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There is a practical need to fully understand the mechanisms involved in the flow/pressure
fluctuations around a screened microphone. A stream of uniform flow with low-frequency
turbulence encountering a rigid, impermeable spherical windscreen is considered in this study.
Pressure distributions on the surface of the sphere are determined by the flow structure. Pressure
fluctuations at the center of the sphere are then calculated based on the integration of surface
pressure distributions. Because of the low-frequency assumption, results from steady-state laminar
flows can be used to investigate the Reynolds number effects on wind noise reduction. Three types
of flow have been studied in this paper: an inviscid case, a low-Reynolds-number Stokes flow,
and intermediate- and high-Reynolds-number flows. A Reynolds-number/wind-noise-reduction
correlation shows that the wind noise reduction increases with decreasing Reynolds number.
© 2003 Acoustical Society of AmericaDOI: 10.1121/1.1527927

PACS numbers: 43.28.Gq, 43.28.Ra, 43.50.Gf, 43.28\8H]

I. INTRODUCTION are not considered. A rigid surface, impermeable spherical
windscreen model is used to study wind noise reductions at
Windscreens are widely used in outdoor microphongow frequencies. In this model, the impermeable surface of
measurement; therefore, there is a practical need to fully unthe windscreen transmits the pressure fluctuations to quies-
derstand the mechanisms involved in the flow/pressure fluccent air media inside. Since the turbulence outdoors is highly
tuations around a screened microphone. The understandiRgpighted to low frequencies, the largest contributions to the
may lead to optimized design of the windscreen for measurésyerall wind noise level are at low frequencies. Therefore,
ment microphones. However, the wind noise sensed by g¢ study is restricted to wind noise generation due to turbu-
microphone inside a windscreen is a complicated aerodyfnce whose spatial scales are much larger than the wind-
namic noise problem. In low-turbulence flows, the dominani‘Screen diameter. The mean flow across the screen can be

NOISE 1S produced by the interaction of _the flow with the(:onsider(::d as a steady flow. The results of this model have
microphone as a result of pressure gradients across the mi

X . iven good agreement in comparison with experimental data

crophone face due to wake shedding from the mlcrophoneg. en g 9 P beri .
. . . . in literature. The model could thus be adopted for investigat-

Strasberg(1988 performed dimensional analysis of wind- . . . . . )

. . ing the theoretical calculation of wind noise reduction
screen noise for measurements made in low-turbulence ComVNR) in more complicated windscreens such as porous
ditions and showed that the one-third-octave sound pressu di n d bl w u porou
obeyed scaling laws involving the average speed of the ﬂovv‘,ne ium win srfreens. ¢ q q del
the air density, and the diameter of the screen. This suggests 1° Justify the use of a steady-state flow model, two sets
that windscreen-generated velocity fluctuations account fof’ Measurement data by Morga993 for WNR versus
the wind noise in low-turbulence environments. Morgan andSCréen numbers are plotted in Fig. 1. The screen number
Raspet(1992 argued that under high-turbulence conditions,(D/M is defined as the ratio betwgen the W|ndscr§en diam-
the dominant source of pressure fluctuations at the microfter, D, and the wavelength,. The first set of data is for a
phone outdoors was the intrinsic turbulence in the incomingVindscreen of 90-mm diameter in a flow of 4.85 m/s, and the
flow. For flow through a porous windscreen or over a roughsecond set is for a windscreen of 180-mm diameter in a ﬂOW
foam surface, the amplitude of the pressure fluctuation caff 4.74 m/s. It can be seen that when the screen number is
possibly be reduced due to reduced wake fluctuations, agelow 0.3, the WNR is almost constant. After that, the WNR
shown by Hosier and Donavaid979 (although under the increases rapidly with an increase in the screen number. This
low-turbulence conditions in their stugy is because the scale of the turbulence becomes smaller and

