Broadband sound generation by confined turbulent jets
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Sound generation by confined stationary jets is of interest to the study of voice and speech
production, among other applications. The generation of sound by low Mach number, confined,
stationary circular jets was investigated. Experiments were performed using a quiet flow supply,
muffler-terminated rigid uniform tubes, and acrylic orifice plates. A spectral decomposition method
based on a linear source-filter model was used to decompose radiated nondimensional sound
pressure spectra measured for various gas mixtures and mean flow velocities into the pr@uct of

a source spectral distribution functiof2) a function accounting for near field effects and radiation
efficiency; and(3) an acoustic frequency response function. The acoustic frequency response
function agreed, as expected, with the transfer function between the radiated acoustic pressure at one
fixed location and the strength of an equivalent velocity source located at the orifice. The radiation
efficiency function indicated a radiation efficiency of the ord&D}? over the planar wave
frequency range andkD)* at higher frequencies, whekes the wavenumber arid is the tube cross
sectional dimension. This is consistent with theoretical predictions for the planar wave radiation
efficiency of quadrupole sources in uniform rigid anechoic tubes. The effects of the Reynolds
number, Re, on the source spectral distribution function were found to be insignificant over the
range 2006:Re<20000. The source spectral distribution function approximately obeyed % St
power law for Strouhal number values<31.9, and a St° power law for St-2.5. The influence of

a reflective open tube termination on the source function spectral distribution was found to be
insignificant, confirming the absence of a feedback mechanism20@2 Acoustical Society of
America. [DOI: 10.1121/1.149281]7

PACS numbers: 43.70.Aj, 43.28.REISH]

LIST OF SYMBOLS R reflection coefficient

a sphere diametefm) Re Reynolds numbet)d/v

c speed of soundm/s Sop sound pressure spectral density

d orifice diameterm) St Strouhal numberfD/U

D tube cross section dimensi¢m) Ti Lighthill stress tensor

f frequency(Hz) U jet centerline velocitym/s)

E nondimensional sound pressure spectrum Ve velocity of the sphere centém/s)

F source spectr.al distribution function X observer position

9 Green’; function ) y source position

G acoustic frequency response fur_mtlon Ap mean pressure drop across the orifiee
Gexp  Measured system transfer function bient densitykg/m?)

He Helmholtz numberfD/c Po ambier Qi

K wave numberm™Y) p acoustic densitykg/m”)

L distance from the orificém) @ angular frequencyrad/s

M radiation efficiency function v kinematic viscositym/s’)

P sound power aij viscous stress tensPa

p total pressuréPa T source time coordinate

p’ acoustic pressuréPa o standard deviation

r distance between source and obsefver 10 sound source strength

I. INTRODUCTION engine noiséHubbard, 1994 There has been relatively less

Sound generation by jet flows has been the object ofnterest in noise from low-speed confined jets. The motiva-
many previous investigationdlake, 1986. Most of these tion for the study described in this paper is the potential
studies have considered the problem of sound production bgignificance of this problem for speech production. Sound
free high-speed jets because of its importance for aircrafgeneration by confined low-speed jet flows is always in-

volved in the generation of fricative consonants, an impor-
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most likely turbulent over a large fraction of one glottis os-respectively. Measured sound pressure spectra were cast in
cillation. Turbulence may be responsible for a random comsondimensional form. It was shown that one-third octave
ponent in the sound produced by the air flow through théband sound power spectra measured for various flow speeds
larynx, which may play a significant role in defining voice were in satisfactory agreement with the postulated scaling
quality. A better understanding of this contribution could laws.
help develop better models for speech synthesis, and assistin  The production of broadband sound from air flow
the diagnosis of pathological voice conditions. through the larynx, the vocal tract, and the airway has been
Jet noise theory is usually based on the work of Lighthill sparsely investigate@arper, 200D In early experiments by
(1952, and subsequent refinements by many investigators, iMeyer-Eppler(1953, a critical Reynolds number was iden-
which the basic equations for the fluid motion are formulatedified below which there was no significant turbulent sound
in the form of an inhomogeneous wave equation. This apgeneration. Meyer-Eppler postulated that the sound pressure
proach, termed the acoustic analogy, allows presumed souridcreased with the square of the Reynolds number. The con-
source terms to be identified. In particular, for nonheatedribution of flow impingement on obstructions in the vocal
subsonic free jet flows, the source term is the double divertract was investigated using a hierarchy of physical models
gence of Lighthill's stress tensor, a quantity dominated byby Shadle(1986. The sound pressure generated by flow im-
the instantaneous, time varying Reynolds stress tensor. In@ngement was found to increase with the third power of the
free field, the source distribution is of a quadrupole-typevolume flow rate, and decrease with the 2.5th power of the
known to be an inefficient sound generation mechanism relaeross-sectional area of the obstructigStevens, 1998
tive to monopole or dipole contributions. The radiated soundstevens describes the sound spectrum associated with flow
pressure may be obtained from the convolution of the sourcanpingement as having a broad peak distributed around a
term and a free space Green'’s function over the entire regiooertain Strouhal number value, based on the local flow ve-
where the instantaneous Reynolds stress is significant. locity and the duct diameter near the obstruction. Landau and
The confinement of the source in a channel modifies thé.ifshitz (1997 have estimated that for turbulence in a tube,
generation and propagation of sound waves significantly. Théhe roll-on frequency of the sound spectrum is of the order of
characteristics of the turbulent jet flow are also different dueu/D, and the cutoff frequency is of the order aRe/D,
to the effects of confinement. For example, the strength ofvhereu is the flow velocity andD is the diameter of the
the recirculation region is often increased. Additional sourcesube. The recent work of HarpéR000, aimed at a better
may arise from the impingement of the jet plume on the rigidunderstanding of breathing sounds, is again based on a Rey-
walls. Finally, the one-dimensional nature of the radiatedholds number power law. Such models neglect the possible
sound waves at low frequencies changes the basic characiefluence of frequency on sound productiGre., Strouhal
of the sound sources from quadrupole- to dipole-, omumber effects The influence of the acoustic response of
monopole-type sources. This generally enhances sound priie cavities and the duct on the power law exponents is based
duction efficiency. on an inverse filtering approach, which may not yield accu-
The theory of sound production by turbulence in a rigidrate results when the sound source region is spatially distrib-
pipe has been discussed by Davies and Ffowcs Williamsited and incoherent.
(1968. Lighthill's acoustic analogy was used, with a theo- In confined jet flows, acoustic effects such as sound re-
retical expression for the Green’s function satisfying rigidflection and resonance are often present. At low frequencies,
boundary conditions on the walls of a rectangular pipe. Thdongitudinal plane acoustic waves may be reflected at the
radiated sound pressure spectral density was expressed as thike termination or at any location where the cross-sectional
summation of acoustic modes within the pipe. A dimensionabrea changes, setting up standing waves and causing reso-
analysis of the predicted radiated acoustic power was penance. At high frequencies, where higher order modes are
formed. Two limiting cases were considerdd) low fre-  excited, the acoustic field is three-dimensional. The acoustic
guencies, where the planar wave mode of propagation domresponse of the system then becomes more complicated, with
nates; and(2) high frequencies, where higher order ductacoustic modes depending on boundary conditions at the
modes are excited. It was found that the sound power froniube walls and the termination. These phenomena signifi-
large-scale turbulence scales with the sixth power of the jetantly affect the level and the spectral content of the radiated
centerline velocity, regardless of frequency. The sound powesound, which makes it difficult to isolate and study the
from small-scale turbulence at low frequencies scales witlsource characteristics directly from sound pressure measure-
the sixth power law of the jet velocity. At high frequency ments.
(above the cut-on frequency of the first high acoustic mode It is desirable to separate the spectral characteristics of
in the tube, the sound power scales with the eighth power ofthe sound source from the acoustic response of the ducting
the jet velocity, similar to the power scaling law of free sub-system in order to develop source-filter models that can be
sonic jets. utilized over a range of flow conditions, and different work-
A similar approach was followed by Nelseh al. (1981) ing fluids. Weidemanr{1971) developed a spectral decom-
to study sound production by sound absorbing splitters in gosition method for the separation of source characteristics
flow duct. The sound source term was modeled as a dipol@and system response from experimental data based on acous-
The differences in behavior at low and high frequencies werdic similarity laws for fan noise. The similarity laws express
again highlighted. The sound power within the low- andnondimensional radiated sound pressure spectra as the prod-
high-frequency regions obeyedW* and aU® power law,  uct of a source function, which is presumed to be a function

