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1 Introduction even when the wind is blowing: this kind of measurement is per-

. . . ormed by plane waves intensimetry with 3 microphones, leading
The problem deals with the internal flows encountered in marﬁé a frequency range between 80 and 660 Hz.

industrial processes where a fluid has to be transported in a pipi Ihe acquisition system is the PAK system provided bilitu
?g&iﬁ’dﬂg\me ;’: IvcraesS:r:tec:jthitra]r F?Iemler!lgf] en;e;]); acrr?: tgrisflljuaﬁbM for which measurement hardware is based on the VXI stan-
y P g. = Y drd. The acquisition card is a 16 bits A/D converter equipped

exhibits a periodic vortex organization that can interact with SOME L direct signal processors for Fast Fourier Transform measure-

eigen_modes of tﬁ'edsﬁsﬂer?]’ lparticularly the volume of t_he C%Vi%?nts The frequency resolution was chosen to be 0.18 Hz for the
creating a so-called Helmholtz resonator, or an acoustic mode L e
. . . . . ep cavity and 0.5 Hz for the shallow one. The acoustic pressure
the duct. This paper deals mainly with the interactions of the dugogcﬁ)racy i)s/ typically of 1 dB. The reference freestream \F/)elocity
glr:h:rdt%e[t)hznd ﬁeigﬂt})rmﬁagg}éumr? Hiﬁlngg(rjlt\ferheiigfl\%ﬁq H" is measured with an accuracy of around 1%. The temperature
p 9 AVas also measured for each test in order to calculate the associ-

opened sunrodf2]. .
The problem of shear layer instability has been widely :~7tudieac}eOI speed of the sound. For both the deep and shallow cavity

in various situationg3]. Particularly, the impinging shear Iayersexperlments it was close 10 20°C. The speed of the sound based

are known to be responsible for coherent oscillations when tﬁn temperature measurement was validated by the direct estima-

on of ¢, with plane wave intensimetry.
wave length associated to the vortices is close to the neck Iéngt ° . .
(see Fig. 1[4,5]. The pressure measurements are complimented by velocity mea-

However, in order to be self-sustained, the shear layer oscil urements using hot wire anemometry. Boundary layer probes

tion has to interact with another system within a resonance effe ype P15 provided by Dar_ltﬁwere Ustd' The constant tempera-
%Ee anemometer was calibrated using a nonlinear fitting curve

Flush-mounted cavities have been also well studied in the p . . o s X
[6—9]. The case of rectangular cavities, and their tone frequenci gd the resulting accuracy is of 5%. Acquisition and numerical

) - . “processing were made using the PAK system. The probes are
has been reviewed and studied #0]. Recently, the resonance in . . .
piping systems has been investigated ], mounted on a small vertical displacement traverse which has a

However, the resonance problem between an impinging sh&?rs'tlon resolution of 0.1 mm.

layer and an acoustic mode of a pipe is not well documented.
Moreover, the influence for instance of the incoming boundary
layer thickness has only been reportgd®] in a non resonant 3 The Deep Cavity
configuration and requires more experiments and analysis. . )
The paper is organized as follows: first a deep cavity is studied,3-1 Description of the Model and Incoming Flow. The
for which the resonance occurs not only with the duct but aiggodel of the cavity has been flush-mounted in a rectangular
tems, is then studied with various variable parameters, especidfig model areH,=5mm, L =20 mm andV=0.0039 ni. The
the incoming boundary layer thickness and the neck thicknessP@ck sectioA. is 0.004 nf and the spanwise dimension is 200

solution for sound attenuation is proposed, based on crenels. Mm. The cavity is very deep, its height beiig=10 L. All these
dimensions have been chosen in order to obtain a resonance fre-

quency inside the intensimetry measurement range of the setup,
between 80 and 660 Hz for a wind velocity around 10 to 25 m/s.
2 Experimental Setup The pressuré?, in the cavity_ is measur(_ed by a microphone_.
The resonance frequency of this deep cavity was measured with-
The cavities have been mounted in a small acoustic wind tunreit wind by using an acoustic source providing a white noise in
of the Institut Agotechnique which generates a very low nois¢he test section. The response of the cavity gave a natural fre-
airflow. Details on the facility and the measurement system ageiency of 263 HZ +0.5) which is in relatively good agreement
available in[13]. An original feature is that it allows to measurewith the expected value using the classical theory of the Helm-
the outside acoustic pressupg for a given range of frequencies holtz resonator for noncircular hol¢g].
The first acoustic modes of the test section, which is rectangu-

