less than 2%
error, it was necessary to run the model for astl€a5 ms. Plots of the velocity and

pressure versus time or frequency were identicéhose shown in Bolton and Kith
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Essentially identical results were obtained for e ftest cases using another
commercial CFD software package based on the fvoleme method, as well as a third
which solves the linearized acoustic equationsragtdiency space. Also, it was verified
that the direction of flow through a tapered holada no difference to the results; this was

expected since the velocity is low enough to avmd-linear effects.

IV. END CORRECTIONS FOR STATIC FLOW RESISTANCE

Several series of cases, as specified in Tableete wn in steady-state to determine
the static flow resistances since these runs aree raocurate and much faster than those
obtained from the low frequency limit of time-degemt runs. The porosity shown is
based on the inlet diameter, but the volumetricopity is greater for conical holes and

varied from 1% to over 10%.

Table 1. Parameters defining the steady-statescase

Series Thickness Inlet Diameter Angle Porosity Number of
mm mm deg basedonInlet Cases
Thickness-00-4 0.1-2.0 0.4 0 1% 20
Diameter-00-4 0.4 0.05-0.60 0 1% 12
Thickness-06-2 0.05-1.0 0.2 6 1% 20
Thickness-12-1 0.05-1.0 0.1 12 1% 20
Thickness-12-2 0.05-1.0 0.2 12 1% 20
Thickness-12-4 0.05-1.0 0.4 12 1% 20
Thickness-18-2 0.05-1.0 0.2 18 1% 20
Diameter-12-2 0.2 0.05-0.40 12 1% 8

A. Straight Holes

The static flow resistance, is the limit of the acoustic impedance as the

frequency goes to zero. As Mamentions, the low frequency limit of Eq. 1 is sipphe

11



result obtained from standard Poiseuille flow, with any end effects. So the first step in
the present procedure was to determine the endctsffor such straight perforations.

Whereas Bolton and Kif used an end correction that was appended as atioadd term

to Maa’s equation, it was more convenient here épasate all the factors from the

thickness,Z, and add an end effect to the tube length. Tloeeefthe losses due to the end
effects are equated to an additional hole lengtid the end effects do not themselves
depend on the film thickness. The relationship Yoamd to be

_ AP _8An

7 =
Ty Trt

(L +287) = % (L +287) (12)

since the porosity is simply the hole area divitkgdhe periodic (or inlet) areal: i.e.,
oc=mnr?/A . (13)

The straight cases were initially used to deternthee best fit for the parametes,

By using the thirty-two straight cases and a lesagtares approach to minimize the percent
errors, the value fof was found to be 0.616. These end effects are shuply inversely
proportional to the radius cubed. The deviatiohshe calculated resistances compared to
the CFD results were generally less than 1% fos¢hmases.

An example result for a straight hole is shown ig.H, where the flow is from
bottom to top. The dominant pressure gradientasstant through the hole, with some
fringing at the ends of the hole. The velocity feasiniform parabolic profile within the
hole, and is spreading out at both ends. The athgh shear rate are concentrated along
the walls of the hole, but also include a “cap’eatich end of the hole where additional
losses occur, the so-called “end effects.” Thergynéoss distribution corresponds to the
shear rate plot, since it is proportional to shede squared. Note that there is no evidence

in these figures of energy dissipation by sheawongthe planar surfaces around the hole:

12



rather, the dissipation exterior to the hole (whishthus associated with the resistive end

correction) results from shearing within the fldidw immediately outside the hole.

200

(a) (b)
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60
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40
0 20
0

5000

. (d)
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3500
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200
2500
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1500

100

1000
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FIG. 4. (Color online) Straight hole steady-st&ED results: (a) pressure field, Pa,
(b) velocity magnitude, mm/s, (c) shear rate, &fsd (d) energy loss rate, Wim|In these

images, the flow is from the bottom to the top.

