Sound generation by steady flow through glottis-shaped orifices
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Although the signature of human voice is mostly tonal, it also includes a significant broadband
component. Quadrupolelike sources due to turbulence in the region downstream of the glottis, and
dipolelike sources due to the force applied by the vocal folds onto the surrounding fluid are the two
primary broadband sound generating mechanisms. In this study, experiments were conducted to
characterize the broadband sound emissions of confined stationary jets through rubber orifices
formed to imitate the approximate shape of the human glottis at different stages during one cycle of
vocal fold vibrations. The radiated sound pressure spectra downstream of the orifices were measured
for varying flow rates, orifice shapes, and gas mixtures. The nondimensional sound pressure spectra
were decomposed into the product of three functions: a source fureti@nradiation efficiency
function M, and an acoustic response functi®n The results show that, as for circular jets, the
quadrupole source contributions dominated for straight and convergent orifices. For divergent jets,
whistling tonal sounds were emitted at low flow rates. At high flow rates for the same geometry,
dipole contributions dominated the sound radiated by free jets. However, possible source-load
acoustic feedback may have hampered accurate source identification in confined flR@84©
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I. INTRODUCTION human voice at high frequenci¢above approximate 7000
Hz). Similar jet flows are also involved in the generation of
Voice production involves sound generation by turbulentfricative consonants, another important component of
confined jets through an orificéhe glottig with a time-  speech. A better understanding of the broadband sound gen-
varying area. The glottis is a slitlike orifice between the vo-eration mechanisms is useful in speech applications such as
cal folds, located in the airway and connected to the voca|pice diagnostics and high-quality speech synthesis.
tract. In voice production, the glottis is excited into self-  There have been relatively few studies on the production
oscillations by the airflow through it, causing a confined pul-of hroadband sound from air flow through the larynx and the
sating air jet downstream. The motion of the vocal folds iSyqcal tract. Early measurements suggested that the broad-
complex, and involves a continuous evolution of the orificepang noise spectrum is relatively constant in the mid-audio
profile. One cycle of the orifice time history may be idealizedfrequency rangeFlanagan, 1965 Experimental work by
using a succession of three representative glottal wall proyeyer—Eppler(1953 has suggested that, for fricative con-
files: convergent, straight, and divergent. The acoustic wavegynants, a critical Reynolds number exists below which there
generated by the pulsating jet flow, which represent the maify o jigible turbulent sound generation. Meyer—Eppler has

voice source, are effectively filtered by the articulators form-yo,1te that the sound pressure related to turbulence in the
ing the vocal tract downstream, such as the mouth and nasﬁlrflow increases with the square of the Reynolds number.

cavity, before being radiated from the lips. Such a scaling law, however, was postulated without rigor-

The radiated sound signature in voice production CONGus  verification through systematic changes in physical

sists of the sum of a periodic component and a randomrnoolel size or working fluid.

broadband component. The periodic component due to the Steveng1998 has reported that the radiated sound pres-

pulsating flow forced by glottis oscillations dominates at low . ) .
L . . . sure from turbulent flow through constrictions is proportional
frequencies in sonorant sounds. This basic tonal voice pro- . . .
. . to the third power of jet velocity and the square root of the
duction mechanism is generally well understood, and can be I
. . . constriction area. The recent work of Harp&000Q on
modeled using a quasi-steady approximatidhang et al, breathing sounds was again based on a Reynolds number
2002h. The (modulatedl broadband component, which is 9 9 y

presumably related to the turbulence in the air stream, iQower law. Such models neglect the possible influence of

much smaller in amplitude for phonation at low frequencies.aco'“'StIC loading on sound production. The spectrum of the
ound pressure for a source such as turbulent flow past an

However, broadband sound is an important component of .
obstacle located in an open space tends to have a broad peak

at a constant Strouhal numb@oldstein, 1978 To account
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longue, 69134 Ecully, France. ponents, inverse filtering methods are needed. Many of these
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methods may not yield accurate results when the soundself. In measurement using a dynamic mechanical model of
source region is spatially distributed, random, and spatiallythe larynx and the vocal tract, Barney and co-worké@99
partially coherent. found evidence of a vortex train, which contributed to sound