Contributed by the Technical Committee on Vibration and Sound for publicatidkar, are listed in Table 1 and given by the formula
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wherea is the length of the relevant dimension, vertical or lateral.

We can see that a priori the cavity resonance is far from these

values and should not interact with the test section. Furthermore,

according to experiments, we found a little difference with for-

mula (1) which is probably due to the finite length of the test

section. Indeed it creates non ideal boundary conditions as it is

assumed for the theoretical values. T T
The incoming boundary layer profile was measured in detall 12 4 16 18 20 22 24

and given in Fig. 2 in dimensionless variables. The mean velocity Velocity (m/s)

and its root-mean-squaf®MS) are given reduced by the mean

flow rate velocity. The mean velocity profile outside the viscougig. 3 cavity pressure level and corresponding frequency ver-

sub-layer can be well fitted by a logarithmic profile, which is &us U, , deep cavity

typical characteristic of a fully developed, equilibrium, turbulent

boundary layer, with zero pressure gradient. The resulting integral

thicknesses ared;=4.5 mm (displacement thicknessand &,

=3.6 mm(momentum thicknegslt is known that the parameter

&1 /L is very important for the shear layer instability in the neck;

its value here is 0.22 which is small enough to a priori allow

excitation by the first mode of the attached shear |§gét.

Sound frequency (Hz)

LN L L L L ML B
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The two sets of symbol correspond to the same test made }wice.
he physical unit for the pressure level is from a power spectral
density and does not depend on the acquisition parameters. For a
3.2 Frequency and Pressure Level Results.Figure 3 pre- better approach of the physics, note that a pressure level of 25
sents the measured acoustic pressure IByeinside the cavity, Pa/\Hz is equivalent to 115 dB with our frequency resolution,
and its corresponding frequency, versus the freestream velocitsich is a very high level for the human ear.
The horizontal dashed lines on the frequency curve are the fre-
quencies which correspond to the natural frequency of the cavity,

Table 1 Frequencies of the first acoustic modes of the test for the first one, and to one acoustic mode frequency of the test
sections section for the second one. Two acoustic resonance leading to
very high pressure level in the cavity can be observed by increas-
Direction Vertical Lateral ing the velocity from 13 m/s to 22 m/s. The first one, for which
Deep cavity 660 Hz 572 Hz the maximum pressure level is observed closed to 16 m/s is
Shallow cavity 1252 Hz 1072 Hz mainly due to a coupling between the shear layer excitation and

the volume of the cavity. Up to 18 m/s there is an emergence of a
second tone in the spectrum which creates at 290 Hz a very high
pressure level for a velocity close to 20 m/s. This second reso-
r T 1 nance is induced by the first harmonic of this frequency which is
- locked with the lateral acoustic mode of the test section. In order
to verify that the lateral dimension of the test section is really the
cause of this pressure peak, this dimension was modified by add-
ing a layer of wood on the lateral wall. Then, according to formula
(1), the frequency was increased so that the resonance could not
occur due to the limited range of the wind velocity. This was
experimentally verified.
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3.3 Transfer Function. In order to better understand the
= phenomenon, we measure using intensimetry the external pressure
3 P., around the two resonance velocities. This is performed simul-
1 taneously with measurements of the internal pres§yre Then
1 we plot the transfer functio®, /P, in amplitude(modulug and
10° Lotonen b, phase angle) in Fig. 4. The main point of these data is the phase
02040808 0 5 10 15 20 angle which is found to be 97%+2°) at the resonance with the
U/Uo RMS(UWUo (%) cavity for U,=16 m/s. At the second point of resonandd(
=20 m/s), the phase angle is very differ¢h85° and these dif-
Fig. 2 Boundary layer profile at X=—2 L, deep cavity ferences should be physically interpreted.
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Fig. 5 Boundary layer profiles for the shallow cavity.
Smooth, [0: Roughness 1, A: Roughness 2.