B. Tapered Holes

In the case of slightly tapered holes, for exampith angles on one side less than
about 20°, an estimate of the pressure drop caobbeined by using Poiseuille flow for a
differential length, integrating through the hoémd adding on end effects. Since the end

effects were just determined to be inversely prtpaal to the radius cubed, each of the

13



two ends of the tapered tube, with radiiand 2, will now have a different contribution.
The resulting resistance can thus be written devi:

AP 8An
ZO=7= 3.3
T T

3 (rf+r -r+r7)+ B0 +13)| . (14)

However, it was observed that a small deviatioh sgmained, up to 7% for some of
the 18° cases. These deviations are approximgisdportional to the taper anglé),
defined by

tan(0) = (r, —r)/L . (15)

They can be corrected by using a simple modificattbthe previous formula: i.e.,

7 _AP_ 8A77 [ 2+ )+ ( m— 20 3+7I+29 3)] 16
0= nrlrz 3r1 T p - L6 - r; . (16)
n2 + 86
o}
n/?2 -0

FIG. 5. (Color online) Sketch of relevant geomgetor understanding the taper angle
terms in Eg. 16. The ratio of the entrance (anit) @ngle to 90° (i.etv2) enters into the

equation.

This formulation increases the end effect for timeaber end of the perforation.
Conceptually, see Fig. 5, one can think that flostieg (or entering) a straight hole needs
to turn up to 90° as it spreads out. For a tapdrel®, the flow would need to turn
additionally up to the taper angle for the smalteand that much less for the large end.
By using all one hundred and forty cases and at{e@sares approach to minimize the

percent errors, an empirical value f®was found to be:

14



B =0.613 . (17)
Figure 6 shows the CFD results for a tapered hdlee pressure gradient as well as
the velocity is greatest near the small end oftdper. Correspondingly, the shear rates and
energy losses are also greatest in the same regdioparticular, if the hole is long enough,

only the end effect at the small end is relevantiie static flow resistance.
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FIG. 6. (Color online) Tapered hole steady-st@feD results: (a) pressure field, Pa,
(b) velocity magnitude, mm/s, (c) shear rate, &fsd (d) energy loss rate, WimIn these

images, the flow is from the bottom to the top.

When comparing the results from Eg. 16 to the CEBults, the resistance generally

matches to within 1%. One can eliminate the peci@dea,4, by using the porosity as was

15



done previously. Since the porosity is the voluirection of the panel which the holes

occupy, one has

O_:Vholezl
A-L 34

2 +m-1rn+1rd). (18)

This relation can be used to eliminate the arelagnl6, if desired.

In Figure 7, the pressure drops of the one hundawedl forty cases obtained using
CFD are compared with the various formulae. Thaults show that the Poiseuille flow
estimate, for tapered holes but without end effeidsnot sufficient (Eq. 14 with5=0,
circles). Since Maa’s and Guo’s formulae haveaistflow resistance matching that for
Poiseuille flow, their values of dynamic flow resisce are also too small at low
frequencies. When the present empirical end ctioes for straight holes are included, the
CFD results are almost matched (Eq. 14 w#0.613, squares). Finally, after modifying
the end corrections for the taper angle, the catinly expression (Eqg. 16 witf=0.613,

diamonds) can be seen to fall directly on the dnegdline), as desired.

e Poiseuille Only °
o Straight End Effects

E Taper Modification .
= 1 — Equal .
g , o ®
o
o .
a 4
o 05 : - FF4®
> os ?./
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g o .‘.
S 01 Se s
s ° *) :
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0.05| @ 4
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CFD Pressure Drop [Pa

FIG. 7. (Color online) Comparison of one hundeadl forty steady-state CFD pressure

drop results with the three formulae discussedetext.
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C. Equal Cases

By using this new empirical formula, Eqg. 16, eiglaises were created (see Table 2),
all with an expected static pressure drop of 1 Ba & face velocity of 1 mm/s, and
therefore with an expected static flow resistant&@00 kg/nfs, commonly referred to as

MKS Rayls.

Table 2. Parameters defining eight cases expdotbdve equal static flow resistance.

Case Thickness Inlet Diameter Angle Porosity based Volumetric

# mm mm deg. on Inlet Porosity
1 0.7 0.21852 0 1.0% 1.00%
2 0.4 0.16991 0 1.0% 1.00%
3 0.1 0.09524 0 1.0% 1.00%
4 0.7 0.15061 0 2.0% 2.00%
5 0.7 0.10422 6 1.0% 3.08%
6 0.2 0.08678 6 1.0% 1.56%
7 0.7 0.12799 12 0.5% 2.56%
8 0.2 0.11796 12 0.5% 0.95%

The pressure drops calculated using CFD for alhtigases were in the range
0.9965-1.0083 Pa, showing the accuracy of the féamu It can be seen that the same
static flow resistance can be achieved by eitheaight or tapered holes. As thickness is
reduced in straight holes, the hole diameter masteoluced as well. However, for tapered
holes, this reduction is very minor, because mdshe losses occur at the small end of the

hole and the pressure drop is not very sensitiiaéadetails at the large end.