678 J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002 Zhang et al.: Sound generation by confined jets



of only the Strouhal number, and an acoustic frequency refinite length tubes. The coordinatgsandy are the observer
sponse function, presumed to be a unique function of th@nd source location, respectively. Note that the Green'’s func-
Helmholtz number. The Mach and Reynolds numbers als¢ion defined here accounts for both the impedance and the
appear in the form of power laws. NeisE975 verified the  geometry of the boundary. Multiplying ER) by g(X,y; w),
acoustic similarity laws for the tonal sound emitted by indus-subtracting the product of Eq3) andp’(y, ), and integrat-
trial centrifugal fans. Bartenwerfeat al. (1976 argued that ing with respect toy over the whole flow region yields, after
the source spectral characteristics should be a function afpplying the divergence theorem and the boundary condi-
both the Strouhal number and the Reynolds number, antons,
guestioned the relevance of power law terms. Mongsaal.
(1995 applied _the spectral dec_omposmon _meth_od to study p’(x,w)IJ 9(x,y: @) (Y, 0)dV(y). (4)
the aerodynamic sound generating mechanisms in a turboma- %
chinery rotor. The usefulness of the source-filter based ) . .
method was demonstrated by varying the source characteris- NOt€ that the neglection of the viscous drag on the ori-
tics and the acoustic loading independently. fice walls is p_robably !ustlﬂe_d_. A parallel computational
The purpose of the present study was to investigate th&tudy of a similar flow in a rigid ductZhao et al, 200
characteristics of aerodynamic broadband sound generatigifowed that the viscous drag component of the dipole sound
by stationary confined jet flows. The ultimate goal is to de-'S Very small compared with the pressure drag component.
velop semi-empirical modelscaling laws that could allow _ In the case of an observer far from the source region, th(_a
the amplitude and the spectrum of the random component dlistance between the observer and the source Iocatlo.n is
synthesized voice signals to be established. To accomplighuch larger than the extent of the source region. Then time
this, the spectral decomposition method was used to isolaf&tardation effects between the source and observer,due to
source characteristics from other sound propagation effectSOUrce motion can be neglected. Therefore, the Green’s func-
Circular orifices were used, as a first step, to investigate thion can be expressed as the product of two terms as follows:
validity and the usefulness of the approach. The effects of
orifice geometry are considered in an ongoing, parallel study.
The far-field termg,, accounts for sound propagation from
Il. SOUND GENERATION BY STATIONARY CONEINED immediately outside the source region to the observer, there-
TURBULENT JETS fore representing the acoustic response of the system. The
) ) o . near field part of the Green’s functiog, , reflects the radia-
Consider sound generation by a finite region of turbu-jon efficiency of the sound generation processes described
lence in a long rigid rectangular tube. The tube may or Mayhy the source tern(y, ).
not be anechoically terminated. Lighthill's equation, which is The sound pressure spectral denSfy, and the cross-
derived from the continuity and momentum equations, is spectral density of the source te®y,, are defined here as

%p’ T

g(X,Y;0)=gx(X,)gy(Y,w). )

7P og2 ., _ 72 i 2w , )
P v (1) Spp(X,@) = lim —{p’ (x,0)p"* (X, w)}, 6)
T—oo
wherep’ =p—pq is the fluctuating density, an@l;; = pu;u; )
+5ij(p—cgp’)—aij is Lighthill's stress tensor. The corre- S cw)= i il * 7
sponding inhomogeneous Helmholtz equation is, with volY1:¥2i0) T[nm T {$(y1@)¢7(y2.0)}- @)
2
=C o,
° ) From Egs.(4) and(5), the sound pressure spectral density is
J , related to the source cross-spectral density through
(9—yz+k§>p (y,0)= = $(y,0), (2 P Y TreHg
i
_ 2 .
where ko=w/c is the wave number, ande(y,w) Spp(X,@) =|gx(X, )] JVJ’VSM(yl,YZ,w)gy(yl,w)
=&2Tij(y,w)/&yi(9yj is the Fourier transform of the sound
source term. Variables with as a parameter are the Fourier X gy(Y2,0)dV(y;)dV(y,). (8)

transform of their time domain counterparts. According to the principle of superposition in linear
To solve Eq.(2), the normal velocity is assumed to van- 9 P P PErp

ish on the walls. From the momentum equation neglectingZCOUStiCS' the sound pressure radiated by a distribution of
viscous drag forces on the walls, this boundar,y condition ound sources is the sum of the sound pressures generated by
' ach elemental source within the distributed source region.