O:

a simple resonator excited by a shear layer tuned in frequency.

From the classical theory of the Helmholtz resonator, assumingtieed, the confinement of the flow above the cavity produces a
that the air is a perfect gas and the cavity is adiabatic, we ma@gmping term and a stiffness term, with associated coefficignts,

write

H .
Za. ot P=PetePy @)

and «, which are both positives.
It can be noticed in Table 2, that the damping is much smaller

for the second peak: this is physically logical, the confinement

being itself the cause of this resonance. Moreover, the coefficient

The coefficiente is a dimensionless unknown amplitude of theof added stiffness is much larger for the resonance involving the

excitation termPy, produced in the neck by the shear layer instd€St section, which is again logical from a physical point of view.
bility. The external pressurg, appears as an additional term delt €xplains also why the frequency of the second peak is higher

pending on the confinement. Since the response is harmonidi@n the natural cavity resonance, since the total stiffness is in-

resonance points, it can be approximately represented by mean

a linear model depending upd®, and its first derivativeP,, .

Pe=—aP,~ BP, (3)
With making the substitution of Eq$3) into (2) we obtain:
VHg. .
P,+BP,+(1+a)P,=¢ePy 4)

2
CoA:

grgpsed by 10.7%. This leads to a square root increase in fre-
quency, which agrees with the measured frequency of the second
peak(within an uncertainty range

4 The Shallow Cavity

4.1 Description of the Model and Incoming Flow. The
shallow cavity is mounted in the same way as the deep one, be-
hind a test section 160 mm wide and 137 mm high. The purpose

For which a and 8 can be easily determined by means of thef this smaller section is to be able to increase the velocity ac-

modulus and phase of the transfer functiBp/P,.. Indeed at
resonance point the following equation can be written:

cod o) —i

sin(¢) | P,

Pe
P,

B, %)

By examining the real and imaginary parts of E(.and(5) we
obtain:

{ P

Pe=
a=—|P/P,[cog #) (6)

(7

According to the values reported in Table 2, the system is not o

1 .
,3=m|Pe/Pv|Sln(¢)

Table 2 Measured parameters of the system

First peak Second peak
At f,=263 Hz At =290 Hz
P, /P 6.6 6.6
& 97° 135°
@ 0.0185 0.107
B 9.110° 5910°
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cording to the capabilities of the setup in terms of flow rate. Ex-
pected Mach numbers are in the rafi@el0—0.25.

The cavity dimensions in mm are=50, H,=20, and 150
spanwise. The neck thickness; is variable, between 2 and 8
mm. The neck section i&,=0.0075n and the volume isv
=0.00013 m. It is not expected here to obtain an excitation of
the cavity volume by the shear layer, as in a Helmholtz resonator.
However, a resonance between the shear layer frequency and the
vertical acoustic mode of the test section, given in Table 1, is
expected.

Nevertheless, it was shown 2] that the incoming boundary
layer thickness was an important parameter of such a problem,

en if this study is not completely transposable to ours. These

periments showed that a small boundary layer thickifess-
ally reduced by the neck lengtis able to induce the shear layer
oscillations on the first moden&1 in Rossiter's formulg al-
though a larger thickness is exciting the higher orders. Anyhow in
the present study, the model of the cavity and its associated test
section are designed in order to reach a frequency range of reso-
nance corresponding to the second order mode of Rossiter (
=2).

