Experimental verification of the quasi-steady approximation
for aerodynamic sound generation by pulsating jets in tubes
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\oice production involves sound generation by a confined jet flow through an aftifiegglottig

with a time-varying area. Predictive models of speech production are usually based on the so-called
quasi-steady approximation. The flow rate through the time-varying orifice is assumed to be the
same as a sequence of steady flows through stationary orifices for wall geometries and flow
boundary conditions that instantaneously match those of the dynamic, nonstationary problem. Either
the flow rate or the pressure drop can then be used to calculate the radiated sound using conventional
acoustic radiation models. The quasi-steady approximation allows complex unsteady flows to be
modeled as steady flows, which is more cost effective. It has been verified for pulsating open jet
flows. The quasi-steady approximation, however, has not yet been rigorously validated for the full
range of flows encountered in voice production. To further investigate the range of validity of the
quasi-steady approximation for voice production applications, a dynamic mechanical model of the
larynx was designed and built. The model dimensions approximated those of human vocal folds.
Airflow was supplied by a pressurized, quiet air storage facility and modulated by a driven rubber
orifice. The acoustic pressure of waves radiated upstream and downstream of the orifice was
measured, along with the orifice area and other time-averaged flow variables. Calculated and
measured radiated acoustic pressures were compared. A good agreement was obtained over a range
of operating frequencies, flow rates, and orifice shapes, confirming the validity of the quasi-steady
approximation for a class of relevant pulsating jet flows. 2802 Acoustical Society of America.
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LIST OF SYMBOLS

Ay glottal area(m?)
A, tube cross-sectional aré¢a?)

Lighthill stress tensor
flow velocity (m/s)

c speed of soundm/s)
Cq dimensionless orifice discharge coefficient

acoustic particle velocitym/s)
orifice wall velocity (m/9)

T
u
U. centerline velocitym/s)
u
v

d; tube inner diametefm) Zy glottal impedancéPa m 3s)

f frequency(Hz) Ap instantaneous pressure drop across the orifge
G  Green's function Ap, mean pressure drop across the orifieg
H Heaviside function po ambient densitykg/mS)

k  wave numbefm™) o  angular frequencyrad/9

L distance from the orificém) v kinematic viscosity(m/s’)

Pij Frteslsure StrZSF?a)tensma) ojj  Viscous stress tensor

p otal pressur .

p’ unsteady pressur@a Subscripts

Q instantaneous flow rat@n®/s) up upstream

Qo mean flow ratgm?/s) dn downstream

R  reflection coefficient 0 time-averaged

Re Reynolds numbeDqd,/Av c centerline

I. INTRODUCTION surgery, or guide surgeons in the clinic. They may also allow

more realistic speech synthesis and more effective speech
A good understanding of voice production is essentiakecognition algorithms to be developed.

for many applications in speech sciences. For example, some The basic mechanism of phonation is well understood,

physiological models for speech synthesis and recognitioms described by Wegé1930, Flanagan(1965, Titze (1973,

are based on articulatory parameters to model the speed®74, and others. Airflow is expelled out from the lungs by

production procesgGupta and Schroeter, 1993uch physi-  contraction of the rib cage. Air flows through the bronchi, the

ological models of speech production may someday assistachea, and the vocal folds where it is modulated by the

surgeons to predict the possible consequences of phonflew-induced vibrations of the vocal folds. A pulsating jet
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flow is discharged into the supraglottal region, excitingoughly validated experimentally. The range of validity of the
acoustic waves within the vocal tract. The vibration of theassumption is unknown for phonatiéMcGowan, 1998 At-
glottis is driven by the periodic changes in the pressure gratempts have been made to investigate the flow field of con-
dient across the vocal folds. When the vocal folds are fullyfined jets flow through steady and pulsating orifices. Shadle
closed, the pressure on the upstream side is increased, amd,al. (1987 studied jet flow through a mechanically modu-
after it reaches a threshold, forces the folds to open. As ailated orifice with a time-varying area. However, their studies
flows out, the pressure gradient is decreased and the vocalkre limited to flow visualization and static impedance mea-
folds are brought back together by the combination of asurements. Set al. (1987 investigated the near-field behav-
lower static pressure and elastic forces in the tissue. Th®r of gas jets in a long tube. Iguckt al. (1990 compared
cycle then repeats. The frequency of the vocal folds’ oscillathe properties of steady and pulsating confined jets through
tions determines the voice’s pitch. an orifice with constant area, and reported a difference in
In the widely used source—filter model of speech pro-flow characteristics between acceleration phase and decelera-
duction, the flow through the vocal folds is modeled as artion phase. Deviations from the quasi-steady approximation
ideal sound source, and the vocal tract acts as an acoustieere observed also in the study of pulsating confined hy-
filter (Flanagan, 1965 The source term is characterized by adraulic jets by Diebolcet al. (1990. Pelorsonet al. (1994
nonlinear “glottal impedance,Zy(t), which is defined as and Pelorsorf2001) have investigated flow separation phe-
the ratio of the transglottal pressure drop to the volume flonnomena and pressure—flow relationship for both steady and
rate through the glottis. The characteristics of the acoustiéinsteady flows through constrictions in a duct. They showed
filter depend on the instantaneous configuration of the vocdhat the pressure and flow velocity in unsteady flow predicted
tract, such as the position of the tongue, teeth, lips, and veusing the quasi-steady approximation was accurate, except
lum. The glottal impedance is essential to the source—filtefor short instants prior to orifice closure and opening.
model. It is a time-varying quantity determined by many  Mongeauet al. (1997 used a driven dynamic mechani-
factors, including geometry, as well as inflofgubglotta) cal model in order to investigate the validity of the quasi-

and outflow (supraglottal boundary conditions. A detailed Stéady approximation for an open jet configuration. There
understanding of the flow field is required to calculate thewas no tube downstream of the modulated rubber orifice.