corresponds to the vanishing of the normal pressure gradienEladiation enhancement or cancellation occurs depending on
Equation(2) may be solved by means of a Green'’s function . . P 9
time or phase retardation effects. These depend on the dis-

defined as the solution of tance between the source and observer, as well as the spatial
2 5 and phase distribution of the distributed sources. These inter-
Py +Ko | 9(X,y; @)= — 8(X—y) (3 ferences are described by the convolution integral in(&g.
! For a far-field observer, the effect of varying the source-
with the boundary conditiog/dn|,,;=0 on the wall, as observer distance on sound waves' superposition can be
well as additional boundary conditions at the tube ends foseparated from retarded time effects. In other words, the far-
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field part of the Green’s function may be moved outside theSubstituting back into Eq.10) yields the simple nondimen-

integral, as shown in Ed8). sional source-filter form:

For a compact source distribution, the turbulence length d X
scale of the source is much smaller than the wavelength typi- E= |:( St,Re—) Gl( He,—,R) ) (12
cal of the sound radiation so that the effect of the spatial and D D

phase distribution of the source is insignificant and can be
ignored. The paramet&D is much smaller than unity, where !l EXPERIMENTAL APPARATUS

k=w/c is the wave number arid is the typical length scale The experimental apparatus was a slightly modified ver-

of the source distribution_. Large scale_of turbulence contribig of an apparatus used in a parallel voice production study
utes the most to the radiated sound field, and so the Iengt&hang etal, 2002. A circular orifice plate was installed

scaleD is comparable to a typical tube dimensi@idth or between two rectangular tubes, as illustrated in Fig).1
heighy. The convolution then becomes a simple summationg,ch tube had a square cross-section, 2285 cm, and
instead of a summation at the retarded time. For a multipolg, 55 22 5 cm long. The geometry of the orifice is shown in
source of orden, this integral is of the order ofkD)*"F? Fig. 2. The circular orifices featured a converging nozzle at
(Howe, 1998, whereF is the typical value of the source e entrance and a sharp trailing edge. Two orifice diameters,
strength. The KD)?" term is a measure of the so-called ra- 5 381 and 0.635 cm, were used. Acoustically treated termi-
diation efficiency, which is defined as the ratio of the radi-nations were connected to each test section to reduce pos-
ated sound power to the mechanical power driving the soundipje sound reflections. The terminations consisted of two
generation phenomena. The radiation efficiency decreasgg,rygated, rubber hoses with different inner diameters. The
with ascending multipole order. _ smaller hose, with a 2.54-cm i.d., was connected directly to
The far-field sound spectra in E@) can be reorganized e rectangular tube at one end. At the other end, the smaller

as the product of a source spectral function, a radiation effiyyge was perforated and wrapped using Fiberglass over a
ciency function, and a far-field term. As discussed before, th‘i-m-long section. This end section was then inserted into a

far-field term describes the effects of sound propagation phﬁarger rubber hose with a 5.08-cm i.d. The junction was
nomena from the source region to the observer. It may bggqgjed to avoid any flow leakage.

construed as the frequency response function between the Tne flow supply allowed for the use of different gas
Thevenin equivalent source strengtsee, for example, nityres[Fig. 1(b)] in the experiments. Use of different
Flanagan, 1965and the sound pressure radiated at the Obygring fluids makes it possible to study the possible depen-
server position. The radiation efficiency, on the other hand, i$jence of sound generation on fluid properties. A helium—
a measure of sounq prod.uction. It is straightforward, then, &0, mixture was used because it allowed the speed of sound
express the nondimensional sound pressure specttum, anq viscosity to be varied over a large range. The two gases

=S,p(x.f)/(3pU?)?d/U, as were fed into a mixing tank, and then into the test sections. A
mass flow controllefMKS Type 1559A on each branch of
E=F(d,D,f,U,u)M(kD)G(x,D,f,c,R). (9 the inlet gases was used to maintain the desired composition

) ) as well as the total flow rate. A third port allowed pressurized
The sound pressure spectral densgy,, has the dimensions i 15 pe delivered to the mixing tank through a switch valve.
of pressuréfrequency and is made nondimensional usingThis made it possible to use either helium—Qixtures or
the scaling factor pU?)2d/U. The functionF is the source air. A thermocouple was installed in the outlet to measure the
spectral distribution function, the functio@ is the system mixture temperature, from which the density of the mixture
transfer function or response function term, dnds a radia-  was calculated. To reduce possible noise from the flow sup-

tion efficiency function which depends okID). ply, the mixing tank walls were lined with a 2.54-cm-thick
The source functiofr depends on flow parameters such layer of Fiberglass.
as the centerline velocity of the jet), the tube cross- Radiated sound pressure spectra were measured using

sectional dimensiorD), the orifice diameterd, the fluid vis-  two microphone$6.35-mm diameter, B&K 49383ocated 14
cosity v, as well as frequency, The system frequency re- cm upstream and downstream from the orifice plate. The
sponse,G, depends on the observer position, the tube  volumetric flow rate through the orifice was measured using
dimensionD, the speed of sound, and the acoustic bound- a precision mass-flow metéBaratron type 558at the inlet
ary conditionsR. Defining the dimensionless groupings Re of the test section. The time-averaged pressured gradient
=Ud/v, St=fD/U, He=fD/c, the above equation may be across the orifice was measured using a pressure gauge
rewritten as (Baratron type 220 The output signals from the micro-
phones were acquired at a sampling rate of 32768 Hz using

E_F an HP356XA data acquisition system.

X
He,—,R). (10

d
St,ReE) M (He)G D

TheM function and theG function can be combined to form IV. EXPERIMENTAL RESULTS

a new functionGy : The sound pressure spectra radiated downstream were
measured for different flow rates, and two different orifice
X X . . : ! .
G,| He,= R| =M(He)- G| He, = R (11) dlameter’s. The Jgt F:enterllne velocity was calculated using
D D Bernoulli's equation:

680  J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002 Zhang et al.: Sound generation by confined jets



Flow supply Valve 100 d T T T T T d T T T d T

Anechoic termination % 7]
P V5« |
Openiend ¢ e, ‘*r\Oriﬁce plate 1
a)- Test section

Small fan . .
“ Fiberglass 0 2000 4000 6000 8000 10000 12000 14000

,lining f (HZ)

FIG. 3. Downstream sound pressure spectra for different orifice static pres-
sure dropsd=0.381 cm, air is the mediunll: Ap=6 cm HO; ®: Ap

=8 cm HO; A: Ap=10cm HO; ¥: Ap=12 cm HO; ¢: Ap=14 cm

H,O; €: Ap=16 cm HO; »: Ap=18 cm HO.