Broadband sound generation by confined stationary jetsadiation due to the interaction with the vocal tract down-
through circular orifices was recently studied by Zhabgl.  stream. Hofmangl1998 experimentally and computationally
(20023. An acoustic similarity law was derived, in which the investigated the starting flow through various mechanical
nondimensional sound pressure spectrum was formulated asodels comprising nozzles and orifices. A very complex be-
a product of a source spectral distribution function, a radiahavior of interacting vortices due to the jet instability was
tion efficiency function, and an acoustic frequency responsebserved. Frequencies of pressure perturbations associated
function. The three functions were separated using a spectralith the vortex pairing and merging process were in the au-
decomposition method, thus allowing the identification ofdible range. Contributions to speech production were postu-
source type and source spectral characteristics. Sound radiated.
tion was found to be similar to that of a quadrupole source in ~ The present study is an extension of the work of Zhang
tubes, with negligible dipole contribution. et al. (2002a. The objective was to investigate the possible

For sound generation by stationary jet flows througheffects of the orifice geometry on broadband sound genera-
glottis-shaped orifices, dipole sources due to the fluctuatingon. The investigation of the source spectral characteristics
pressure on the orifice walls may play a role in addition tofor different orifice geometries could also allow the develop-
the quadrupole sources due to flow turbulence in the regioment of advanced models for broadband voiced sound in
downstream of the orificéZhang et al, 2002b. It is be- speech synthesis applications. Whistlelike tone generation
lieved that the shape of the glottal orifices has an importanfor geometries featuring a divergent orifice cross-section was
impact on the behavior of these two sound productiorencountered, and is also discussed.
mechanisms. In particular, there may exist interactions be-
tween vorticgl_ flow structures a_nd the so_und field in case THEORETICAL BACKGROUND
where the orifice walls form a divergent diffuser.

Vortex structures in jet flows through orifices have been A brief description is given in this section of the acoustic
well described. Johansgh929 studied water flow through a  Similarity law and spectral decomposition method derived by
sharp-edged circular orifice mounted concentrically in aZhanget al. (2002a. The readers are referred to the original
glass pipe. Flow visualization showed an axisymmetric jetPaper for a detailed analysis and validation.
with vortex rings. At low Reynolds number, as the flow be-  Consider sound generation by a finite region of turbu-
gan to transition from laminar to turbulence, these vorticedence in a long rigid rectangular tube. Assuming a compact
were shed at a constant Strouhal number. Vortices were algg@urce region, the radiated sound pressure spectral density
observed to emerge from a sharp-edged two dimensional si@@n be expressed as the product of a source spectral distri-
as well as a sharp-edged circular orifice in a rectangulaPution functionF, a radiation efficiency functiov, and a
channel by Beaverst al. (1970. Vortex sheets were formed far-field acoustic response ter@. The latter describes the
with a constant Strouhal numbéd.43 for two-dimensional effects of sound propagation phenomena from the source re-
jets and 0.63 for circular je)s)ver Reyno'ds numbers rang- gion to the observer. The nondimensional sound pressure
ing from 500 to 3000. Flow visualization of the jet formation spectrum,E= S, (X, f )/(3pU?)?2d/U, is presumed to obey
process has been performed by Shastlal. (1987 using a  the product lan(Zhanget al, 2002a:
dynamic model of the vocal folds consisting of two rectan- d X
gular shutters. It was found that when the orifice was slightly E= F( St,Re— M(He)G( He,—R,R> ; (1)
off-center, the jet attached to the wall closest to the orifice. D D
When obstructions representing false folds were added/here Syp Is the sound pressure spectral dendiyijs the
downstream, however, the jet plume “straightened out.” Re-tube cross-sectional dimensiahjs the orifice hydraulic di-
cently, flow visualization observations have been made foameterxy is the observer locatiom is the fluid density, and
flow through a rigid static divergent glottis modéDabiri R is the acoustic boundary condition. The hydraulic diameter
et al, 200). The jets were found to be skewed, and oscil-was defined for the slit-shaped orifice cross sections as 2
lated randomly. Vortical structures were also observed. Thé&mes the orifice width. The dimensionless groupings are de-
flow separation points moved along the glottis walls as thdined as Re-Ud/v, St=fD/U, He=fD/c, whereU is the
transglottal pressure was varied, and the flow was very uneenterline velocity of the jety is the fluid viscosity,f is
stable. frequency, ana is the speed of sound.