glottal impedance from first principles. Furthermore, only one orifice shape, with convergent walls,
The flows involved in the production of speech are esWas considered. The same question for confined pulsating
sentially three-dimensional and turbuleflipour etal, Jets, however, has not yet been addressed. In voicing, the

1995. Three-dimensional simulations are needed to fullygeometry of the constriction between vocal folds varies dur-
capture the detailed flow and acoustic fields. Recently, Zha#'d one cycle. The shape of the modulated orifice can be in
(2000 performed direct numerical simulations to investigateturn divergent, straight, or convergent. This could induce sig-
the sound production mechanisms in confined axisymmetriificant changes in the flow dynamics, and may challenge the
jet flows through modulated orifices. However, because théegitimacy of the quasi-steady approximation. The present
pulsating jet flows involve turbulence and flow separationStudy was aimed at extending the verification of the quasi-
and the glottal geometry is complex, it is prohibitively ex- Stéady approximation for confined jet-flow configurations,
pensive to directly calculate the three-dimensional details of"d & few orifice geometries that are generically similar to
the flow and the acoustic fields simultaneously using computh€ glottis during voicing.
tational methods.

The quasi-steady approximation is often made to sim-
plify fluid flow analysis. It is assumed that the flow through 1l. THEORETICAL BACKGROUND
a time-varying orifice can be simulated by a sequence of . o
steady flows through orifices with the same geometry and An idealization of the human larynx and the vocal tract
boundary conditions as the time-varying orifice at specific? Shown in Fig. @). Air flows at low speed through an
time values. It is assumed that intrinsically unsteady effect@rifice in a rigid circular uniform tube.
related to flow acceleration or hysteresis can be neglected. ) ,
The quasi-steady approximation allows the modeling of Steady-state pressure—flow relationship
speech production as a sequence of steady flows, which are Consider first the case for which the orifice area does not
much easier to simulate than unsteady flows. The instantahange with time. For Reynolds numbers typical of phona-
neous glottal impedance can also be approximated by glottaion, the flow upstream and within the glottis is mostly lami-
impedances obtained directly from measurements usingar. Since the flow velocity is much smaller than the speed of
static physical models. The pressure—flow relationship irsound, it is reasonable to assume an incompressible flow
static physical models was studied first by We@&30 and  relation. Bernoulli's equation for a steady flow, along a
van den Berget al. (1957, and empirical expressions were streamline through the center of the orifice, yields
obtained for the glottal impedance. Many studies of static o 2
configurations, both experimental and computational, have Pup™ Pan= 2PoUc, @
since been reportegsee, for example, Scheret al, 1983;  wherep,, and py, are the upstream and downstream pres-
Guoet al, 1993. sure, respectivelyp, is the ambient density, and is the

Although it is widely used in speech-related applica-centerline flow velocity within the orifice. The volumetric
tions, the quasi-steady approximation has not been thoflow rate could be obtained by integrating the axial velocity
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ty tion includes an additional flow acceleration term, i.e., the
time derivative of the velocity potential. One might expect

Flow
— this term to contribute whenever large flow accelerations oc-
( , [ ) cur, such as when the glottis opens. Vortical structures shed
Tube with area A, My . h . e g
g4 . by the orifice wall motion could persist over a significant
O X period of time. They are convected at a rather low velocity
'X\ (approximately one-half the centerline flow velogjtyand
/ Orifice with area Ag(®) thus they could alter the boundary condition downstream in
(@) y/ the dynamic problem. The formation of a leading vortex
(see, for example, Zhaet al, 20002 when the orifice im-
Orifice pulsively transitions from a completely closed configuration
Flow, Upstream | | Downstream (no flow through the orifice at alto a fully developed jet is
also an inherently unsteady phenomenon which would not
«— -+ —» . .
— <H+ [one «t-H» - appear in a steady flow. Whether or not these effects contrib-
ol [a ] ute significantly to sound radiation is the main question ad-
Acoustie S U Acoustic dressed in this study.
loading R,, Monopole sources loading Ry,
(b)
FIG. 1. (a) The coordinate system used in the modb}); Acoustical repre-
sentation of the physical model. C. Acoustic source model

o - _ Strictly speaking, three major sound generation mecha-
within the orifice over a plane normal to the tube aftisre  pisms contribute to the radiated sound, as explained in de-

thex axig tails by Zhao(2000 and Zhaoet al. (2001b: (1) a quadru-
pole source related to kinetic energy fluctuations of the flow
Q:f L U(y,2)-ndAg, (2)  downstream of the orific§2) a monopole source due to the
9

mass of the volume of air displaced by the motion of the
whereA, is the orifice area. Due to the influence of viscosity orifice walls; and(3) a dipole source due to the unsteady
near the walls, the flow velocity is not uniform over the crossaxial forces exerted by the walls on the fluid. For conditions
section of the orifice. The orifice discharge coefficient is detypical of human voice production, the dipole source is

fined as dominant among the three sound-generation mechanisms
0 (more information about the formal acoustic analogy solu-
Cq= . (3)  tion for this problem is provided in the AppendixThe di-
UcAg pole source radiates sound waves that are equal in magnitude