Thermocouple

Test setup er | MFC

PR: pressure regulator; MFM: mass flow meter
b) MFMC: mass-flow meter/controller

sound pressure levels at very low frequencies are believed to
FIG. 1. (8 Schematic of the experimental apparatis. Flow supply sys- b€ due to flow supply noise. The effectiveness of the
tem. anechoic terminations is reduced at low frequencies, causing
resonanceébelow 500 Hz.
— Efforts were first made to establish power laws based on
U= \/ZAp/po, 13 the jet velocity to collapse the sound spectral data. Different
whereAp is the pressure drop across the orifice ppds the ~ scaling laws work best at low frequencies and at high fre-
medium density. Three different helium—g@ixtures, with ~ quencies. At frequencies lower than the high mode cut-on
helium mole ratios of 0, 0.33, and 0.57, were used, as well afequency(approximately 7000 Hz for the rectangular tiibe
air. the spectra collapse when scaled udify while at frequen-
Figure 3 shows radiated sound spectral densitigs, cies higher than the cutoff frequency, the spectra collapse
measured downstream for air, several flow rates, and for thesing aU® law. Similar scaling laws for jet velocity were
0.381-cm-diam orifice. The spectral levels, as expected, inebtained for other mixtures, although the optimal value of
crease as the flow rate, or jet velocity, increases. The higthe exponents varied slightly for different flow conditions.
The sound spectral level was observed to increase with
the orifice diameter, as shown in Fig. 4. Different power laws

Acrylic twbe for the dependence on jet diameter were also found for low
— 0 T echaic frequencies and high frequencies. The low frequency com-
ol Flow Orifice plate 7‘*"‘“’"““’°" ponents collapse very well when scaled with The high
a) frequency components collapse better when scaled @ith
P 0.635 cm >
< 0.396 cm > i
=] d1=0381em -
Flow d2 =0.635 cm 7
\d
30 " 1 " 1 i L n 1 n Il " 1 i
0 2000 4000 6000 8000 10000 12000 14000
f(Hz)
b)

FIG. 4. Downstream sound pressure spectra for different orifice diameters,
FIG. 2. (a) Test section(b) Cross section of the circular orifices. Dimen- Ap=10 cm HO, air is the mediumM: d=0.381 cm diameterA: d
sions in cm. =0.635 cm diameter.
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N ——T T T T T T is not sufficient to accurately predict the effects of flow ve-
1 locity or orifice diameter. The spectral distribution of the
sound spectra must be considered in the analysis.

V. SPECTRAL DECOMPOSITION PROCEDURE

The spectral decomposition method assumes a linear
source-filter system, with the sound generated by the turbu-
lent jet through the orifice acting as the source, and the filter
related to the acoustic response of the system. The output
signal is the measured radiated sound pressure. It is assumed
that there is little or no feedback, or back reaction of the flow
to the radiated sound field.

20 i 1 L 1 i i 1 ) . ] " 1 i 1 n 1 n 1 i 1 1 1 H -
0 5 10 15 20 2 30 3 20 25 30 _ E_xpressmg the n_ondlme_nsmnal spectrum using a loga
4 rithmic scale, Eq(12) is rewritten as
fe(m™)
d X
FIG. 5. Downstream sound pressure spectra for different media, and speed 10loge = 10logF StuRe,B +10logG, He'B'R .

of sound,d=0.381 cm,U=31.3 m/s.l: c=343 m/s;V¥: c=316 m/s;A:

c=268 m/s. (14)

For a fixed microphone position, constant acoustic boundary

with the optimal value of the exponent lying between 1 andconditions and orifice diamete, is a function of only the
2. The diameter exponent also varied slightly with the flowH€ number. Removing the/D, x/D, andR dependence, Eq.
conditions. (14) becomes

Figure 5 shows radiated sound spectra for different gas 10logF (St,Re = 10logE — 10logG, (He). (15)
mixtures. Generally, the sound level is observed to increase

as the speed of sound is decreased. The sound spectra Weﬁe NondimEnsionaclil shound spectLa mfay bel plo;[t(;d dagainst
found to collapse best when scaled using&p? power law, 1€ St number and the Re number for valuesf @ind

As for the previous cases, such power scaling law does ngprmmg a constant He numb_er. Since no coupling is assumed
work well at all frequencies. between theF and G; functions, surfaces of constant He

To find the optimal value of the power law exponentsnumber should_be parallel to each other. They would have
(assuming the sound power is proportionalu8d™) as a the same functional shape and only differ by a nearly con-

function of frequency, the spectra were integrated from Stant level difference over the St-Re plane. This level differ-

starting frequency, up to the upper limit frequency of 12.8 €Nce, according to E415), is the value of 100G, . The
kHz. Figure 6 shows the exponemts n as a function of the spectral surfaces Heconst can be interpolated from the

integration starting frequency,. For fc<300 Hz, m de- available data points. By calculating the level difference be-
S* S )

creases towards 3 due to the presence of strong flow supply€€" the spectral surfaces Heonst, using a least squares
noise at very low frequency. Above 8 kHz tends towards _GthOd’ the relative amplitude @_1 values can be deter-
a value of 8. Between 300 and 8000 Hizis around 7. These mined. This process can be tentatively formulated:

values are consistent with the observations of Davies andOlogG,(He,) —10logG;(He;)

Ffowcs Williams (1968. The diameter exponent;, de-
creases with frequency until it approaches a value near unity = 10l0d FXG;](He;) —10lod F X G;](Hey), (16)

above 5 kHz. It is clear that a simple power law formulation\yhere the overbar means an ensemble average of all data
available for the discrete Heand He values. Arbitrarily

9 - imposing G4 (He,) =0, where Hg,, is minimum value of

s | ] the He number in the experimental data, @gfunction can

then be uniquely constructed by repeating the same proce-

dure over the entire range of He. This allows 1G8dunc-

s 87 ] tions to be obtained for each combination of the Strouhal
.§ 5 ] number and the Reynolds number using 8¢). Finally, the
§ o N ] function 10lodg- is obtained by ensemble-averaging all
A Y 10logF¥ functions.
3' \ ] Two test cases were used to verify the decomposition
20 S ] method, as described below.
T e — e P A. Accuracy of the spectral decomposition method
s 2000 4000 8000 8000 T0000 12000 Explicit analytical expressions for the and G, func-
Integration starting frequency (Hz) tions were used to generate calculated “data” in a simulated
FIG. 6. Frequency dependence of the exponents in the sound power law&XPeriment,” this to study t.he accuracy of the method. The
P~U™". —— m; ---: n. F and G, function were arbitrarily chosen as
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FIG. 7. Comparison between the correct and the estimated values 6f the FIG. 8. Transversely oscillating rigid sphere in free space.

function, and constructed values obtained using spectral decomposition. The

accuracy of the decomposition increases as the input spectra overlap in the

St-Re plane is increased. : exact solution; — —: case-la case Ib;  B. Transversely oscillating rigid sphere in free space
—-+—-—-—casell; —-—:caselll;- - - -:case IV.