In this study, analytical methods have been used to inthe steady-state assumption is no longer valid. Figure 1 also
vestigate the flow/acoustic mechanisms assuming a higtshows that the analysis presented in this paper only applies
turbulence scenario. Therefore, the vortex shedding effect® the cases where the length scale of the turbulence is larger

than the size of the windscreen.
dPortions of this work were presented in Z. C. Zheng, “A computational The choice of a simple, steady-state system makes it
study of the flow/acoustic mechanisms in screened microphones,” _Propossible to compare the calculated results to measurements
ceedings of ASME FEDSM'01, FEDSM2001-18204, 2001 ASME Fluids of nressyre coefficients on smooth rigid spheres and to other
Engineering Division Summer Meeting, 29 May—1 June 2001, New Or- . . .
analytical models. The pressure fluctuations induced on the

leans, LA.
PElectronic mail: zzheng@ksu.edu spherical windscreen surface can then be used to obtain the
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40 face pressure coefficienf,, gave values close to the mea-
i —F&— 180mm, 4.74m/s sured wind noise reduction levels at the center of the screen.
i —P—— 90mm, 4.85m/s In a spherical coordinate systeifn, 6, ¢), where ¢ is
35k the azimuthal angle, the average value property of the
- Laplace equation yields the following solution for the pres-
: sure at the center of the sphere:
30
—~ B 1 27 T
m | =— in . 1
N p(0) 47J0 dd)Jo p(a,d,¢)sin6do 1)
x B[
Z | This means that the wind noise detected at the center of the
= - screen is the average of the surface pressure fluctuations.
20F If we assume azimuthal symmetry in this spherical prob-
lem, i.e.,p(a, d,¢) independent ofp, Eq. (1) reduces to
15| 1 (= .
[ p(0)=§ f p(a,f)sinodeo. (2
B 0
190_2 ] |||||_1 ) |N| ) I‘I-i(l)o ) ] ||\‘i(|:)1 Consequently, |fWe |et
Screen Number X = COS0, 3)
FIG. 1. Measured wind noise reduction by Morgd®93, as a function of and

screen number¥/\), whereD is the diameter of the windscreen ands
the wavelength. The data are extracted from Fig. 14 in MofGa83. The p(a,8)= f(x) (4)
triangle-symboled line is for a windscreen with diameter of 90 mm and flow ! !

speed of 4.84 m/s. The square-symboled line is for a windscreen with dithen we can have

ameter of 180 mm and flow speed of 4.85 m/s.

1 (1
pressure levels which can be sensed by a microphone placed p(0)=§ f_lf(x)dx. ®)
at the center of the windscreen.

In the following sections, the pressure fluctuation rela-. : )
tionship inside and outside on the surfaces of the sphere fions at locations other than the center under nonaxisymmet-

presented at first. The results are then used to study thrdl® O%ﬂside flovy field can .be obtained by using spherical har-
types of flow: an inviscid case, a low-Reynolds-numberMoNics following a similar procedure to that in Jackson

Stokes flow, and intermediate- and high—ReynoIds-numbe{fl%a'

flows. The inviscid and Stokes flow cases are the two ex-

treme cases in which analytical solutions can be pursueq”_ INVISCID CASE

The flow field of the third case can be calculated using com-

putational fluid dynamic§CFD) techniques. A flow solver For unsteady, inviscid incompressible flow over a
software,FLUENT, was used to provide flow field to deter- sphere, the flow is irrotational if the incoming flow is uni-
mine the pressure distribution on the sphere surface. Thiarm. A three-dimensional velocity potential exists for flow
wind noise reduction on the microphone can be determinedround a spherée.g., Currie, 1998 as follows:

from both the theoretical results and experimental data in a3
literature, using the steady-state pressure distribution on the  ¢(r,9)=U ==
surface. Finally, a correlation between the WNR and Rey- 2r
nolds numbers is obtained. whereU is the incoming velocity. Using the unsteady Ber-

noulli equation, Phelp&1938 showed that on the surface of
Il. PRESSURE FLUCTUATION RELATIONSHIPS a sphere

It is worth noting that general solutions for pressure fluctua-

r+

) cosé, (6)