Equation (2) can be rewritten in the following form, also and opposite in sign propagating upstream and downstream
known as Bernoulli’'s obstruction theory: of the orifice.
Assuming low-frequency planar waves radiated in both
Q=CaAgUe- (4) directions from the orifice, one can always idealize the
The orifice coefficient allows the effects of viscosity, of tur- source region as a moving piston. Considering an observer
bulence on the mean flow, of flow separation, and of orificdocated in the far field on either side of the piston, the piston
geometry to be accounted for. This parameter may be easilgan be modeled either as an equivalent monopole source or
calculated from measured values of the pressure differentign equivalent dipole. The vocal-fold dimensions are small in
across the orifice, and the volumetric flow rate. Equationsomparison with the wavelengths of interest. The two seg-
(1)—(4) provide the so-called steady pressure—flow relationgnents of tissue are 1.0 to 1.5 cm in length for females, 1.8 to
which are the basis for quasi-steady models. 2.2 cm for males, and 2 to 3 mm in thickness. For this study,
the source region was idealized as two ideal, acoustically
compact, one-dimensional equivalent monopoles. The pul-
sating flow radiates sound both downstream and upstream,
If the quasi-steady approximation is valid, Eq%) and  with the corresponding monopole sources having equal
(4) are then valid also for unsteady flow, with the variables instrength and opposit€l80° phase[Fig. 1(b)]. Note again
the equations representing the instantaneous values. For ufrat these equivalent monopole sources are not the same as
steady flow, the instantaneous pressure gradient across ttiee classical “displacement flow” monopole according to
orifice Ap(t) can be decomposed into two components: alighthill's acoustic analogy(an intrinsically nonstationary
time-averaged pressure gradieip, and a time-varying effect since its strength increases linearly with frequency
component pl’Jp— P4 - By substitution, Eq(1) can be re- The equivalent monopole source strength includes all sound-
written as generation mechanisms within the source region, believed to
B ;o N T be dominantly dipole-likgsee Eqg.(A5)]. The reason for
Ap()=Apo+ Py 0,1 =Par( 07, 1) = 2pUc. ®) choosing a monopole rather than a dipole was to allow indi-
This formulation neglects intrinsically unsteady phe-rect verification of the quasi-steady assumption, as clarified
nomena altogether. The unsteady form of Bernoulli's equain Sec. Il E.

B. Quasi-steady approximation

1654 J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002 Zhang et al.: Experimental verification of quasi-steady approximation



D. Sound wave reflections in tubes measure sound pressure away from the orifice. This, how-
Reflections occur as plane waves propagate througﬁver’ necessitates a deconvolution of the reflected waves and

finite-length ducts. The influence of reflections can be mod@" |t$rr]at|ve me(;hod ]?f sor:utmn..f_ . f th . d
eled theoretically by adding image sources whose strength is e procedure for the verification of the quasi-steady

determined from the acoustic loading at the end of each ducﬁssumtptlon IS as foIIov;?. .Thde bupstlre_am or dg WnGS tream
The upstream and downstream sides of the orifice are co 1COUSTIC pressure was obtained by Solving E45.(5), (6),
sidered separately, as illustrated in Figo)1 Each system has 7), and(8) simultaneously. First, initial values were selected

its own monopole source located at the orifice. Each monof-Or the upstream and downstream acoustic pressure, denoted

pole source radiates into a rigid tube with a termination char-by p;;(o_,t) andpé,ﬁ(o,t), respectlvely._These were then sub-
acterized by a reflection coefficieRt Plane-wave propaga- Stiuted into Eq.(5) and U, was obtained from the known

tion is assumed considering the small tube diameter and tH&irectly measuredApo. The instantaneous flow ra@(t),
low fundamental frequencybelow 200 Hz of the orifice was then_calculated from}c and/ measuredy and Aq(t)
oscillations. The acoustic pressupé both upstream and Values using Eqd). With Q(t), u,(01), andB,(0.w) cal-

downstream can then be expressedRisrce, 1989 culated using Eq(7), ptrllpﬂ(ojt_) was then determined using
Eq. (6), where the superscriptt 1 means the input for the
i+ 1 iteration. The value gb/;," Lot) was determined in the
same way using Eqg6) and (8). The quantityp;,"*(0}t)
was compared to its value at the previous iteratm’[g(o,t).