Instability waves and related vortex structures are pos-  The radiation efficiency is defined as the ratio of the
sible sound sources. Relationships between the existence Hdiated sound power and the mechanical power driving the
forced shear layer instability and radiated sound were idensound generation phenomena. For a multipole source of or-
tified in the experiments of Moore977). McGowan(1988 dern in free space, the radiation efficiency function is of the
used an aeroacoustic approach to study the source of soundder of kD)?" (Howe, 1998, wherek is the wave number.
during phonation. He postulated that, in addition to the un-The radiation efficiency decreases with ascending multipole
steady volume velocity monopole source, an oscillating forceorder. The presence of the confinement changes both the
(i.e., a dipole sourgearises from the interaction between source characteristics and the sound field. At frequencies be-
vortical structures shed from the glottis and the velocity fieldlow the duct cut-on frequency, in which only plane wave
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FIG. 2. Cross section of the three orifice passa@@sconvergent,(b)
straight, and(c) divergent. The flow direction is from left to rightd) EI-
evation of the orifice showing the frontal opening area.

Test section

FIG. 1. Schematic of the experimental apparatus.
the orifice, and has a comparatively uniform spectral shape

propagation is possible and the sound field is essentially onéZhanget al, 2002a. For a multipole sound source of order

dimensional, sound radiation is more efficient in tubes tharf: 1€ G1 function then follows closely the trend of the
in free spacéHowe, 1993. For example, the radiation effi- function. Therefore, it is possible to identify the dominant
ciency of a quadrljpole source in tubés is in the form oforder of the source multipole from the trends in the measured

(kD)2, in contrast with kD)* for a quadrupole source in 1 functions.

free space KD<1). As frequency increases above the
cut-on frequency, the sound field is three-dimensional andi|. EXPERIMENTAL APPARATUS
the sound radiation behavior approaches that for free space

(Davies et al, 1968. The radiation efficiency accordingly Hardware from a previous study was us&tianget al,
transitions from kD)2 to (kD)*. 2002a. The test section consisted of two rectangular tubes,

as illustrated in Fig. 1. Each tube had an inner cross-section
holtz number. Their product forms a new functién. Fora  2:29<2.25cm and was 22.5 cm long. A 6 mm thick rubber

fixed microphone position, constant acoustic boundary condlottis-shaped orifice plate with two cover aluminum plates
ditions and orifice geometry, Eql) becomes was inserted between the two rectangular tubes. The rubber

glottis-shaped orifice plates were built to simulate the human
E=F(St,ReG,(He). (2)  vocal folds geometry, and acted as a constriction to the air-
The three functions can be separated from measuretPW. Three different orifice geometrigstraight, convergent,
sound pressure spectral data using a spectral decompositi@fd divergent (Fig. 2) were used in the experiments, each
method(Zhanget al, 20024, assuming a linear source-filter féPresenting a typical stage of the phonation cycle. The two

model for the sound generation system. Expressing the nofUbes were connected to anechoic terminations on both the
dimensional spectrum using a logarithmic scale, By.is  flow supply and the discharge ends, respectively. The same

The M andG functions are functions of only the Helm-

rewritten as anechoic terminations were used as in previous studies
(Zhang et al,, 2002a; Zhanget al., 2002h. The reflection
10logF(St,Re=10logE—101logG;(He). (3 factor of the downstream system was measured using the

Nondimensional sound spectra may be plotted against the §¥0-microphone method. Its magnitude is shown in Fig. 3
number and the Re number for valuesfafindc forming a ~ Over the plane wave frequency range. The reflection factor
constant He number. Since tlkeand G, functions are as-
sumed to be independent, surfaces for consecutive He num 1.0
ber values should be parallel to each other. They should hawt
the same functional shape and only differ by a constant level
difference over the St—Re plane. This level difference is
equal to the difference in the value of 10 I8¢ correspond-
ing to the two He number values considered. By arbitrarily
imposing a zero value to the functidd; at the minimum
value of the He number in the experimental data, &e
function can then be uniquely constructed over the entire
range of He number. This allows 10184 functions to be
obtained for each combination of the Strouhal number and
the Reynolds number using E(B). The final value of the 0.2
function 10log- is obtained by ensemble-averaging all
10 logF* functions.