Next, the simple problem of sound radiation from a
transversely oscillating rigid sphere in free space was used to
gbiHe olzefSiHe‘ illustrate the application of the similarity laws formulation.
(17 Consider, as illustrated in Fig. 8, the center of a rigid sphere
with radius a oscillating along thez-axis about the origin
. _ with a velocityv(t)=Real(.e ™), whereuv, is the com-
The nondimensional specttawere then constructed based plex velocity. This is a classical example of a dipole sound
on Eq.(14). To simulate the experiments, the sound spectragyrce, The complex sound pressure at a point at a distance
S,p Were constructed for six different values of velocity andfom the origin along the-axis is (Pierce, 1989
four values of speed of souridr four different medig with R
a frequency resolution bandwidth of 16 Hz. ~ —lwp veale”
To test the accuracy of the decomposition method, four P= r2 2—(ka)?—2ika
different spectral data sets were used as input to the decom-
position program. Spectra constructed from 1, 2, 3, and Assuming a compact source, and when the observer is in the
different values of speed of sound were used in cases I, Ifar field,
[, and IV, respectively. It was found that the accuracy of the a pco
reconstructed functions depends highly on the distribution  p=(ka)2— ———e'k("-a), (19
and the size of overlap region of the data sets over the St-Re ro2
plane. For a constant He number, the data set constructed foof the hydrodynamic near fieldk(<1r~a), the sound
one discrete value of speed of sound maps to a hyperboligressure is approximately
curve in the St-Re plane. One curve in the St-Re plane is -
certainly not enough for accurate interpolation of the He ﬁ%—i(ka)ﬂeik“*a). (20)
=const surface for the 10l&gfunction over the whole St-Re 2
plane, and errors in the interpolation process could lead to  The radiation efficiency, which is the ratio of the far-
errors in calculation of the 10l function. Figure 7 shows field sound pressure and the sound pressure in the hydrody-
the reconstructe, functions for all four cases along with namic near field, is
the exact solution, Eq17). Case I, using spectra constructed
for two discrete values of the speed of soundses la and
Ib), resulted in a biased estimate, with an accumulated error |p__.
in excess of 3 dB over a reasonable range of He numbers.

This bias gradually disappeared as more and more data sets Now assume the sphere center velocity time history has

were used, increasing the number of curves available fof spectlryrln W'tfh s?ecéral com{)on_lgﬂts at St. nlémb?rs WI?'Ch
surface interpolation as well as the overl@p redundancy are muitip es of a fun amental St c magnitude of eac
component is assumed to be proportional to the St number:

F=R&4SE+10), G;= T O.%fleHe‘ .

ika

ek (ikr —1). (18

Prar

2
~(ka)Z. (21)

in the data set. For case IlIl, in which spectra were con

structed using three different values of speed of sound, the fn<fg/2

reconstructeds; function matched very well the exact solu- ve(f)=U 21 St o(f—f1,), (22)
=

tion. Case IV also yielded a very good agreement, except for
a constant offset due to the arbitrary selection of the value ofvhere f,=n-S{U/a, fg is the sampling rate, antd is a
G, at Heyin- constant proportionality factor playing a role similar to that
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of velocity in a flow-excited sound problem. The Strouhal 60
number may then be chosen as=$&/U. The complex
sound pressure in the far field then becomes

f <f2

- "<® apc .

pH=u > sﬁr%e'k“*a)a(f—fn), 23)
n=1

10log10G,

where the wave numbée=f/c.

Sound power spectra can be constructed from (E8§).
for different values ofJ and the speed of sound. Because the
complex pressure in Eq23) has the dimension of “pres-
sure” instead of “pressure/frequency,” the nondimensional

spectrum is ) 0.005 0.01 0.015 0.02
a). He
-150
Spp(x, )
E= "o (24) an0)
(zpU%)
170
In this case study, six values of “velocityy and three 80}
values of speed of sound were used to construct the soun. |
spectra. The value of $vas chosen to be very small so that §
the spectra were broadbandlike and the spectral data set he ™ 2001
significant overlap in the St-Re plane. 210t

For this particular case, the Green’s function is the three-

. . , . . 220 |
dimensional free-space Green’s function. For a fixed ob-

server position in the far field of a compact source, this in- 230
dicates a uniform acoustic response function at all 240 . . . ‘
frequencies. The radiation efficiency functidh, shown in ) 0 2 4 g 8 10 12
Eq.(21), is of the order of ka)?. Therefore, theés, function ’
in this case, as defined in E(L1), is simply FIG. 9. (@ Comparison between the corre@ function, and estimated
values obtained using spectral decomposition procedures. : 20logHe;
Gy(He) = (He)” B e o e e oo S

. . O: 10logF.
Figure 9a) shows a comparison between the reconstructed

G, function and Eq(25). The twoG; functions are in very

good agreement. The reconstructed and exact source spectYéi RESULTS, ANALYSIS AND DISCUSSION

_distribution functiong= are shown in Fig. @). As prescribed The sound spectra measured for varying gas mixtures,
in Eq. (22), the source strength depends linearly on the Shyifice diameters, and flow rates, shown in Figs. 35, were
number, and thus the spectra should follow &lgw. A S used to attempt the reconstruction of the source function for

dependence is obtained instead, as shown in Kly. he  5giation by subsonic confined jets. Figure 10 shows nondi-

additional St dependence is a consequence of the similarityensional spectra 10l&gfor two discrete values of the He
laws formulation. In Eq.(24), the spectra were nondimen-

sionalized by a factokpU?, which is the hydrodynamic en-
ergy in the near field. Not all of this energy is converted into
acoustic power. Only the energy associated with the dilata-
tion component of the velocity field is radiated to the far

field. This conversion efficiency is Sfor a compact source, ‘“’T
which can be shown as follows: -704
~ 2 2 807"
| Preal 1/2kapcU kac)? £ ..
S| = | =7 =S¢P. (26) = oy
1/2pU 1/2pU U ool -
Taking this into account then yields the observett&nd of s
Fig. 9b).
For a confined environment, the near-field flow-acoustic
interaction is much more complicated due to the presence of
; i Re (x10%) o 2 St
solid surfaces. However, it is expected that the same formu-
lation should also be valid for far-field measurements anci=IG. 10. The nondimensional spectafor two consecutive He numbers.
compact sources. The two spectral surfaces are parallel to each othel0.635 cm.
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FIG. 11. Averaged source spectral distribution functtord=0.635 cm. FIG. 13. TheG, functions obtained for two orifice diameters. d-
=0.381 cm;— — — d=0.635 cm;—-—-—-—: 20logHe; —-—: 40logHe.