The measured boundary layer profiles 5 mm upstream the shal-
low cavity are given in Fig. 5. The vertical origin is the wall of the
tunnel. The smooth wall case leads to a boundary layer at equi-

Transactions of the ASME



Table 3 Integral thicknesses of the boundary layers for the
shallow cavity

B

61 (mm) 82 (mm) S1/L
Smooth wall 1.42 1.26 0.0284
Roughness 1 1.65 1.26 0.0330
Roughness 2 2.94 2.25 0.0588

Dimensionleas frequency

librium. Some roughnesses, consisting in glued sand paper sheets, 075 -——1 1L L 1 .
are used in order to increase the thickness. These two cases create 012 014 016 0.18 02 022 024
thicker boundary layers which are not at equilibrium, as can be Mach number
seen on the shape of the mean ‘veloqlty profiles. The integral th||<:_l<|ﬁ_ 7 Dimensionless frequencies versus M, shallow cavity.
ness for the three cases are given in Table 3. The second rougliy; _o m o H.=8 mm

. i “Hyg , Or Hy .
ness leads to a thickness twice as the smooth wall.

4.2 Cavity Pressure Evolution. Figure 6 presents the
acoustic pressure level inside the cavity and the correspondisiger’s formula for lower velocities before the lock-in. Meanwhile
frequency for the main observed peak, versus the Mach numb@easurements give larger Strouhal numbers which are in agree-
i.e. the velocity. The dashed line with the frequency curves corrment with[10] for the low Mach number range of the study. For
spond to the acoustic vertical mode. The two extreme casesMéich numbers up to 0.18 the lock-in of the shear layer oscillation
neck thickness are shown, the smallest one leading to a very higith the acoustic mode of the test section is clearly visible and the
pressure level. This result will be discussed in section 4.3. cavity frequency evolution can no more be predicted by an im-
The dimensionless frequencies corresponding to those of Figpiiging shear layer instability type prediction such as Rossiter’s
are plotted in Fig. 7. In this figure, we have also addddt- formula.
dashed lingan illustrative prediction of the tone frequency based At lock-in, the velocity profiles in the shear layer are given in

on Rossiter’s formula. Figs. 8 and 9 for the longitudinal positions 0.5L and 0.88 L re-
The dimensionless frequencies of the oscillations of a shespectively. The profile of the velocity Power Spectral Density
layer are well approximated by Rossiter’s formiia] (PSD at the resonance frequency is also given. The velocity os-

_ cillations are very large even at a relatively high level above the
St=n—v/(M+U,/Uo), ) neck, and its spgtial £aylmplitude is growing along the longitudinal

wheren is the order of the mode angthe empirical parameter axis.

linked to the shape of the lips and usually equal to 0.25 for sharp

edges and rectangular cavitieee[10] for a review. The ratio of

the convection velocity . to the freestream velocity , is almost

universal and equal to 0.57.

4.3 Influence of the Boundary Layer Thickness. The in-
fluence of the boundary layer thickness is reported in Fig. 10
where we have plotted the main pegkessure level and corre-
%oonding frequengy versus the displacement thickness. The

Although Rossiter developed his tone frequency formula for 3.
cavity whose geometry is different from that used here, the fr icker boundary layers If_ead toa Iarge_decrez_ase of the sound level.
' However, from a physical point of view, this parameter should

i i nt with Rps- - . S
quency measurements are relatively in good agreement wit 8% associated to the total thickness of the shear layer which is

located at the upstream lip of the cavity: the neck thickitégss
an important part of it. Its influence is shown in Fig. 11 for the

7 160 T T T minimum value of 2 mm up to 8 mm which is the standard con-
% L figuration. Nevertheless, the effective total thickness of the shear
_g - layer is closer to an equivaleht, given byHge=Hg+ d;: all
3 r the previous results are then collected together in Fig. 12. The
‘i 100 3 isolated star symbol corresponds to a test with=2 mm and
g I
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Fig. 6 Cauvity pressure level and corresponding frequency ver- Fig. 8 Shear layer velocity profiles, shallow cavity, Hg
sus M, shallow cavity. [: Hy=2mm, O: H;=8 mm. =8 mm, M=0.187, midlength of the neck
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=8 mm, M=0.187, 0.88 L from upstream lip Fig. 11 Maximum pressure levels and corresponding frequen-