It is assumed that there is no flow inside the windscreen 1 3 au
sphere. Therefore, the pressure fluctuations inside the sphere p(a,6)= §PU2(9 cos 6—5)+ 5 P2 W) cosf+P,
obey the Laplace equation under the incompressibility as- 7
sumption. Theoretically, the pressure inside the sphere can . , ) )
thus be fully determined by the surface pressure. HowevelVhereP is the pressure of the incoming flow. The velocity,
the validity and accuracy of using surface pressure integra”» can be expressed as
tions to estimate the center pressure for the windscreen noise \j—j 4. ®)
reduction calculation, which is based on the solution of the
Laplace equation, are unable to be fully addressed at thi§he prime for the pressure fluctuations in this paper is omit-
point. This requires that the results presented here be cond- If only the pressure fluctuations caused by flow are con-
pared with those from the simulations with permeableSidered, and neglecting higher order terms, &0yields
boundaries on the sphere. The only indication of validity of p(a,6) 1 3 a au
the proposed idealized treatment is the results from Morgan’s = Z[9 cog §—5]+— —— —cosé. (9

(1993 measurement, where the integration of measured sur-  pUu’ 2 yu’ dt
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Once the surface pressure fluctuation is known, Bfcan  Therefore, the results are still correct even with an arbitrary
be used to obtain the pressure fluctuation at the sphere centeelocity fluctuation.

Since the integration of the odd function termsxah f(x)

must be zero, the effects of the second term in(Bgvanish.

Therefore IV. LOW-REYNOLDS-NUMBER FLOW
p(0) 1 (+1 The Stokes creeping-flow approximation is used in this
== Jil g(x)dx=— Y (100 case. Although this flow may not actually occur in practice
pUu for the problem discussed here, it is analyzed for the purpose
where of comparison. The pressure fluctuation on the surface is

-, expressed ae.g., Currie, 1998
90 =4 9x"=5]. p(a,6) 3 cosd
The integral functiong(x), is the same as the pressure dis- T— T E K' (13
tribution coefficient,C,, on a sphere in steady flow. It pLUu
should be noted that this pressure distribution coefficientwhere
which is symmetric with respect to=0, results in zero drag

(D’Alembert paradox However, the arithmetic average of Re— pUa (14)
it, Eq. (10), results in a net value of-1/2. Since the un- mo
screened pressure fluctuationag/u’ in a uniform stream, Because of the antisymmetric pressure distribution with

the wind noise reduction of the spherical screen in decibels iFespect tox=0 in Eq. (13), the pressure fluctuation at the
2 center, which is the arithmetic average of the distribution, is
pﬁ)) ) =6.02 dB. (11  thus equal to zero. This means for a low-Reynolds-number
pUu’ flow, the wind noise due to flow fluctuation can be totally
screened out if the microphone is placed at the center.
According to the above procedure, the WNR of a spheri- By comparing the cases in Secs. Ill and IV, it can be
cal screen is determined by the integration of the surdce seen that the wind noise reduction is reduced from infinite
from a corresponding steady flow. This concept will be ex-for very low Reynolds-number flow to 6.02 dB for inviscid
tended to finite Reynolds-number flows later in the paperfiow (with infinite Reynolds numbeysThe surface pressure
where experiment and CFD results from steady-state studigfstribution changes from antisymmetric to symmetric with
will be used to determine the wind noise reduction. Appar'respect tox=0 (#=/2) when the Reynolds number in-
ently, the wind noise reduction is independent of the velocitysreases, with the lower bound of the wind noise reduction
fluctuation frequency as well as the windscreen size. This igccurring in the symmetric pressure distribution case. In the
caused by two factors: the inviscid assumption and the Minext section, high but finite Reynolds number cases are con-
crophone being at the center of the sphere. However, fogigered which are more applicable in realistic situations. The
low-frequency turbulence, the frequency of incoming veloc-ying noise reduction is expected to fall between infinity and
ity fluctuations is low(in comparison withU/a); thus, the  6.02 dB, and the pressure distributions on the surface of the
second term on the right-hand side of Ef) can be ne- sphere should be neither symmetric nor antisymmetric with
glected. The surface pressure fluctuation is then independerdspect to the direction.
of the size of the screen. Therefore, under conditions of low-
frequency turbulence, the wind noise reduction does not
change with the size of the screen. Furthermore, this is tru¢. |NTERMEDIATE- AND HIGH-REYNOLDS-NUMBER
even when the microphone is not located at the center of the_Low
sphere, because the pressure inside the sphere is determined
by the surface pressure only. For intermediate or high Reynolds numbers, analytical
Thus far, the analysis presented in this section has peesplutions do not exist and the analysis has to be based on
for an unsteady flow in which the fluctuation flow’) was experimental_data or n'um.erical solutions. In this study, com-
parallel to the mean ﬂowJ). During the review process putational f|L.IId dynamics is usgd to compute the rovy field,
associated with this article, it was brought to the attention of’md comparisons are made with well-known e xperimental
the authors that forcing the velocity fluctuation to be in par-data- Because the typical turbulence eddy size is much larger
allel with the mean velocity was in fact nonphysical. Alter- than the screen radius, the computations are mostly based on