It. has bgelj shown that the acoustic frequency respons 00 — 10'00 000 30'00 : 40'00 : 50'00 : eoloo 000
function, G, is in good agreement with the transfer function Frequency (Hz)
between the radiated acoustic pressure at one fixed location
and the strength of an equivalent velocity source located at FIG. 3. Magnitude of the reflection factor of the downstream system.
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magnitude lies below 0.3 at most frequencies. The peak: T ' - r - r - - 1 1
around 3500 Hz and 6900 Hz are believed to be due to the 7o .
fact that the microphone spacing is a multiple of half-
wavelengths and the calculation of reflection factor is inde-
terminate. More resonances may exist at frequencies beyon
the cut-on frequency of the acoustic high modepproxi-
mate 7000 Hx The flow supply was designed for the use of 5L
different gas mixtures in the experiments. Use of different @ M% ey mwv ﬂ W
working fluids allows the variation of fluid properties, such WWM o ww\ e W /,Aﬁl
as the viscosity and the sound speed. Three different 40} V\N ' \W u“‘ ,, WW’”“ W , T
helium—CQ mixtures, with helium mole ratios of 0, 0.33, i ey i ww W/ ”w/
and 0.57, were used in addition to air, allowing the speed of | MWMXN"“M | H“‘W« (TN |
sound to be varied between 268 m/s and 409 m/s, and th ww” Nw 3
viscosity to be varied between &40 ° m/s and 72.69 PR R T T OB
X 10 ¢ m/<. f (H2)

Two flush-mounted microphone@®.35 mm diameter,
B&K 4938) were installed along the tubes, each 14 cm up-IG. 4. Sound spectra measured for different transglottal pressure using air.
stream and downstream from the orifice plate, for the mealsm'ghtg'omS shaped orific@, Ap=_8 cm H,0; ®, Ap=10cm HO; 4,
surements of the radiated sound pressure. The backgroumﬁi8 iﬁqcl_fo'_b(: Avp égcrﬁ‘:_;g] HO: ¢, Ap=16cemHO: < Ap
noise of the system, measured with the flow supply turned
off was found to be negligible. Preliminary measurements
were made using two microphones, with the second one incussion in Sec. I, thév function approximately obeys He
stalled 9 cm from the orifice plate. Measurement of the presand Hé trends at low and high He numbers, respectively,
sure frequency transfer function between the two microindicating a dominant quadrupole-type sound source. The
phones showed that the pressure disturbances propagatedcatresponding source functioR, is shown versus the Rey-
the speed of sound. At very low frequencies, the microphon@olds number for constant Strouhal number, and versus the
may have been in the acoustic near field and recorded pse&trouhal number for constant Reynolds number in Figs. 6
dosound due to the turbulent structures which may not havand 7, respectively. Recall the hydraulic diameter is used as
been dissipated completely. This is believed to have inducethe characteristic dimension in the Reynolds number. The
some errors at low frequency in the identifiedl function  effects of Reynolds number were nearly negligible over the
and G, functions. range from 200 to 20000. This was expected since large

The output signals from the microphones were acquiredcale turbulence contains most of the flow energy, and is
at a sampling rate of 32768 Hz using an HP356XA datasound radiation efficient. Increasing the Reynolds number
acquisition system. The volumetric flow rate through the ori-implies finer grain turbulence in the flow, produced through
fice was measured using a precision mass-flow m@&ara- the well-known cascading process. Small grain turbulence is
tron type 558A at the inlet of the test section. The time- spatially incoherent and thus contributes little to sound gen-
averaged pressure gradient across the orifice was measuredtion. Regressions show that the source function decreased
using a pressure transdud&aratron type 220§, with pres-  approximately with the third power of the Strouhal number
sure taps installed along the tube as close as possible to the
orifice plate. 0

3
¥ T
o G =

—_—

M\“‘W M W‘v -

IV. BROADBAND SOUND GENERATION
A. Straight orifice 30

Figure 4 shows radiated sound pressure spectra in air fo
different values of orifice pressure dropp. The spectral
level increases with the pressure drop, or the centerline ve®d 2o
locity calculated using Bernoulli’'s equation

U=2Ap/po, (4)

where p,=1.2 m/s is the medium density. Note that pres-
sure heads in voice production studies are customarily re-
ported in units of cm water.