17
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FIG. 8. (Color online) This series of images sBaWwe shear rate (1/s) for the eight cases
listed in Table 2.

Figure 8 shows the shear rate for all eight cases fTable 2. The energy losses,
which are proportional to the shear rate squareel,céearly lower for case 4, which has
twice the porosity, and higher for the last twoesmsvhich have half the porosity and need
more loss per hole. The tapered cases clearly $tmawmost of the losses are concentrated

at the small end, thus making the total lengthtreédy unimportant.
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V. DYNAMIC FLOW RESISTANCE

The acoustic transfer impedance of the panel whsilzded as

Zcpp = (Pin - Pout) / Vin (19)

where P, is the inlet pressureP,, is the outlet pressure (ambient), abfl is the inlet
velocity (see Fig. 3); all of these quantities wérst Fourier transformed in order to obtain
the impedance in the frequency domain. The regl @fathe impedance is referred to here
as the dynamic flow resistance, and the imaginary as the reactance.

For these time-dependent studies, several seriemasds were run, as specified in
Table 3, including both straight and tapered hol€ke porosity shown is based on the inlet
diameter, but the volumetric porosity is greater ¢onical holes and varied from 0.5% to

7%.

Table 3. Parameters defining the time-dependesgsa

Seri Thickness Inlet Diameter Angle Porosity based Number
eries

mm mm deg on Inlet of Cases

Thickness-00-4 0.1-1.0 0.4 0 1% 5
Diameter-00-2 0.2 0.05-0.40 0 1% 5
Diameter-00-7 0.7 0.05-0.40 0 1% 5
Diameter-06-2 0.2 0.05-0.40 6 1% 5
Diameter-06-7 0.7 0.05-0.40 6 1% 5
Diameter-12-2 0.2 0.05-0.40 12 1% 5
Diameter-12-7 0.7 0.10-0.40 12 1% 4

Porosity 0.2 0.2 0-12 0.5-2.0% 6

Equal From Table 2 8

The pressure time history for two example casesbeaseen in Fig. 9. Note that for
the tapered case the results are essentially imdigpe of flow direction. It should also be
noted that the pressure remains below zero forbstaatial time after the inlet flow has

already stopped (at 100 us).
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FIG. 9. (Color online) Inlet pressure from the [CEalculations for cases 2 (“Straight”)
and 5 (“Tapered”) of Table 2. The tapered hole waswith flow in both directions, and it
can be seen that the two curves are practicalljoprof each other. The velocity is shown

simply for timing reference.

A. Tapered Holes without End Corrections

For the dynamic resistance, the same formulatiofioaghe static flow resistance
can be used by considering a differential form ada¥% expression (Eq. 1) for a thin slice

of the hole, and integrating this through the thieks of the film, i.e.,

. L 1 2 jl(kx\/ ]) o
7 = ipw —11 - dx 20
raper =/ ‘[‘; Ox [ kx\/ ]]0 (kxx/ ]) ( )

where nowr, k ando vary with positionx, through the hole: i.e.,

ne=r+ 0y —r)x/L

ky = neJwp/n (21)

o, =T12/A .
The perforation constant varies linearly througé hole, and the varying porosity accounts
for the changing mean velocity within the hole désg from the area change. In practice,
this integral can be computed numerically, for edidguency point. For straight holes

20



Eq. 20 reduces to Eq. 1.
This expression accounts for the losses withinertad hole, but it does not yet

include end corrections. The zero frequency liafithis expression matches Eq. 16 with

B =0.

B. Straight Hole Dynamic End Corrections

For straight holes, it is possible to modify Eqtolinclude end effects initially for
the static and now for the dynamic flow resistanbgsdividing by the thickness and
multiplying by the thickness plus end effects:

_L+pd

Z 7 Zmaa - (22)

This expression is more accurate for low frequendigan previous studies (e.g., Eq. 1,
Eg. 6, or even Eqg. 9). For some cases, this esfmesalmost exactly matches the CFD
results, whereas for other cases it may deviatewsh as 10% at 10 kHz. Further research
may be needed to determine a satisfactory expnedsioa small additional dynamic end
correction for straight holes. Nonetheless, theremt modification, Eqg. 22, is an
improvement to the accuracy when predicting thégrarance of straight holes and can be
used as a design tool for such cases (see Figuag. 10t should be noted that this
modification is applied to the complex impedance dmereby changes both the resistance

and the reactance.
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FIG. 10. (Color online) Dynamic flow resistandes 4 cases with straight holes (a) and 4
cases with tapered holes (b). CFD results (sddi@d) compared with results from Eqg. 23
(dashed).