. al(wt+k(L=x))
tR-e jdo, ©) If the maximum difference was larger than a predetermined

whereB(x,w) is a function of position and frequency to be threshold value, i.ejma>{p;i[,+1(0,t)—pL’,ip(O,t)]|>a, the it-

determinedx is the distance along the tube from the orifice, grations continued Witlpl;;)“(o,t) andp;"1(0}) as the in-

L is the tube length or the distance of the microphone frompyyt for the next iteration. Otherwise, the iterative process
the source location, an@ andk are the angular frequency as stopped and;:f Y(0t) and p(’,L”(O,t) yielded the final
and wave number, respectively. value forp[(0t) andpy,”'(01), respectively.

Using the one-dimensional equivalent monopole source  Tq ensure numerical convergence, the acoustic pressure

model, the unsteady velocity at the source end is related t@as filtered such that only the first few harmonic frequency

IO'(X.t)=f B(x,w){e/(@t~kL=x)

the unsteady flow rate through components were retained. Frequency components above
Bu(0.0) _ about 600 Hz were ignored. The filtering process was carried
u,(0) = f p—c{e'(“’t_k”—R-e'(“’”k”}dw out in the frequency domain, every time E@), (7), or (8)
0

was solved. Finallyp,(L,t) and pgy(L,t) were calculated
1 using Eq.(6) for comparisons with experimental data.
- E{Q(t)_Qo}’ (7) This scheme relies on static pressure—flow relations in
order to calculate the radiated sound pressure in the dynamic
0l (01) = f Ban(O.w) [el1-KU_ R gl(otHkUn g, problem. Any shortcoming of the static relations would result
pPoC in differences between the predicted and the directly mea-
sured radiated sound pressure, implying a failure of the

1 . . .
- _ quasi-steady approximation.
A, {Q(H) —Qo}, (8

whereu,, andug, are acoustic velocities in the upstream and)j; ExPERIMENTAL APPARATUS

downstream tubes, respectivetyis the speed of sound; is

the cross-section tube area, aQg the time-averaged volu- A schematic of the experimental apparatus is shown in

metric flow rate. The subtraction @, from the instanta- Fig. 2@. A rubber orifice plate was built to simulate the

neous flow rate inside the parenthesis is to remove the nofuiman vocal-fold geometry, and acted as a constriction to the

zero mean component of the particle velocities. airflow. Three different orifice geometriéstraight, conver-
gent, and divergeint(Fig. 3) were used in the experiments.

The orifice plates were molded using a liquid rubber with a
room temperature vulcanized catalyst. During molding, two
The easiest way to verify predictions based on quasimetallic driving rods were inserted within the rubber sub-
steady models would be to simultaneously measure transtrate such that they protruded from each side. These two
glottal pressure and flow rate for static and dynamic configurods were connected to an eccentric and a shaft entrained by
rations. Unfortunately, the measurement of the instantaneowmn electric motor. Their movements were synchronized such
flow rate for the dynamic problem was not possible due tahat they moved in phase. The orifice was forced to open and
hardware limitations. An indirect method using radiatedclose periodically at the desired frequency, adjusting the ro-
sound data and empirical static pressure—flow data was useational frequency of the motor. Complete closuwath no
instead. One advantage of this “inverse filtering” approach isleakage¢ was enforced over one portion of the cycle in all
that only the features of the flow that are responsible forcases. The background mechanical noise generated by the
sound radiation are accounted for. Any “near-field” effect motor and other moving parts was measured with the air
(which would not contribute to speech production anywiay supply turned off. This so-called “background” pressure sig-
automatically ignored. For this reason, it is advantageous toal actually included the displacement flow sound related to

E. Verification procedure
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Pk
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m
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FIG. 2. Schematic ofa) experimental apparatuéy) anechoic terminations. sol : i i
" ! i :
. . s . 2 9 i '
the opening and closing of the orifice, which could not be & 5 i
distinguished from the mechanical noise. The amplitude of g i ;
the background mechanical noise was found to be small : H
compared with the sound generated by the pulsating flow -100 : :
. . . . . 1} )
inside the tube. The pressure signals associated with the mea 150 ; i
sured background noise were nevertheless subtracted fron ! ! H

measured sound pressures in the presence of airflow, with,y © 50 100 150 200 250 300 350 400 450 500

. . . f (Hz)
proper phase reference to the motion of the orifice. This pro-
cedure did not affect the signals significantly, as discussefllG. 4. Reflection factors of the upstream and downstream anechoic termi-
later. nations.(a) magnitude;(b) phase. : upstream; ——: downstream.