The spectral decomposition method discussed in Sec. Il
was used to separate the acoustic frequency response fun
tion, the radiation efficiency function, and the source spectral He
Q|strlbuthp function. Figure ,5 shows the resultiGg func- FIG. 5. Acoustic frequency response versus Helmholtz nunilbestraight
tion. Additional curves showing Heand Hé power laws are glottis-shaped orificeD, convergent glottis-shaped orifice- -, 20 log He;
also shown in the figure for comparison. Following the dis------ , 40 log He.

10log
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FIG. 6. Source spectral distribution function vs the Reynolds number at
constant Strouhal numbers for different orificd®, circular orifice; @,
straight glottis-shaped orificek, convergent glottis-shaped orific¥,, free

jets from divergent glottis-shaped orifice. Solid symbols; 3t open sym- ; A
bols. SES5. Convergent glottis-shaped orifice. B, Ap=10cmH,O; @, Ap

=12cmH,0; A, Ap=14cmH,0; V¥, Ap=16cmH,O; ¢, Ap
=18cm H,0; 4, Ap=20cmH,O; », Ap=22cmH,0; ®, Ap
=24 cm H,0.

FIG. 8. Sound spectra measured for different transglottal pressure using air.

for Strouhal numbers smaller than one, and with the fifth
power for Strouhal numbers greater than two, which is simi-

lar to the circular orifice caseZhanget al, 20023. and immediately downstream the orifice is very stafde

“laminar” ), and turbulence appears further downstream into
the tube(see discussion of Fig. 17 belpw-or greater Helm-
Similar experiments were performed using a convergenboltz numbers, theS, function deviates from a Hetrend.
glottis-shaped orifice. Figure 8 shows the sound spectra meZhe radiation function approaches at high frequency & He
sured for air and different pressures. As in the case of straigdaw characteristic of a free field. Accurate regression at high
orifices, the spectral amplitudes increase with jet velocityHelmholtz numbers is difficult due to the presence of many
The spectral decomposition method was applied and the reéesonances and sparse data points. At very low Helmholtz
sulting G, function is shown in Fig. 5. Thé&,; function  numbers the3; function is independent of Helmholtz num-
follows a Hé trend at low Helmholtz numbersip to around ~ ber, which is partially due to flow supply noise. Another
0.45, the cut-on Helmholtz number for higher order acousticsource of errors is the possible pseudosound recorded by the
mode$, indicating a quadrupole-like sound source dominantmicrophone, as discussed earlier in Sec. Ill.
at low frequencies. This is not surprising, as the flow within The F function is plotted versus the Reynolds number
and the Strouhal number in Figs. 6 and 7, respectively.
10 — ——rry — Again, the effects of the Reynolds number were negligible.
[ ] The spectral shape of thefunction was very similar to that
for the case of a straight orifice, following a Sttrend at
low Strouhal numbers, and St at high Strouhal numbers.

B. Convergent orifice

-20
-30
-40

-50 C. Divergent orifice

-60 L .. .. . -
The sound radiation characteristics of divergent orifices

were different from those of the straight and convergent ori-
fices. Figure 9 shows the sound spectra measured with air for
mean pressure drops from 9 cm®ito 30 cm HO. Broad-
band levels seem to jump up for pressures above 10 gth H

As the mean pressure drop further increases, level changes
are frequency dependent. The sound levels are nearly con-
stant within specific frequency bands, for example around 4
kHz. Near the Nyquist frequency of 12.8 kHz, the spectral
level culminated for intermediate pressures around 18 cm
H,O.