natively, it can be shown that, since the pressure fluctuatiollfi1 Iam(ljne;r flow mo‘?'e'- Turbulent S'Qﬂ:at'ons Iare alsf? per-
is related to the linear term in the square of velocity magni-Orme or corr:jparlsonl purpr)]ose_;. d(')W SO verls; ware,
tude, the contributions from velocity fluctuations perpendicu—F"UENT’ s used to solve the three-dimensional Navier—

lar to the mean flow are of higher order, according to theStokes equations. The pressure distributions on the spherical

following expression: surface can be obtained from the CFD solution. It has been
' discussed earlier that for low-frequency turbulence, the dis-

WNR=—10log,

|U|2=|Ui+u’i+v’j+w'k[? tribution function of the surface pressure fluctuations is the
L same as that of the steady pressure distribution. Therefore, a
=U2+2Uu’'+u’?+0v'?+w'2 (12)  steady-state computation is used to determine the distribution
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used towards the junction plane of the two volumes inxhe
direction. In they- andz directions, a grid interval ratio of

0.8 was used towards the centers of the eddeable rati9.

The purpose of these interval ratios was to generate a fine
grid mesh near the sphere surface. The Cooper algorithm was
then used to generate a hex/wedge grid mesh. It projected or
extruded the boundary face mesh from one end of a volume
to the other and then divided up the extruded mesh to form
the volume mesh. After the projection, the number of grids
on the surface of the sphere was 376 in the flow direction
(the x direction and 32 in the azimuthal direction. The grid
number was doubled to test the resolution requirement, and
Y only minor differences in the results were found.

The grid mesh was then importedrDUENT. Since only
large-scale, low-frequency turbulence effects were consid-
ered, steady-state computations were performed, as discussed
previously. A segregated steady-state 3D laminar solver was

Z used with an implicitly iterative, second-order upwind
FIG. 2. The computational fluid dynamics model, where the incoming flowScheme for momentum equations and #nePLE algorithm
is in the positivex direction. Volumes | and Il are the two volumes used to (Patankar, 1980for pressure—velocity coupling. The conver-
map the grid mesh. gence criteria were set at 10 for velocity residuals and
102 for continuity residual. Air was used as the simulation

function. The integration of the distribution function, as fluid, with p=1.225kg/n? and u=1.789<10"° kg/m-s.
shown in Eq(5), yields the pressure fluctuation at the sphereValues of inlet velocity were specified based on the Reynolds
center. number range.