The orifice plate was inserted between two aluminum

plates, which hosted the ends of the intake and dischargge {ypes. To evaluate their performance, the anechoic termi-
hoses. Two anechoic terminations were connected to the Ofkations(from the second microphone locatjowere treated
fice plate on both sides to reduce possible reflections fromg equivalent two-pole black box elements. The reflection
either the air supply or the open end. Each anechoic termi,cior was measured using the well-known two-microphone
nation was mad_e of_two ovgrlappin_g sectio_ns of Co”ugateq’nethod(Seybertet al, 1977. Microphones(B&K 4938), 6
rubber hoses with different inner diamet¢fsg. 2b)]. The  m in diameter, were mounted on each anechoic termination
smaller hose, having a 2.54-cm inner diameter, was coNghe poth upstream and downstream of the orifice, with one
nected directly to one aluminum plate at one end. Near theyicrophone mounted 13 cm from the orifice and another 23
other end, the smaller hose was perforated and wrapped Usp, from the orifice. The results are shown in Fig. 4. The
ing flberglass over a 1-m-long section. Th_|s end SeCthﬂ_ Wagheasured reflection factor magnitudes of both upstream and
then inserted into a larger rubber hose with a 5.08-cm innego\ynsiream anechoic terminations vary between about 0.2
diameter. The junction was sealed to avoid any flow leakageynq 0.3 over most of the frequency range. The reflection
The anechoic terminations were designed to minimiz&actor js much larger at low frequency. Further reduction of
sound reflections from the upstream and downstream ends gfe reflection factor at low frequency is very difficult with
passive methods. The effects of reflection were suppressed
7/ using the convolution method discussed in Sec. II D.
To accurately measure the orifice area function, a pho-
toelectric sensor and a light source were installed on opposite

|

79 70 70 . .
1(5% / / - sides of the orifice, mounted on the tube walls. The photo-
Liss = = ' electric sensor signal was calibrated for different orifice

/ openings, using the following approach. A picture of the ori-
@, fice was made, with a scale placed close to the orifice open-
' ing. Numbers of pixels within the orifice opening and within
@ ® © Dimensions in mm the scale(the area of which was knowa priori) were then
FIG. 3. Cross section of the three orifice passadas:convergent;(b) counted using iImage-processing software. Their ratio is the

straight; and(c) divergent. The flow direction is from left to rightd) el- ratio of the area of the orifice and that of the scale. The value
evation of the orifice showing the frontal opening area. of the orifice area was then calculated. The process was re-
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peated nine times for nine different orifice openings. Alinear 0.9
relation between the output electric signal from the light sen-

sor and the orifice area was found. A linear regresswith oo ©2 O
coefficient of determinatiorR2=0.987) between the light 0.89 W e

sensor output and the orifice area was obtained for subse

guent data processing.

The volumetric flow rate was measured using a preci-
sion mass-flow meterBaratron type 558A The time-
averaged pressure gradient across the orifice was measur
using a pressure gaugBaratron type 220L The output
signals from the microphones and the light sensor were ac-© 07
quired at a sampling rate of 16 384 Hz, using a HP356XA ) *
data acquisition system, and saved for subsequent analysis.

(=]
-]
o0
x

0.75 ox

rifice Coefficient (C,)
(o]
x

O.DQ

0 500 1000 1500 2000 2500
IV. RESULTS Reynolds Number (Re)

The experiments were performed for three different ori-FIG. 5. Static pressure—flow relationship for the fully opened convergent
fice geometries, and mean pressure drops across the orifice ajifice. The orifice discharge coefficient defined by B).is plotted against
6-, 9-, and 12-cm KO. The upstream and downstream the Reynolds number. Two sets of pressure-flow data were measured, before
’ . ’ . and after the experiments. xxx: before experiments; 0oo: after experiments.
acoustic pressures were recorded together with the mean

flow rate through the orifice and the instantaneous orifice ) . . . .
experiments. The duty cycle varied slightly with the orifice

area. The experiments were performed at four different fre- )
guencies: 70, 80, 100, and 120 Hz. The experimental resul@SOMety. For the same geometry, the duty cycle remained

for the convergent orifice geometry are discussed first. nearly the same for different frequencies. The duty cycle was
about 0.6 for the convergent orifice.
A. Steady-state pressure—flow relationship

Steady pressure—flow relationships were obtained. Th€. Unsteady flow measurements: Acoustic pressure
mean pressure drop across the orifice and the mean volung@d source volume velocity
flow rate thrqugh the orifice were measured. The orifice dis- Figure 7 shows the unsteady pressures measured up-
charge coefficients were then calculated from E).and  gyream and downstream of the convergent orifice, viith
plotted agamst. the Reynolds number, which is defined here. g Hz, Apy=12-cm HO. The downstream unsteady
based on the inner diameter of the smaller rubber ftgse pressure signal was multiplied byl to facilitate compari-

(di=2.54 cm) sons between upstream and downstream waveforms. Also
Qod; shown in Fig. 7 are the upstream and downstream back-
Re= ©) ground noises measured in the absence of flow with the mo-

A tor running at the same frequency. These are much smaller
wherev is the kinematic viscosity. The results are shown inthan the unsteady pressures with flow. This confirms that the
Fig. 5 for Apy=12 cm HO, and a convergent orifice geom- displacement flow, which is included in the background
etry. noise, is negligible compared with the dipole contributions.