FIG. 7. Source spectral distribution function vs the Strouhal number at ? Figure 10 shows similar sound spectra measured with

constant Reynolds numbers for different orific@, circular orifice; @, . . .
straight glottis-shaped orificek, convergent glottis-shaped orific¥, free CO, as the Workmg fluid for norminal pressure drOpS from

jets from divergent glottis-shaped orifice. Solid symbols=R600; open 10 om HO to 26 cm HO. _The n(_)minal pressure drOP_ is
symbols, Re=7000; - - -,—50 log St; ----, —30 log St. defined based on the density of air instead of the density of

-70

10logF
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f (Hz) FIG. 11. Acoustic frequency response versus Helmholtz nuniiliediver-
gent glottis-shaped orifice, confined flows; divergent glottis-shaped ori-
FIG. 9. Sound spectra measured at high flow rate in air. Divergent glottisfice, free jet flows- - -, 20 log He.

shaped orifice. B, Ap=9cmH0O; @, Ap=10cmHO; A, Ap
=14cmHO; V¥, Ap=18cmH0O; &, Ap=22cmHO; <« Ap
=26 cm HO; », Ap=30 cm H,0. 10logF function was observed among the individual
10logF* functions, with a standard deviation of 5 dB as
the specific gas mixture. Thus values of nominal transglottacompared to the approximate 15 dB dynamic range for
pressure correspond to a given jet velocity, regardless of gakd logF. Since it is unlikely any other sound generating
mixture. Since the sound speed is smaller in,C@e spec- mechanisms was present, this characteristic behavior was at-
tra extend to a larger He number. Two resonance frequencidgbuted to some kind of flow-acoustic interaction in this
(around 6000 Hz and 12 000 Hmay be detected from the case. Vortex shedding, pairing, roll-up, and growth of insta-
spectra. Again, the sound level at high frequencies culmibility waves are very sensitive to small acoustic disturbances.
nated around 18 cm }D. The behavior above 8 kHz indi- Any small disturbances reflected back to the orifice region
cates that there may exist a tonal component of comparableould affect the near field flow, in particular flow separation
amplitude at high flow rates at a frequency in between th@nd vortex shedding. A feedback loop may therefore exist.
two tube resonance frequencies. The tonal frequency inthe confined tube configuration could definitely increase
creases with the jet velocity, and, when superimposed on thacoustic disturbances and enhance this kind of interaction,
broadband component, may contribute to the complexity irinvalidating the basic source-filter model assumption.
the overall spectral shape and amplitude. This is discussed This is substantiated by results obtained with the down-
further in Sec. V. stream tube removed, in an open jet configuration, shown in
Efforts were made to separate the source function usinig. 12. The measurements were made on the jet axis, 16 cm
the spectral decomposition method. The resulgfunc-  away from the jet exit plane. The spectra are more predict-
tion, shown in Fig. 11, does not seem to obey a multipoleable, with seemingly constant level increases with pressure,
power law of the type Heas for the straight and diverging
cases. Significant scattering from the ensemble mear
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FIG. 12. Sound spectra measured at different high flow rate in air. Free jet
FIG. 10. Sound spectra measured at high flow rate in, CDivergent flow through a divergent glottis-shaped orifidll, Ap=10cm HO; @,
glottis-shaped orifice@, Ap=10cm HO; ®, Ap=14cm HO; A, Ap Ap=12cmHO; A, Ap=16cmHO; V¥V, Ap=20cmHO; ¢, Ap
=18cm HO; ¥, Ap=22cm HO; ¢, Ap=26 cm HO. =26 cm H0; <€, Ap=30cm HO.
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FIG. 13, Sound spectra measured at low transglottal pressures in air, Diver- COQ, jet; ¢, confined He-CQ jet*, free air jet; +, free CQ jeti—, St

gent glottis-shaped orifice. Pure tones were observed. M, Ap=1 cm H,0; =0.23; - - -, S+0.46.