The computational model is shown in Fig. 2. The com-  For a 45-mm-radius screen with incoming flow at 9.5
putational domain is a E6(in the x direction X 10ax10a  M/s, the Reynolds number is approximately 80". Accord-
box, with a sphere of radiua inside. The center of the ing to Achenbach’s experimeiit972, the critical Reynolds
Sphere is located a distance o ®ownstream from the in- number at which the drag coefficient reaches the minimum is
flow plane in the flow direction, which is also thedirection. ~ 1.75<10°. In addition, a transition in the free shear layer
The sphere is also centered in the computational domain witffom a laminar to a turbulent flow occurs near the critical
respect to thg- andz coordinates. A uniform velocity in the Reynolds number. Therefore, most of the windscreens oper-
x direction is specified at the inflow plane. The error intro-ate within the subcritical Reynolds number range where the
duced by this can be estimated using E8), which shows flow remains laminar after the separation, again justifying
that the influence of the sphere on the inflow velocity decaydhe usage of laminar simulations.
at O(a%/r®. Hence, less than 0.5%0(1/6%] velocity Turbulent cases were also added in the simulations for
straining at the in-flow plane is introduced by placing acomparison purposes, and to provide additional data points
sphere centered a distance @f Gownstream from the inflow to be used for subsequent curve fitting, although the very
plane. Leg(2000 chose an upstream in-flow plane at for high Reynolds number cases are rare in windscreen prob-
lower Reynolds number cases, with Re in the range ofems. We chose the Spalart—Allmaras moti9d92 for the
O(10%). It was noticed that the influence of the sphere on théurbulence, which is a relatively simple one-equation model
inflow was more significant at lower Reynolds numbers.that solves a modeled transport equation for the kinematic
From the velocity distribution in Stokes flow past a sphereeddy (turbulen} viscosity. The Spalart—Allmaras model, de-
the influence of the sphere decays with distance according teigned especially for applications involving wall-bounded
O(alr). Therefore, the selection of the uniform inflow plane flows, has been shown to give good results for boundary
position for the given Reynolds number range is sufficientlylayers subjected to adverse pressure gradients. An additional
upstream from the sphere. At the outflow plane, an outflonadvantage is that iRLUENT, the Spalart—Allmaras model has
extrapolation boundary condition is specified. Free-streanbeen implemented to use wall functions when the mesh reso-
boundary conditions are specified on the side boundaries dfition does not need to be very fine. This might make it the
the computational box. Since the side walls ai® &vay best choice for relatively coarse meshes. Furthermore, the
from the sphere center, the side-wall boundary effects on theear-wall gradients of the transport variables in the model
flow field near the sphere surface can be neglected. are much smaller than the gradients of the transport variables

A grid generation packag&AamMBIT, was used to gener- in k—e type models. This also might make the model less
ate the numerical grid. The domain was split into two sub-sensitive to numerical errors when nonlayered meshes are
domains, volume | and volume IlI, withya-z junction plane used near walls, as in current simulations. However, higher
at the center of the sphefat x=0), as shown in Fig. 2, in resolutions are still required for these cases than for the lami-
order to create a source face in each subdomain for permisiar cases, especially near the surface of the sphere. The num-
sible Cooper meshing. A grid number of 50 was used on alber of points on each edge was doubled to 100, with grid
the edges in each volume. A grid interval ratio of 0.3 wasinterval ratios towards the junction plane of 0.25 in volume |

X
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! g O Re = 25E5 (exp)
O Le Clair et al. O Re = 5.7E5 (exp)
038 O Maxworthy 1S A Re = 1.59E5 (exp)
Re=50 - & Re = 25E5 (fluent)
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: - - Re = 1.59ES5 (fluent)
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FIG. 3. Comparisons of computatior@} results with literature data forthe £ 4. comparisons of computatior@}, results with literature data for the

laminar flow cases. The curves are the computational results and the syfryjent flow cases. The curves are the computational results and the sym-
bols are the literature data. bols are the literature data.