cies versus H,, shallow cavity, small boundary layer thickness

roughness 1. There is a critical value arotth ;= 9.5 mm which

leads to a strong decrease, close to cancellation, of the resonanegnuate the sound. In a piping system a great disadvantage of
peak. This critical value was also detected 2] where it was .. . : 2 .
noticed that no cavity oscillation occurs whesiHeq is below this is the |ncrelgshe of thhe pressurifloss.éAﬂdltlonl ofadekfllectorhjust
5.25 (one hasL=50 mm herg even for a cavity configuration UPStream would have the same effect. Other solutions have there-
: ; fore been explored: the problem is that the allowed modifications
which differs from ours. o ) .
are generally limited by the kinematics of the valve for example.

A second critical value is around je;=5 mm (L/Hgeq=10) _ A _
below (resp. above which the sound level is significantly in- Since the shear layer oscillation is due to a series of vortex rolls

creased, whereas it is almost constantHgg, between 5 to 9.5 which are quasi two-dimensional at resonance, a spanwise de-
mm. Although it is less obvious with the additional téstar sym- Crease of the vortex correlation should reduce the resonant exci-
bol), its level is however also increased. This second critical valligtion- Figure 13 presents a design of crenels made on the up-
requires further investigations to better understand the reasonSgfam lip. Their width is 5 mm, with a distance of 20 mm
this jump. between their axis; the resulting conf_lgurat_lon is called _crenels
It may also be noticed that there exists an increase of the fr#4" (5 mm over 20 mm Another configuration has been imple-
guency oscillation with this parameter, the slope of wHissing a mented, called “crenels 1/2” which has 10 mm wide crenels. The

linear least square approximatiois 5 Hz/mm. This leads to an third te_sted solution was the “right _crenels 1_/4" which has the
increase of the Strouhal number according to formula: same size as the “crenels 1/4” but with a sectional shape forming
a backward facing step instead of a 45° bevel edge.
St=0.20Hgeq/L +St,, 9) The results of the tests are given in Table 4 where only the
whereSt,=0.93 corresponds to the dimensionless frequency Oﬁn_axmum pressure level is given. The “crenels 1/4” configuration
tained for a zero thickness. as almost the same efficiency as the “crenels 1/2.” It is interest-
ing to see that the shape of the crenels is important, since the
4.4 Sound Attenuation. We have seen above that the in-‘right crenels 1/4” produces a significant attenuation, the pressure

crease of the boundary layer thickness is a very good meansbting divided by a factor larger than 3.

ﬁ m:IIIIIIIII'I‘IIIIIIII||IIII: ﬁ 1“_ ]
£ 50 F 3 & C ]
B ool ] 120 [ .
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g : g 1200 ]
~ 1210 o . ~ - 1
£ . ] g 1wl .
b C ] b
E 1205 | : 5 1170 | E
a3 - ] 3 F* ]
1m'....1....|....|....|u,.‘ 1150 PIPITS IIPITE SPATAT AT P
1 15 2 25 3 35 2 4 &8 8 10 12
Displacement thickness (mm) Hg equiv. (mm)
Fig. 10 Maximum pressure levels and corresponding frequen- Fig. 12 Maximum pressure levels and corresponding frequen-
cies versus 41, shallow cavity, Hy=8 mm cies versus H,+ 61 for the shallow cavity
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been explored, by modifying the upstream lip shape. The crenels
consisting in a backward facing step were found the most effi-
i cient.
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v~ 20
¥ Nomenclature
12 A; = section area of the neck
A ,r =rA ¢, = sound velocity
20 8 = boundary layer thickness
5 5, = displacement thickness
2 8, = momentum thickness
x f, = reduced frequency=fL/U,)
fsy = frequency in the shear layer
¥ 20 f, = mode frequency of the test section
T f, = cavity natural frequency
4 20 f = sound frequency
15 Hy = cavity neck depth
H, = cavity total depth
L = cavity neck width
4 M = Mach number €U,/c,)
- P, = acoustic pressure in the shear layer
4 P. = acoustic pressure outside cavity
i Section AA P, = acoustic pressure inside cavity