number. For visual convenience, one of the spectral surfaces o o ) )
was offset by 10 dB. The two spectral surfaces are parallel t§°/ored the radiation efficiency functior M function) at
each other, which supports the validity of the similarity law 'OW frequencies.
formulation.
The 10lods; function was obtained by calculating the
difference between neighboring spectral surfaces. Thé. System response function and radiation efficiency

10logF functions were then obtained by subtracting the  The acoustic frequency response functio®s,, ob-
known 10logs, function fromkthe nondimensional Spectra (4ined for two different orifice diameters are shown in Fig.
10loge. The resulting 10l0" functions collapsed very 13 They are nearly identical. Additional maps showing He
well, which is another indication of the validity of the simi- ;4 Hg power laws are also shown in the figure for com-
larity formulation. The ensemble-averaged 1@ofyinction arison. These describe approximately the behavior of the
is shown in Fig. 11. The corresponding standard deviation o , functions at low He numbers and high He numbers, re-
10logr, shown in Fig. 12, is less than 2 dB. This confirmed spectively. ’
the validity of the product law formulation within approxi- As indicated in Eq(12), theG, function is composed of
mately 1 dB. the system frequency response functi@hand the radiation
Note that the sound pressure spectra were measured &kiciency function,M. The acoustic response functi as
one fixed location along the tube wall. At very low fre- yiso,ssed before, can be calculated as the ratio of the sound
quency, the microphone may have been in the acoustic negtessyre measured at the microphone position and that which
field, as the acoustic wavelength becomes large. Vorticegqiq he measured at the orifice plate location if the tube

shed from the orifice and/or turbulence may not have beef, s not there. Assume planar wave propagation in the tube,

dissipated, and may have caused “pseudo-sound” recordegk jjiystrated in Fig. 14. The sound source is located on the

by the microphone. The influence of the near field may havges side of the tube, and the tube is terminated by acoustic
impedanceZ on the right end. With an incidence sound wave
of frequencyf, the complex sound pressure at the micro-
phone location is

Pmic(l,F)=A(e"+R- ), 27)

whereA is the amplitude of the incident wavks=2=f/c is
the wave number, anR is the reflection factor which is

3
3 Z—poCo
5 =, 28
- Z+ poCo 8
(2]
4 L .
3 ‘ l<—L>—> X
Re (x10%) 0o st u(t)~|; l yA

FIG. 12. Standard deviation of the estimated source functiahs. FIG. 14. Schematic of a tube with a velocity type source at one end and
=0.635 cm. terminated with an acoustic impedance.
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FIG. 15. Comparison between the system acoustic transfer function and the
G function. : system acoustic transfer function;— —: 10logG. FIG. 16. The radiation efficiency functions obtained for different orifice
diameters and downstream tube terminations. —&=:0.635 cm, with
anechoic terminatign- - -: d=0.381 cm, with anechoic termination;

Assuming a velocity type of sound source, the comple>.<_ —; d=0.381 cm, with finite length tube downstream:-—:—:—:
sound pressure that would be measured at the source locatieflogHe; - -—: 40logHe.
if the tube was not there is

Peourcd L, ) =A(e KL —R. kL), (299 Mmodes are excited and the calculag,, function is not

o ] accurate. The agreement between thé tégression and the
The G function is then the ratio of the two complex pres- reconstructedv function is not as good.

sures: There are two major sound sources in sound radiation
A(e K+ R. el ‘2 e iK1 R. gkl ‘2 from confined §tationary jets: quadrupple sources due to the
Gexp= 0 | =| T ] - (300 turbulence region downstream the orifice and dipole sources
Ale M —R.e*)| |e M —R.ek] due to the unsteady force applied to the fluid by the down-
The notationG,, is used here instead @ to indicate that ~Stream wall of the orificéZhanget al, 2002. The quadru-
this response function is obtained experimentally. polelike radiation efficiency obtained in this study indicates

The termination impedance was measured using ththat the dipole sources contributions may have been negli-
two-microphone metho@Seybert, 197 The Gy, function gible in the present case. The flow within the orifige may
was then calculated using EQO) and shown in Fig. 15. It is have been laminar or very stable, so that the fluctuating axial
possible to compare functior@,,, andG, the latter a com- force induced by the interaction between the orifice wall and
ponent of G,. The radiation efficiency function was ex- the flow was very small.
tracted from theG,; function by matchings with G,,. The
result is shown in Fig. 15 together with ti&.,, function for ~ B. Source spectral distribution function
comparis_on. There is generally a good_ agreem(_ant, exce_pt at Figure 17 shows the source spectral functi@iso
frequencies _Where a pressure node _commdes WI'Fh the micrQy o in Fig. 11 versus Reynolds number for constant
phone location, because of flow noise. Flow noise tends to
limit the dynamic range of th& function. The sharp peaks
in Gy are most probably due to numerical errors in the
calculation of the reflection factor. Discrepancies at high fre-
quencies are likely caused by the excitation of higher order . [
acoustic modes. 90 |- ]

To a good approximation, thigl function can be deter- 95 [ W J
mined by regression, as shown in Fig. 13. The mismatch at%, .10 [- ]

100 |- -1

. . . (<] L 4
very low frequencies is, as discussed above, due to the soun@ .1os [- S ]

pressure measurement in the acoustic near field, althougt -110 [ oS
there could be other sources of errors. Meunction can s b M .
also be obtained by subtracting tk&,, function from the -120 |- W 1
G, function. This is plotted in Fig. 16. Thkl function ap- 125 - y
proa’CheS H%and Hé for |0W He numbers and hlgh He -1300.0 0?2 0?4 0?6 O.IB 14IO 172 1AI4 * 1?6 . 1.18 . 270 2.2

numbers, respectively. These trends are in good agreemen Re (x10%)
with the theoretical radiation efficiency of quadrupole FIG. 17. The source distribution func(ticﬁwasafunction of Reynolds num-