The time evolution of velocity and shear rate canskeen in Fig. 11. The velocity
increases uniformly to its peak value while therhgihear remains near the wall. However,
as the flow slows down, the central flow is fadieain it would be for an equivalent steady
flow, and the region near the walls slows down tgreater extent. Even when the mean
flow is O (after 100 us), there is a reverse floeanthe wall with a forward flow in the
middle of the channel. The region of highest shase also migrates from the wall toward

the middle of the channel as the flow decelerates.
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FIG. 11. (Color online) For a straight case (#2lable 2) the velocity magnitude (m/s) is
shown in the upper row and the corresponding shat@r (1/s) is shown in the lower row.
The times from left to right are at 30, 50, 70, &Wdus.
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FIG. 12. (Color online) Resistance (a) and reao¢a(b) plots for a straight case (#2 from
Table 2). Corresponding formula results using 2. Eq. 1 (Maa) and Eq. 6 (Guo) with

0=2 anda=4 are shown as well.
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A comparison of the present formula (Eq. 22) amaséhof Maa and Guo (Egs. 1 and
6 in the present article respectively), with= 2 anda = 4, can be seen in Fig. 12. For
resistance, Guo’s formula, witla=2 not 4, works well above 5 kHz, but deviates
significantly from the CFD results at lower freqees. Both the present formula as well

as Guo’s formula work well for estimating the resute.

C. Tapered Hole Dynamic End Corrections

For tapered holes, the expression becomes more lmatgnl, but the concept is the
same as for the straight holes: i.e., divide bg thickness term and multiply by the
thickness with the static flow resistance end @ffgEq. 16, included to give:

T — 20
T

T+ 291‘3)

"

L
, §(r12+r1-r2+7‘22)+,8-(

*

L 5 5 ' ZTaper (23)
§(r1 +r 1+ 1)

where Zz,per IS given by the integrated Maa expression, Eqg. EOr straight holes, Eqg. 23
reduces to Eq. 22. This new expression is accui@tdow frequencies (starting at the
static flow resistance) and is reasonable for ofheguencies of interest, giving designers
predictive capabilities for tapered holes. SeeuFeglOb for a comparison of CFD results
with those of Eg. 23.

The velocity magnitude and shear rate through egéioles can be seen in Fig. 13.
Many of the trends mentioned for straight holes lpppere as well, but are now

concentrated at the narrow end of the taper.
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FIG. 13. (Color online) For the tapered case i(#%able 2) the velocity magnitude (m/s)
is shown in the upper row and the correspondin@shate (1/s) is shown in the lower row.
The times from left to right are at 30, 50, 70, &Wdus.

The impedance from the CFD calculations for theeted and straight holes is
compared to the present formula in Fig. 14. Iualso possible to see a minor difference
between the forward and reverse flow for the tagpegeometry due to very small non-

linear effects captured by the CFD computation.
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FIG. 14. (Color online) Resistance (a) and reacta(b) plots for straight and tapered
cases (#2 and #5 from Table ). Corresponding ftemnesults using Eqg. 23 are shown as
well. Only a slight difference between forward areverse flow can be seen in the

resistance plot.

VI. CASES HAVING EQUIVALENT STATIC FLOW RESISTANCE

A. Dynamic Flow Resistance

It is instructive to look at the eight cases wittiual static flow resistance, from
Table 2, in more detail. Even though the statmaflresistances are equal, the dynamic
flow resistances are not: see, for example Fig. Nbnetheless, several pairs of cases have
essentially equal responses, showing that diffegemmetries can have the same dynamic
response (e.g., pairs 3 and 6, 2 and 7, and 4 grizlBthat this can’t be predicted from the
static flow resistance alone. Chevilldftdhas previously noted that the sound absorption
offered by a microperforated panel varies whenhbke diameter and porosity are changed
while keeping the static flow resistance equalhte tharacteristic impedance of air. Here
we show similar behavior, seen in the resistanakabsorption plots, for both straight and

tapered holes.
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FIG. 15. (Color online) Dynamic flow resistancés cases with equal static flow
resistance, from Table 2. Sketches of the eight Hesigns, all on equal scales, are shown
so the length and diameter of the holes can bbgesompared; additionally, the horizontal

extent of the film (shown shaded) gives an indimatof the hole density.