/// St = Strouhal number € fyL/U,)

U, = freestream velocity

Fig. 13 Upstream lip modification for sound attenuation, V = volume of the cavity
“crenels 1 /4"
References

[1] Crighton, D. G., Dowling, A. P., Ffowcs Williams, J. E., Heckl, M., and Lep-
Table 4 Maximum pressure levels with sound attenuation sys- pington, F. G., 1994Modern Methods in Analytical AcousticSpringer-
tems, shallow cavity, Hy=8 mm, small boundary layer Verlag, London. ‘

[2] Kook, H., Mongeau, L., Brown, D. V., and Zorea, S. I., 1997, “Analysis of the

" ; [ Interior Pressure Oscillations Induced by Flow Over Vehicle Openings,” Noise

Configuration Pressure levéPalHz) Control Eng, J.456), pp. 223234,
Standard 53.3 [3] Ho, C.-M., and Huerre, P., 1984, “Perturbed Free Shear Layers,” Annu. Rev.
Crenels 1/4 23.0 Fluid Mech., 16, pp. 365—425.
Crenels 1/2 23.5 [4] Ziada, S., and Rockwell, D., 1982, “Oscillations of an Unstable Mixing Layer
Right crenels 1/4 15.9 Impinging Upon an Edge,” J. Fluid Mech124, pp. 307-334.

[5] Rockwell, D., 1983, “Oscillations of Impinging Shear Layers,” AIAA J.,
21(5), pp. 645—664.

[6] Naudascher, E., and Rockwell, D., 1994, Flow-induced Vibrations, Balkema,
Rotterdam.

[7] Luca, M. J., et al., 1995, “The Acoustic Characteristics of Turbomachinery

i Cavities,” NASA CR 4671.

Conclusion [8] Massenzio, M., 1977, “Caraateation des sources @mcoustiques sur trains

. . . . grande vitesse en vue de ld pision de la pression acoustique interne,” Thesis

Experiments have been presented concerning the interaction of ot NsA Lyon, France.

the shear layer created by confined flows over cavities with a pipea] Noger, C., 1999, “Contribution #étude des pheomenes deoacoustiques se

acoustic mode. The application lies in the sound generated in pip- déeveloppant dans la baignoire et autour des pantographes du TGV,” Thesis of

: : e Universitede Poitiers, France.

ing systems due to singularities such as valves.

. {ﬁo Tam, C. K. W,, and Block, P. J. W., 1978, “On the Tones and Pressure Oscil-
The cases of a deep and a shallow cavity have been tested, lations Induced by Flow Over Rectangular Cavities,” J. Fluid Me&8,,pp.

first one being close to a so-called Helmholtz resonator. It was 373-399.
shown by measurements that the added dampmg due to the cadhll Ziada, S., and Shine, S:, 1999, “StrOLiha| qubers of Flow-excited Acoustic
finement is smaller when the resonance occurs with the duct, thap,, Resonance of Closed Side Branches,” J. Fluids StragL.pp. 127-142.
. X ] Sarohia, V., 1977, “Experimental Investigation of Oscillations in Flows Over
when the resonance occurs classically with the Helmholtz resona-~ spaliow cavities,” AIAA J.,15(7), pp. 984-991.
tor. [13] Hemon, P., 2000, “Mesure des caratstiques acoustiques de singulasite
The shallow cavity was studied parametrically according to the —aeauliques en preence de feoulement,”SIA Colloquium on Confort auto-

boundary |ayer and neck thicknesses. Critical values have be mobile et ferroviaire Le Mans, 15 & 16 novembre, SIA paper No CAF/00-28.

. . . : ] Rossiter, J. E., 1964, “Wind Tunnel Experiments on the Flow Over Rectangu-
detected but further investigations have to be performed a lar Cavities at Subsonic and Transonic Speed,” Aero. Res. Counc. R. & M.,

analyzed. A few passive sound attenuation techniques have also No. 3438.

Journal of Vibration and Acoustics APRIL 2004, Vol. 126 / 195