®, Ap=2cmH,0; A, Ap=3cmnH,0; V¥, Ap=4cmH,O; ¢, Ap
=5cmH,0; <4, Ap=6cmH,0; P, Ap=7cmH,O; @, Ap

S om ILO sound pressure spectra measured with air for transglottal
=8 ¢m H,0.

pressures between 1 cmy® and 8 cm HO. The frequency
of the tones increased nearly linearly with the jet centerline
except at low frequencies because of background noise atelocity. As the jet velocity was increased, broadband sound
tributed to the flow supply. The spectral decompositionincreased gradually in level until it reached that of the tonal
method was again applied for this case. As shown in Fig. 1lgomponent. Eventually, as the transglottal pressure was in-
the G, function follows a Hé power law for mid- and high- creased abovap=9 cm H,0 (Fig. 9), the broadband com-
Helmholtz numbers. This suggests that the sound source gonent dominated although tones were still present in the
dipolelike in this casdi.e., for a divergent orifice Due to  spectra in some cases.
the unstable flow separation within the glottis, there exists  Figure 14 shows the Strouhal number of the tonal
significant interaction between the shed vortices and the orisounds versus the jet velocity. The hydraulic diameter of the
fice wall. The resulting dipole source then tends to dominat@rifice was used as the characteristic dimension in the defi-
the sound field. The quadrupole source, which is associatetition of the Strouhal number. Both the fundamental, St
with the turbulence region downstream of the orifice, is~0.23, and the first harmonic, $0.46, of the tonal sounds
therefore less important. At lower Helmholtz number, @y are shown. These values correspond to values reported for
function tends to decrease with the Helmholtz number, whiclvortex shedding in shear layers, for example, for flow past a
may again be due to significant background noise in the freeylinder (Blake, 1988. It was found, by varying the working
jet configuration. Other errors may occur since the soundluid, that the effects of viscosity on the tonal sounds Strou-
pressure measurements were made in the acoustic near figldl number were insignificant. The effects of the orifice di-
at low frequencies. The fluctuations in tkd function are  mensions are unknown, since the experiments were per-
believed to be due to reflections off surfaces near and dowrformed with the orifice area kept constant. At low flow rates
stream of the jet exit. Th& function is plotted against the (2 and 3 cm HO in air, or 18.08 and 22.14 m/s for the jet
Reynolds number and the Strouhal number in Figs. 6 and %elocity), the fundamental Strouhal number was only 0.15 in
respectively. The source spectra culminate at midfrequenciesne case, and Strouhal number values for tonal components
For Strouhal number values lower and higher than the pealere scattered over a range.
Strouhal number, th& function approximately follows 3t The tone Strouhal numbers and their onset velocities
and St? trends, respectively. were consistent for different tube configurations. For ex-
The significant difference observed in the sound generaample, radiated sound spectra measurements were repeated
tion between the confined jet and free jet configurations fowith the downstream tube removed to eliminate possible
large flow velocities indicates that significant source-tubeflow-acoustic loading feedback. The Strouhal numbers of the
acoustic interaction may exist in the confined jet configuratonal sounds, shown in Fig. 14, were found to coincide with
tion for the divergent orifice shape. Such interaction was notheir confined jets counterparts. This suggests that the jet
evident in the results for the other orifice geometries studiectones may be caused by a hydrodynamic phenomenon, and
not by flow-acoustic interactions as the case of broadband
sound generation at high flow rates discussed in Sec. IV C.
For one case, the instantaneous spanwise velocity profile
Tonal sounds were produced for low flow rates throughwithin the jet was measured using a gated hot-wire probe
the stationary divergent orifice configurations, for flow ve-located 0.5 mm downstream from the orifice exit. The probe
locities ranging from 17 to 37 m/s. Figure 13 shows typicalwas traversed every 0.1 mm afpa 3 mmspan, which in-

V. TONAL SOUND GENERATION
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FIG. 17. Flow visualization of free jet just beyond the converdesy) and
0 05 1 15 divergent(bottom orifices.Ap=4 cm H,O. The jet in the first 5 to 10 mm

s . . ;
Tittie a0} %10 is clearly more stable in the convergent case than for the divergent case.