B. Absorption Coefficient

If a backing depthp, behind the perforated film, is considered, thefaaee normal
impedance of the film and a rigidly terminated space can be computed as
Z, =Z — jpc - cot(wD /c) (24)
wherecis the speed of sound, aédds the transfer impedance of the microperforateskes.
The normal incidence plane wave reflection coeéintiis then
R = (2, —pc)/(Z, + pc) (25)
and the normal incidence absorption coefficient bardefined as:
a=1-|R|* . (26)
Figure 16a shows these absorption coefficientsutaled from the CFD results for

the cases from Table 2. The peak absorption am# hacations remain roughly constant
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for the eight cases. However, there is a wide ean§ absorption characteristics; for

example at a frequency of 2.0 kHz, the absorptianes from 32% to 74% among the

cases.
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FIG. 16. (Color online) Absorption coefficientsrfcases with equal static flow resistance,
from Table 2, and a rigidly terminated air spaceb6fmm. Graph (a) shows results using
the impedance from the CFD calculations, and gréphshows the results using the
impedance from Eq. 23.

The formula results, plotted in Figure 16b, arecaywclose match to the CFD results
seen in Fig. 16a, and show all the major trendsurthfer research will be needed to
determine taper hole design geometries of perfdrdibns to meet acoustical and

manufacturing requirements and constraints for sjgegpplications.

VIl. CONCLUSIONS

In this paper, CFD models of microperforated maiesriwith straight and tapered
holes have been considered. These models pro@scéts that generally conform to well-
established theoretical models. However, the CFi2lets have been used to generate an
expression (Eq. 23) that more accurately captuhes dynamic flow resistance at low

frequencies for straight holes and for tapered lygemetries. For this study only sharp-

28



edged holes with taper angles from 0° to 20° weoaswdered. The simple linear
dependence on angle introduced here may be morelegnior larger angles, and the
assumption of one-dimensional flow through the h@kowing the integration of Maa’s
formula, would also break down. It was found ttted added terms accounting for the end
effects of both straight and tapered holes donfiesiel on film thickness, only on the two
diameters at the ends of the holes. It was alsmwehthat straight and tapered hole
geometries can have equal static flow resistanaed, that even though it is possible for
such geometries to have essentially equal dynalowe fesistances, this is not always the
case. In other words, it's possible for straightl aapered hole geometries with equal static
flow resistance to have different dynamic flow stances and different absorption
coefficients.

In future work it would be useful to confirm thesasnption that the compressibility
of the fluid (and hence, heat transfer to the sphdse) does not need to be accounted for
in the CFD calculations. In addition, the effeétpanel mass and flexibility on the flow
profiles within the holes should be examined sipe@el motion may be significant when
the microperforated panel mass per unit area ig serall, as can be the case for polymeric

microperforated films.
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Table 1

Table 1. Parameters defining the steady-statescase

Thickness Inlet Diameter Angle Porosity Number of
Series

mm mm deg basedonlinlet Cases
Thickness-00-4 01-20 0.4 0 1% 20
Diameter-00-4 0.4 0.05-0.60 0 1% 12
Thickness-06-2 0.05-1.0 0.2 6 1% 20
Thickness-12-1 0.05-1.0 0.1 12 1% 20
Thickness-12-2 0.05-1.0 0.2 12 1% 20
Thickness-12-4 0.05-1.0 0.4 12 1% 20
Thickness-18-2 0.05-1.0 0.2 18 1% 20
Diameter-12-2 0.2 0.05-0.40 12 1% 8
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Table 2

Table 2. Parameters defining eight cases expdotbdve equal static flow resistance.