The orifice discharge coefficient increases with the Rey-The data were not corrected for the influence of reflections
nolds number for low Reynolds number flows. At higher
Reynolds number, as the flow becomes more turbulent, the
orifice discharge coefficient appears to asymptote to a value 18
around 0.86. The pressure—flow relation was found to be 1gf
repeatable. The effects of the orifice arkgon the orifice
discharge coefficient were found to be negligiliongeau .
et al, 1997. A constant orifice discharge coefficient value of E 12
0.86 was used in the predictions of the acoustic pressure forg 1of
the convergent orificéand a similar procedure was followed 5
for the other shapes

Orifice ar

B. Orifice area

4
The orifice area during one cycle was measured using 2
the photoelectric sensor. Figure 6 shows the orifice area al 4| v
three different frequencie@®0, 100, and 120 Hz with Ap, o 02 04 06 08 1
=12-cm H,0 and a convergent orifice geometry. The maxi- Fraction of one cycle
mum 9r'f'ce area funCt.Ion varied Sllght!y for dlﬁerem fre- FIG. 6. Typical orifice area function during one cyclep,=12-cm HO,
quencies. It generally increased over time during any teshng convergent orifice geometry. - 80 Hz: ——: 100 Hzi— - — - —:
This was most probably due to orifice deformation during the120 Hz.
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FIG. 7. The measured upstream and downstream unsteady pressure in IeG. 8. Volume velocity source strength at the origin calculated based on

hé measured sound pressure and the reflection coefficient measured simul-

convclargent orifice casé.. BO.HZ’ Apo=12-cm HO. . .upstream, taneously at the same experimerfts.80 Hz, Apy,=12-cm HO, and con-
— —: downstreamx (—1); ——: upstream background noise; --: downstream o . . .

A vergent orifice geometry—: upstream; — —: downstream(—1).
background noise.

(8), based on the measured sound pressure and the reflection

off the tube ends in this case. Despite a slight phase differ="" " . . - .
. gefficient of the corresponding anechoic termination. Figure
ence, the upstream unsteady pressure is nearly perfectly 18 :
shows the comparison between the upstream and down-

out of phase with the downstream unsteady pressure. Thﬁream source volume velocities obtained using the unsteady

upstream unsteady pressure is generally out of phase with tr[]:)eressure data of Fig. 7. Again, the downstream velocity
orifice areaFig. 6), while the downstream unsteady pressure_ e was multiplied.byh.l for C(,)mparison The upstream

is in phase with the orifice area, although both acoustic Sig\'/elocity source has the same shape and.magnitude as the
natures have a slightly different shape from the orifice areq, o ctream velocity source, 180° out of phase. Compared

function. Thi§ is cpnsistent with the postulated dipole sourcc?Nith unsteady pressure dat'a, the source volu;'ne velocity
mOdﬂ\g ?Zlcar;i?/iddli?fesrggcg.between the upstream and down\{yaveform iS. more closgly matched to the orifice area func-
tion. This high correlation confirms that the source of the

stream measured sound pressure is quantified by a relative . .
) . measured unsteady pressure is mostly the dipole source due
difference factor defined as . . o .
to pulsating airflow through the orifice rather than displace-
~ max(|(— Pan) ~ Pupl) ment flow due to orifice oscillations.
P max(|p,,) (10 The relative difference between the upstream and down-

) 0 i , stream source volume velocities, evaluated as in (E6),
This error factor(11.95% takes into account the possible was 2.93% for this case. The upstream and downstream

differences in both the magnitude and the phase of the preg,,ice volume velocities were in good agreement for all op-

sure T;Igna_l#s. - _ o erating conditions. The relative difference for the volume
The differences in the magnitude and phase between the, ity source strength@.93% is smaller than that for the

upstream and downstream sound pressure here are primarBYessure(ll.QS%, which is expected as the effects of reflec-
due to reflections from the tube ends at low frequency. A3ion were eliminated.

stated before, the upstream and downstream terminations can The same observations were made for other driving fre-

be modeled as two separate acoustic systems. These Wyfancies and mean pressure drops. The upstream and down-

acoustic systems should _be excited by .the Same SOUrt&ream source volume velocities were consistently found to
strength amplitude according to the equivalent monopol%e almost equal in strength and opposite in phase.
source model. However, the reflection factétsvary with

frequency and are different from each otk&s shown in Fig. D i-stead del predicii

4). Therefore, the unsteady pressures in these two acoustic Quasi-steady model predictions

systems, due to different standing wave patterns, are differ- The upstream unsteady pressure was predicted following

ent. the method described in Sec. |E. The predicted upstream
Volume velocity sources originating at the orifice for the unsteady pressure is compared to the measured upstream un-

two acoustic systems should be more representative dafteady pressure in Fig. 9. The frequency was 80 Hz, the

source strength than the far-field pressure signals. The velocrean pressure drop 12-cm®, and the mean flow rate 221

ity source strength is defined as the acoustic volume flownl/s. A constant convergent orifice discharge coefficient of

rate at the location of the orifice. There are two volume ve-0.86 was used. The prediction, based on the quasi-steady

locity sources, one upstream and one downstream, each capproximation, agrees very well with the experimental data.

responding to one of the two acoustic systems. The sourcéhe measured unsteady pressure waveform was successfully

volume velocities can be calculated using E@. and Eq. reconstructed from the orifice area function, including the

A
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The upstream and downstream unsteady pressures were mea-
sured, and the volume velocity of the source was decon-
volved from the pressure data. The unsteady pressure was
predicted based on the quasi-steady approximation and the
equivalent monopole source model, and then compared to
the experimental data. Typical results are shown in Fig. 10
and Fig. 11 for straight and divergent orifice geometries, re-
spectively.