FIG. 15. Time history of the normalized jet velocity along the spanwise . - . .

direction in presence of the jet tone. The center of the orifice is at the zer(Bhe d'Vefge“t orifice. Thls could change_thg flow re_s,lstance

spanwise distance. of the orifice and result in a surge, or periodic “blocking” of
the orifice. Note that this phenomenon did not occur for con-

. . . vergent orifices. Flow separation, or stall, is known to occur
cluded the entire jet plume. The data acquisition was trig-

nder adverse pressure gradient for jet flows through diver-
gered and phase-locked at each location by using a ﬁltereé3 P g J g

v s idal q iral f he mi h ;ent channels. Over a certain range of diffuser angle and
nearly sinusoidal sound pressure signal from the microphong,i, o orifice length to orifice throat width, large transitory

Iocatgd in th? tube upstream of th.e orifice. The i.nstantaneouﬁaus occurs and the entire flow region is characterized by a
velocity profile for a few cycles is shown in Fig. 15. The large, low frequency surge or stakline, 1959. Such dy-
frequency of the tone was 5.1 kHz, and the transglottal press, e sta)l induces pressure fluctuations and unsteady flow
sure 6 cm HO. Th? velocity oscnIaFed in phase thr°“9h°“t behavior both upstream and downstream of the orifice
the span of the orifice. The harmonic component at twice th?"Smith, 1975%. Similar observations were made in studies of
fundam.entql frquency was strong. There was no apparepf g, through knife-edge orifices by Johan$&829, and
fluctuation in t.he.Jet core chat|0n over one cycl_e, and thu eavers and Wilsof1970. Vortical structures shed at a con-
no apparent fllpp]ng of the jet plume from one diffuser wall stant Strouhal number over the range 20Re<3500 were

o the qther. The jet was perm.anently.attached to one.v\{all, AJbserved. The Strouhal number observed of the vortical
;hown n 'F|g. 16, as found using an oil-based smoke injectedy, .t res for the two-dimensional orifice was around 0.43,
into the air stream, and a strobe Ilght. For a transglottal pres; hich is approximately twice the value for the jet tone ob-
sure of 10 cm KO, the jet plume is clearly skewed as a gq1 a4 in present study. This could be accounted for by vor-
result of attachment to one of the glottal walls. It is not clear,, pairing, with subharmonics excited and contributing to
whethlfar dth|s wzs d#e to a;]syr_nmeltry mdt_hehorlﬂce, orl 10 &g sound radiation. At low flow rates, paired vortices may
so-called Coanda effect. The jet plume discharge angle WaSair again with another vortex giving rise to oscillations at

bi-stable, and could be manipulated through slight adjusty o thirg of the vortex shedding frequency in the sound field.
ments in the orifice geometry. With very careful positioning,

the jet plume was normal to the exit plane in a state of
unstable equilibrium.

It is possible that shear layer instabilities within the jet
may cause a slight shift in the flow separation point within For the cases of a circular straight orifighanget al.,
20023, as well as for the straight and convergent glottis-
shaped orifices, the flow within and immediately down-
stream of the orifice is laminar and stable. Instability waves
appear several orifice diameters downstream, beyond which
the flow transitions to turbulence abruptly. Figure 17 shows
two pictures of the flow just downstream of the orifice exit
plane for the convergent orifig@nconfined flow. The lami-
nar core may be seen, along with vortical structures gener-
ated downstream due to shearing and mixing. The sound
generation process for these cases exhibits all more of a
o o , ~quadrupole type behavior, which may due to the fact that
?IhG. 1(.5.' FIow'wsuaIlzatlon of steady free jet just beyond dlvergenF Or'f'ce'turbulence appears several glottal diameters downstream in

e orifice exit plane roughly corresponds to the left edge of the image. It . .
can be seen that the jet is here attached to the lower surface of the orificE€ tubes and thus there is less random force fluctuations on
causing it to exit at an angle corresponding to orifice wall angle (15°).  the orifice. The source functions for these three cases follow

VI. EFFECTS OF ORIFICE GEOMETRY
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similar spectral similarity laws. Note for convergent shapesExtended flow visualization and detailed flow measurements
Fig. 17, the merging or collision of the corner vortices couldare needed to further understand the flow field and charac-
affect the quadrupole source strength. terize possible sound generation mechanisms.

For a divergent orifice, the flow is turbulent right beyond
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