Case Thickness Inlet Diameter Angle Porosity based Volumetric

# mm mm deg on Inlet Porosity

1 0.7 0.21852 0 1.0% 1.00%
2 0.4 0.16991 0 1.0% 1.00%
3 0.1 0.09524 0 1.0% 1.00%
4 0.7 0.15061 0 2.0% 2.00%
5 0.7 0.10422 6 1.0% 3.08%
6 0.2 0.08678 6 1.0% 1.56%
7 0.7 0.12799 12 0.5% 2.56%
8 0.2 0.11796 12 0.5% 0.95%
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Table 3

Table 3. Parameters defining the time-dependesgsa

Thickness Inlet Diameter Angle Porosity based Number

Series
mm mm deg on Inlet of Cases
Thickness-00-4 01-1.0 0.4 0 1% 5
Diameter-00-2 0.2 0.05-0.40 0 1% 5
Diameter-00-7 0.7 0.05-0.40 0 1% 5
Diameter-06-2 0.2 0.05-0.40 6 1% 5
Diameter-06-7 0.7 0.05-0.40 6 1% 5
Diameter-12-2 0.2 0.05-0.40 12 1% 5
Diameter-12-7 0.7 0.10-0.40 12 1% 4
Porosity 0.2 0.2 0-12 0.5-2.0% 6
Equal From Table 2 8
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Figure Captions

FIG. 1. (Color online) Sketch of the CFD geometr¥he axis for this axisymmetric
geometry is at the bottom of the sketch, and theeupboundaries are slip-surfaces
(symmetry).

FIG. 2. Typical computational mesh in the regidritee perforation.

FIG. 3. Inlet velocity as a function of time (a)cathe corresponding Fourier spectrum as a
function of frequency (b).

FIG. 4. (Color online) Straight hole steady-st&ED results: (a) pressure field, Pa,
(b) velocity magnitude, mm/s, (c) shear rate, &fsd (d) energy loss rate, WimIn these
images, the flow is from the bottom to the top.

FIG. 5. (Color online) Sketch of relevant georgetor understanding the taper angle
terms in Eg. 16. The ratio of the entrance (ani) engle to 90° (i.etv2) enters into the
equation.

FIG. 6. (Color online) Tapered hole steady-st@feD results: (a) pressure field, Pa,
(b) velocity magnitude, mm/s, (c) shear rate, &fsd (d) energy loss rate, WimIn these
images, the flow is from the bottom to the top.

FIG. 7. (Color online) Comparison of one hundeedl forty steady-state CFD pressure
drop results with the three formulae discussedetext.

FIG. 8. (Color online) This series of images skaWwe shear rate (1/s) for the eight cases

listed in Table 2.
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FIG. 9. (Color online) Inlet pressure from the [CEalculations for cases 2 (“Straight”)
and 5 (“Tapered”) of Table 2. The tapered hole waswith flow in both directions, and it
can be seen that the two curves are practicalljoprof each other. The velocity is shown
simply for timing reference.

FIG. 10. (Color online) Dynamic flow resistandes 4 cases with straight holes (a) and 4
cases with tapered holes (b). CFD results (sddi@d) compared with results from Eqg. 23
(dashed).

FIG. 11. (Color online) For a straight case (#2lable 2) the velocity magnitude (m/s) is
shown in the upper row and the corresponding shat@r (1/s) is shown in the lower row.
The times from left to right are at 30, 50, 70, &Wdus.

FIG. 12. (Color online) Resistance (a) and reao¢a(b) plots for a straight case (#2 from
Table 2). Corresponding formula results using 2. Eq. 1 (Maa) and Eq. 6 (Guo) with
a=2 anda=4 are shown as well.

FIG. 13. (Color online) For the tapered case i#Jable 2) the velocity field (m/s) is
shown in the upper row and the corresponding sheg&r (1/s) is shown in the lower row.
The times from left to right are at 30, 50, 70, &Wdus.

FIG. 14. (Color online) Resistance (a) and reacta(b) plots for straight and tapered
cases (#2 and #5 from Table ). Corresponding fétemnesults using Eqg. 23 are shown as
well.  Only a slight difference between forward areverse flow can be seen in the

resistance plot.
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FIG. 15. (Color online) Dynamic flow resistancés cases with equal static flow
resistance, from Table 2. Sketches of the eight Hesigns, all on equal scales, are shown
so the length and diameter of the holes can bbgesompared; additionally, the horizontal
extent of the film (shown shaded) gives an indimatf the hole density.

FIG. 16. (Color online) Absorption coefficientsrfcases with equal static flow resistance,
from Table 2, and a rigidly terminated air spacebfmm. Graph (a) shows results using
the impedance from the CFD calculations, and gréphshows the results using the

impedance from Eq. 23.
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