. . ber for constant Strouhal numbd: St=1; @: St=3; A: St=6; V¥: St=9;
sources in tubes. The value of the He number CorreSpondm : St=12. Solid symbolsd=0.381 cm, with anechoic termination; open

to the cut-on frequency of higher modes in t_he te_St SeCtiOr§ymbo|s:d=0.381 cm, finite-length tube; half open symbals:0.635 cm,
was about 0.45. At greater He numbers, again, higher ordetith anechoic termination.
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FIG. 18. The source distribution functidghas a function of Strouhal num- FIG. 19. Downstream sound pressure spectrum for the case with finite

ber for constant Reynolds numbellk. Re=0.4x 10*; @: Re=0.8x 10°; A: length tube downstream of the orifice platies 0.381 cmAp= 12 H,0, and
Re=1.2x10'R; V¥: Re=1.6x10". Solid symbols:d=0.381 cm, with  gajr.
anechoic termination; open symbot$=0.381 cm, finite-length tube; half

open symbols:d=0.635 cm, with anechoic termination. . two- A . oo
segment curve. dependence, as shown in Fig. 3. As the jet velocity increases,

the Strouhal number decreases. When the Strouhal number is
Strouhal number. The Revnolds number influence was n rIsmall enough thé& function then follows & ~2 law, and the
ounhal nNUMbEr. The REynolds numboe uence was Nearysund pressure spectra al law. At higher frequencies, the

tnhegllg;]ble over the ra'ngle clons[dere(dOOQ E[cr)] 20000 radiation efficiency becomes approximately “He\ccord-
p”?:jge v%it\;]etrr){eplr?oe%/rr?sz\s/iﬁrigzvr wggessselrr\]/e de;r?:r:g-e amlhgly, the sound pressure spectra exhibit @ dependence.
tion obtained for the larger orifice diamet.635 cm was The source function was compared with the nondimen-

. . . . sional spectra obtained by Nelsat al. (1981). In their
approximately 2 or 3 dB higher in level than tRefunction : .
obtained for the smaller orifice diametéd.318 cm. This study, different formulations were used for the planar wave

: . . .frequency range and the multimode frequency range. Over
difference decreased slightly as the St number increased, e planar wave range, the sound power spectra were scaled

dicating a dgpendezr\ce ahat low values of St, which is by (1/jpc)p?U*4, while over the multimode range the spectra

pon5|stent with thal- low-frequency scaling law discussed were scaled by (bt)p2U%He. These are similar to the

in Sec. IV hat the tube di . ined h CP2U4He2 and p2U*He* scaling laws for sound pressure
h'INOti' that Fthedj[flfj c tl(rjr?ens?ns remaine q prﬁ a?ge Spectral density in this study, except they considered a dipole

while orifices with cifierent diameters were used. |Neretore g, .o jnstead of a quadrupole source. They therefore ob-

e e, ergned  rondimensindictspecum i nowed 20
decay per decade of St number, or alependence, for

was different. One of the main consequences is that the '€+t numbers above 0.2. This corresponds to & Stepen-

circulation regions in the.se two cases are different. Th'Sdence of the spectral density. This result is in contrast with
could contribute to the differences between the two casetche SES dependence of thé& function for a quadrupole

obseryed in Fig. 17. . ource(for St numbers above 2.%bserved in the present
Figure 18 shows the source spectral function versus Situdy
number for constant values of the Reynolds number for both It should be noted that the source spectral distribution

orifice diameters. As mentioned already, the influence of R‘function, as discussed before, describes the frequency distri-

e s it geasbuon of the propagating Component of he buinc cr-
. 9 ) X _ ergy. The energy in the turbulence associated with zero dila-
eter. A regression, shown in the figure, suggests & 8e-

pendence of the source spectral function on the St numbqt?tion velocity can only produce nearfield pressure
T i in the far field.
for St<0.9, and a St° dependence for St2.5. Considering uctuations, and cannot propagate as sound in the far field

the (pU?)2d/U factor, these correspond t6° and U8 de- e
pendences on velocity for the sound pressure spectra, respecc'— Sound radiation in a finite length tube

tively. The source function transitioned from the $tlepen- The experiment was repeated with the downstream
dence to a St° dependence over Strouhal number valuesanechoic termination removed. The orifice had a 0.381-cm
between 1 and 2.5. diameter. The jets discharged directly into open space from

The frequency dependence of the sound pressure specttee end of the downstream rectangular tu22.5 cm in
can be deduced from the basic trends of the source and réength. This significantly changed the acoustic loading of
diation functions. At low frequencies, thé function exhib-  the system, as well as the system acoustic response function.
its a f2 dependence. If the jet velocity is very small, the Sound pressure spectra were measured downstream of
function exhibits & ~° dependence, the Strouhal number be-the orifice, for different jet velocities and speed of sound.
ing large. The sound pressure spectra therefore follofvs’a  Figure 19 shows one typical sound spectrum Apr=12 cm
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FIG. 20. Source spe_c'tral distribution for the case of a finite length tubeF|G_ 22. Comparison between ttefunction obtained by removing the Rle

downstream of the orifice plate. trend from theG, function, and theS,,, function obtained experimentally.
The orifice plate was connected to a finite length tube downstream.

H,O and air as the medium. The high frequency part of theyStem acoustic transfer function; — = 10logG.

spectrum was similar to that obtained for the case with

anechoic termination. However, the low frequency part wasnent was obtained for the He number lower than the critical

quite different. The peaks and resonance in the spectrum sugajue corresponding to the cut-on frequency of the acoustic

gest a different system acoustic response function. higher modes. The discrepancies at high He numbers are

The spectral decomposition method was then used texpected since the plane wave assumption is no longer valid.
separate the three different functions. The source distributiohis good agreement at low He numbers also indicates a

function F, shown in Fig. 20, is similar to that for the case radiation efficiency functioM in the form of Hé.
with anechoic termination. The fluctuations at low Reynolds ~ The M function was also obtained by subtracting the
number are believed to be due to numerical errors. Figure dexpfunction from theG, function, as shown in Fig. 16. The
shows the function 10ldg;. Also shown in the figure are He? curve matches th#l function well at low He numbers.
two curves Hé for low He numbergHe<0.45 and Hé for  sjnce theGy,, function is not accurate at high He number,
high He number¢He>0.45. The good match of these two the agreement between the Haurve and thev function is
curves with the shape of @, function suggests a radiation poor, as expected.
efficiency of Hé and Hé at low He numbers and high He The variation of theF function with the Re number for
numbers, respectively. constant St numbers and St number for constant Re number

The G; function frequency distribution was similar to are respectively shown in Figs. 17 and 18 in comparison with
that of the measured sound pressure spectrum. For compathe F function obtained for the same orifice diameter with
son, the system acoustic response funct{®g,,, was calcu-  anechoic termination. These two functions matched very
lated using the same method as that for the case witlyell except at very low St number, over which tRéunction
anechoic termination. Th@ function, obtained by removing for finite length tube had a lower value than that for the case
the Hé trend from theG, function, was compared to the with anechoic termination. This difference may be due to the
Gexp function, which is shown in Fig. 22. A very good agree- numerical error, i.e., there is not enough overlapping at very

low St numbers. The twé functions showed a similar de-

40 ' ' ' - ' - pendence on the St number and Re number. The effects of
possible interaction between the flow field and acoustic load-
ing were thus negligible.