Good agreements between source volume velocities
(within 3.5%), between measured and predicted pressures
(within 7%), and between mean flow raf@ithin 8%) were
obtained both for the straight and divergent orifice geometry
cases. The effects of orifice geometry on the quasi-steady

0 02 0.4 0.6 0.8 1 behavior were insignificant.
Fraction of one cycle

Upstream acoustic pressure (cm H,0)

FIG. 9. Comparison between the measured upstream sound pressure and
that predicted from the monopole source model and quasi-steady approxi-

mation. f=80 Hz, Ap,=12-cm HO, and convergent orifice geometry. B_ Influence of mean pressure drop
: measured; — —: predicted.

Hects of reflecti Th lative diff bet th The influence of the mean pressure drop on sound pro-
etiects of retiections. 1he relative: dilierence between ey, o ig governed by Bernoulli's equation. The amplitude
measured and predicted upstream sound pressure for differ;

¢ i diti tified b lati fact Sf the generated sound should increase as the square root of
en opsratn;gdfc;%p itions, quantified by a relative error factory, -~ pressure drdiggs. (1), (4), and (8)]. Figure 12
was about 3.257. .shows the dimensionless volume velocity source strength for

There are several possible causes for the discrepan0|?]§ d f
L 6-, 9-, 12-crpCH The data sh
between the predictions and the measured data. In the pre San pressure orops o ¢ © data shown

o . . re for 120 Hz and the straight orifice geometry. The source
dictions, the hlgh-frequency components were _dlscarde_d t90Iume velocity was nondimensionlized using the square
ensure convergence of the "efa“." € ’T‘eth"d- Ev@e_ntly, hlghFoot of the mean pressure drop across the orifice. The good
frequency. components are missing In t.he predictions. Secc’ollapse of the data also justifies the application of Bernoul-
ond, as discussed before, the contributions of turbulence t

both the dipol q d | I q f’s obstruction theory for steady flow, on which the quasi-

th?; stug ;E)r?eerr?g delqﬁirgﬁgfeecsgtjr%%? Z\;erte netgr]] e.cte '_&eady approximation lies. The slight discrepancy is believed
IS study. The pture their Cony, pe que to experimental errors.

tributions, which are generally small and occur mostly at

high frequency. The experimental determination of the re-

flection factors of the two anechoic terminatidRss also a

significant source of error. The reflection factors play an im-C |

. . ... C. Influence of frequency

portant role in the prediction procedure, and any error in this

guantity is amplified by the iteration process. According to the quasi-steady approximation, frequency

The mean flow rate can be calculated from By, with ~ should have no effect on the sound pressure if the effects of
the centerline velocityJ . calculated from Eq(5). The rela- acoustic loading are neglected. The presence of reflections,
tive difference between the measured and predicted medtpwever, causes a frequency dependent acoustic loading.
volumetric flows was about 2.58%, which was deemed acThis colors the acoustic signatures, both upstream and down-
ceptable. stream, as shown in Fig. (. In contrast, the source vol-

A similar agreement was also obtained for the other opume velocity should be less dependent, if not independent, of
erating conditions at different driving frequencies and mearirequency. Figure 1®) shows the velocity sources at differ-
pressure drops in the comparisons between the measured a@it frequencies, with the mean pressure drop across the ori-
predicted unsteady pressures and mean flow rates. At 10®e kept at 12-cm KO (for the straight orifice geometry
Hz, the relative differences between the measured and prdhe figure shows a reduced dependence of the velocity
dicted upstream acoustic pressure were less than 7.20%; teeurce strength on the frequency, as expected. The discrep-
relative differences between the measured and predictedncies are believed to be due mostly, to errors in the reflected
mean volumetric flow rates were less than 5.69%. At 120 Hzyvave deconvolution process.
the relative differences were less than 3.90% between the
measured and predicted acoustic pressure, and less than
5.09% between the measured and predicted mean volumetric
flow rates. D. Unsteady effects and acoustical resonance

V. DISCUSSION The quasi-steady approximation neglects the effects of
flow acceleration and deceleration. These effects might be
important at the short instants prior to orifice abrupt closure
The same measurements were repeated for straight amhd opening, at which the derivative of the flow velocity is
divergent orifice geometries at different operating conditionsvery large. Bernoulli's equation may not be valid for these

A. Influence of orifice geometry
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FIG. 11. Experimental results and analysis for divergent orifice geometry.
f=100 Hz, Apg=12-cm HO. (a) measured unsteady pressure upstream

FIG. 10. Experimental resuits and analysis for straight orifice geomtry. And downstream of the orifice, with the downstream unsteady pressure mul
=120 Hz,Apy=12-cm HO. (a) measured unsteady pressure upstream an hiplied by minus 1. . upstream: — —: downstream(—1). (b) volume

downstream of the orifice, with the downstream unsteady pressure multi

plied by minus 1 for convenient comparisor—: upstream; — —: down- velocity source st.rength,. b.Oth upstream and' downstree%m, With the down-
stream X(—1). (b) calculated volume velocity source strength, both up- stream curve again multiplied by minus £ upstream; — —: down-
stream and downstream. The downstream is again multiplied by minus s',treamx(fl). © comparlsorT between the megsureq and predicted down-
— upstream; — —: downstreanx(—1). (c) comparison between the stream unsteady pressure.— measured; — —: predicted.