and 0.125 in volume Il in thex direction. In they- andz  vides evidence that this computational tool could be used for
directions, the same grid ratio was used as in the laminafurther investigation, when experimental data associated with
cases. After the projection, the number of grid points on thenore complicated windscreen materials such as porous
surface of the sphere was increased to 3189 in the flow difoams are difficult to obtain.
rection and 96 in the azimuthal direction. In addition to using Figure 5 shows a plot of the WNR versus Reynolds
the same velocity and continuity convergence criteria as imumber. The calculated WNR data results from the compu-
the laminar cases, a convergence residual for the turbulemational model are shown along with that from experimental
viscosity was set at 1G. measurements. A correlation relationship was obtained by
In the following comparisons, for laminar cases a Rey-curve-fitting these data. The restrictions on the behavior at
nolds number of X 10* was selected since reputable experi-the two extremities were also applied to the correlation; i.e.,
mental data at this Reynolds number can be found in MaxWNR=« and 6.02 dB at Re0 and «, respectively. The
worthy (1969. A low Reynolds number case of R&0 was  resulting correlation was of the form
also added to compare with I|teratur_e data for low R_eyr_lolds WNR=« Re £+ 6.02, (15)
number cases where vortex shedding does not exist in the
wake. For turbulent cases, very high Reynolds number casagherea=18.057 and3=0.171. This curve shows that when
measured by Achenbac¢h972 have been found at Reynolds the Reynolds number decreases the wind noise reduction in-
numbers of 1.5%10°, 5.7 10°, and 2.5< 1P, creases, until it reaches an extreme condition where reduc-
Figures 3 and 4 show comparisons between the compu-
tational results and literature data f@y, versusx on the
surface of a sphere. Two sets of data have been compared fc 15 O  Experiment
the laminar cases in Fig. 3: one at-R&0 by Le Clairet al. O  Computation
(1970 and the other at Re3x10* by Maxworthy(1969. (It Curve Fit
should be noted that the Reynolds number specified here wa 5
based on radius, while most of the published literature uses
diameten. Figure 3 shows that the agreement is good, par-_ 12
ticularly at the upstream half of the sphere before the advers@
pressure gradients occur. Three turbulent cases are shown g
Fig. 4 for comparison with Achenbach’s experimental re—§ 10
sults. Again, good agreement at the upstream half of the
sphere was achieved. For the two highest Reynolds numbe 4
cases, the trough value and the rebounce ofGhewere
slightly underpredicted in the simulations. This may be at- 8
tributed to the turbulence model used in the simulations, or
the resolution issues near the solid boundary. However, i T T
was not the intention of this paper to resolve the turbulent 10° 10° 107 10° 10° ©
simulation issues and, as stated previously, the primary inter- Re
est was within the laminar flow regime. Nevertheless, the g, 5. correlation between Re and WNR. The curve is from curve fitting
good agreement between calculation and measurement pref-the literature experimental data and our computational data.

14
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tion is sufficiently large such that the noise becomes zero atomputational fluid dynamic simulations, and reprocessing

the center of the sphere at very low Reynolds number. experimental measurement data in the literature in a wide
It should be noted that the experiments in Morganrange of Reynolds numbers, it has been found that, although

(1993 used a Pitot tube embedded in 90-mm and 180-mmit is independent of frequency, wind noise reduction is cor-

diameter windscreens made of foam material. These windrelated with the Reynolds number defined by the wind speed

screens were neither impermeable nor rigid. The correspon@dnd the windscreen radius. A power-fit type correlation

ing Reynolds numbers for a free-stream velocity of 9.5 m/sshows that the wind noise reduction increases with decrease

associated with these measurements were 2198 and  of the Reynolds number, with the lowest extreme of 6.02 dB

5.86x 10%, respectively. The experimental data showed thain the inviscid flow case and a value of infinity in the creep-

the C, value at the stagnation point was only 0.8 for each ofing flow case.

the two cases. However, the integration of @jedistribution

Qata still gave the WNR values of 1@.3 and 14.6 dB_, respeca cKNOWLEDGMENTS

tively, for the 90-mm and 180-mm windscreens, which were

close to the measured reductions. These WNR values are The authors are grateful for fruitful discussions with Dr.
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