D. Sound power

Sound power can be determined by integrating &)
over the entire frequency range and dividing by the charac-
teristic impedancepc. At low frequencies where only plane
waves propagatéyl ~He?. With He=Ma- St, this H& term
can be converted into Ba? term. Ignoring the Re depen-
[ dence, the integration then leads to a sound power of the
0 o0z 04 06 08 1 12 14 order pU3Ma3. For the high frequency component)

He ~He*. Following a similar approach, the sound power is of

FIG. 21. G, function obtained for the case of a finite-length tube. . the orderpU®Ma®. These observations are consistent with
10logG,, d=0.381 cm;—-—-—-—: 20logHe; —-—: 40logHe. the derivation by Daviest al. (1968.

688  J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002 Zhang et al.: Sound generation by confined jets



VIl. CONCLUSIONS Bartenwerfer, M., and Agnon, R1976. “On the influence of viscosity of

. . .. the working fluid on the sound production of centrifugal fans,” DFVLR
Experiments were performed to study the characteristics Report, DLR-FB, 76-30,

of sound generated by confined stationary jets through cirCuzastenwerfer, M., Agnon, R., and Gikadi, TL976. “An experimental in-
lar orifices. Nondimensional sound spectra were formulated vestigation on noise production and noise propagation in centrifugal fans,”
as the product of a source spectral distribution function, a DFVLR Report, DLR-FB, 76-14.
radiation efficiency function, and a system response functioflake, W. K.(1988. Mechanics of Flow-induced Sound and Vibratiéwa-
which describes the acoustic effects present in the tube. Thefemic, New York. N . ,
source function is a function of both St and Re numbers, ang2"1es: H- G., and Ffowcs Williams, J. £1968. *Aerodynamic sound
the other two are functions of He number only. A spectral generation in pipe,J. Fluid Mecf824), 765778, ,

o . Flanagan, J. L(1965. Speech Analysis, Synthesis and Perceptidca-
decomposition method based on a source-filter model wasgemic, New York.
used to separate these three functions. Experiments wefgrper, V. H.(2000. “Respiratory tract acoustical modeling and measure-
conducted for two downstream tube configurations and two ments,” Ph.D. thesis, Purdue University, West Lafayette, IN.
orifice-tube dimension ratios. The results show that the sysHowe, M. S.(1998. Acoustics of Fluid-structure Interaction€ambridge
tem response function agrees well with the acoustic transferY-P- Cambridge _ _ ,
function between the sound pressure spectra in the sourdiPbard: H. H(1994. Aeroacoustics of Flight Vehicles: Theory and Prac-

. . . . tice. Vol. 1: Noise Source@coustical Society of America, New York

and (_)bserver locations in the tube. _The tube C‘?nf'gurat'(_)rﬂandau, L. D., and Lifshitz, E. M(1997. Fluid Mechanics(Butterworth
has little effect on the source function and radiation effi- Heinemann, Boston
ciency function, which confirms the negligible interaction Lighthill, M. J. (1952. “On sound generated aerodynamically—I. General
between the flow and acoustic loadings and the source-filtertheory,” Proc. R. Soc. London, Ser. 211, 564-587.
model. For a straight downstream tube configuration in thidveyer-Eppler, W.(1953. “Zum Erzeugungsmechanismus der Geraus-
study, the radiation efficiency is similar to that of sound gen- chlaute” z. Phonet. all. Sprachwissens#h196-212.
eration by a quadrupole source in tubes. This indicates thaf°"9ea!: L. Thompson, D. E., and McLaughlin, D.(E995. *A method

. . . L. . for characterizing aerodynamic sound sources in turbomachines,” J.
the dipole source contribution, which is due to the fluctuating ¢4 \ﬁb.181(3)g 369—33?9.

axial force aPpliEd by the Oriﬁf_:e Wa”., 'iS r?eg"gible: and th{f‘t Neise, W.(1975. “Application of similarity laws to the blade passage sound
the flow coming out of the straight orifice is very stable. This of centrifugal fans,” J. Sound Vib43(1), 61-75.
radiation efficiency also leads to @J*Ma® and pU3Ma®  Nelson, P. A, and Morfey, C. L(1981). “Aerodynamic sound production in
scaling for the sound power at low and high frequencies, low speed flow ducts,”J. Sound Vib9(2), 263-289.
respectively. The source function obtained for confined jetglerce, A. D.(1989. Acoustics: An Introduction to its Physical Principles
having two different orifice diameters matched very well, 2"d ApplicationsiAcoustical Society of America, New York

ithi dB diff Vsi f th lSeybert, A. F., and Ross, D. FL977). “Experimental determination of
W't '_n 2__3 B _' erence. Analysis of the source spectra acoustic properties using a two-microphone random-excitation technique,”
distribution function showed that Reynolds number effects j. acoust. Soc. Am61, 1362-1370.
were nearly negligible over the range 2000 to 20 000, excepghadle, C. H(1986. “The acoustics of Fricative Consonants,” MIT, Cam-
for a very slow increase of the source strength with the Rey- bridge, MA, RLE Technical Report 506, March 1986.
nolds number. The source distribution function was found to>tevens, K. N.(1998. Acoustic PhoneticsThe MIT Press, Cambridge,
decrease with the Strouhal number as approximately, it Massachusets

. Weidemann, J1971). “Analysis of the relations between acoustic and aero-
very low Strouhal number and Stat high Strouhal number. dynamic parameters for a series of dimensionally similar centrifugal fan

rotors,” NASA Technical Translation TT F-13, 798.
ACKNOWLEDGMENTS Zhang, Z., Mongeau, L., and Frankel, S. (2002. “Experimental verifi-

. cation of the quasi-steady assumption for aerodynamic sound generation
This StUdy was supported by Grant No. 5 RO1 by pulsating jets in tubes,” J. Acoust. Soc. Am., in press.

DC03577-02 fro_m t.he Na.tional InStitUt_e of Deafrjess anthao, Z., Frankel, S. H., and Mongeau,(2001). “Numerical Simulations
Other Communication Disorders, National Institutes of of Sound from Confined Pulsating axisymmetric Jets,” AIAA3R(10),
Health. 1868-1874.

J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002 Zhang et al.: Sound generation by confined jets 689