measured and predicted downstream acoustic presstre. measured; —

—: predicted.

steady behavior may be significant is when the orifice is
driven at the formant frequency. Although acoustic effects
short instants, and viscous effects and acoustic near fieldnd source behavior are generally considered to be indepen-
must be accounted for to accurately model the flow andlent, they are in many ways coupled by a nonlinear relation-
sound radiatioiMongeauet al,, 1997. ship between instantaneous transglottal pressure and flow
Another situation at which deviations from the quasi-rate. It is anticipated that for frequencies corresponding to
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- . T T occur during parts of one glottal cycle, severely distorting

j the pulsating jet flow behavior. The comparative magnitude
of the dipole and monopole contributions may therefore be
different. This will be the object of future work.

-]

=~

N

VI. CONCLUSION

The quasi-steady approximation was validated for the
tonal component of sound generated by pulsating confined
jets. Experiments were performed over the fundamental fre-
quency range extending from 70 to 120 Hz. The radiated
unsteady pressure predicted using the quasi-steady approxi-
mation and a one-dimensional sound radiation model was
— found to be in good agreement with experimental data. This
0 01 02 03 04 05 06 07 08 09 1 I

Fraction of one cycle implies that monopole and quadrupole components are neg-
ligible compared with dipole source mechanisms in pulsating
FIG. 12. VO'Umg Ve'ocgy source Sg)e”gtgs tat_lﬁto Hf? for thfeet diffTer:e”tflows (as in voiced sound productiprat least at frequencies
Volum velosiy source sirengih s acaied by the square foot of the meafelOW @ few kilohertz. The orifice oscillation frequency was
pressure drop—: 12-cm HO; — —: 9-cm HO; ——: 6-cm H,0. found to have little effect on dipole sound source strength.
Different orifice geometriegstraight, convergent, and diver-
the resonance frequencies of the subglottal tube, there will bgent orifices simulating the glottis at three different stages
a pressure node at the location of the glottis. The transglott]uring phonation were investigated. The effects of orifice
pressure therefore should vanish, or even become negative 4g0metry on the quasi-steady behavior of dipole sound gen-

is possible that at resonance some reverse flow might the®fation in unsteady flow were insignificant.

source strength (ml/s)
=)

Non-dimensional volume velocity
s
N

'
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APPENDIX: SOUND SOURCES IN SPEECH
PRODUCTION

The sound generation mechanisms in confined flows
through oscillating orifices may be described theoretically
. - '0:2 o Pye v : using the Ffowcs Williams—HawkinggFWH) equation
(a) Fraction of one cycle (Ffowcs Williams and Hawkings, 1969To define the differ-
ent domains of interest, a detailed view of the presumed
source regior(around the orificeis shown in Fig. 14. The
fixed cylindrical control volumeV’ consists of the orifice
section, together with the upstream and downstream tubes,
including the deformable part of the orifice walls. The source
regionV includes only the gas within the orifice, and it has a
moving boundary. Ideal planar acoustic waves are assumed
upstream and downstream of the source region. An observer,
or “virtual microphone,” is placed in the acoustic far field
inside the control volum&’, but outside the source region
V. The observer can be on either side of the orifice. The

250

200

150 |

100 [

50

o}

-50

-100 |

Volume velocity source strength (ml/s)

-150

-200 . ) . . ) -
o 0.2 04 0.6 0.3 1 i
(b) Fraction of one cycle * Sfutlet
Observer |
FIG. 13. Volume velocity source strengths for different frequenclgs, = o bopemsgdwuwas® — Ngawoiooooo oo i
=12-cm HO, convergent orifice geometrya) measured sound-pressure
data. (b) corresponding volume velocity source strength-—: 70 Hz; FIG. 14. Integral domains and surfaces for the application of the Ffowcs

— —: 100 Hz; ---: 120 Hz. Williams—Hawkings equation.
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surface delimiting the position of the walls is denotedJyy, a “displacement flow.” Terms IV and V are monopole
with the normal unit vector pointing into the fluid. The FWH sources enforced at the inlet and outlet boundaries. Since the

equation is inlet and outlet boundaries are located in the acoustic region,
e these two monopole sources are image sound sources arising

[_2_ CSVZ] [H(S)p'] from the interactions between radiated sound waves with the
a7 outer boundaries of the domawy'. If the tubes were per-

2 fectly anechoically terminated, there would be no reflection

J J
[TijH(S)]— ——[Fi8(S) ]+ —[Qda(S)], from both the inlet and outlet, and terms IV and V would
(9yi JaT . . . . .
vanish. In the case of imperfect anechoic termination they
(A1) can be accounted for using a convolution method, as dis-

where H(S) is the Heaviside functiong(S) is the Dirac  cussed in Sec. Il D. _ _ -
function, andS(y, 7) is a function describing the geometry of Turbulence may contribute to sound generation, specifi-
the wall boundary. It is assumed tf@ 0 in the flow region, ~ Cally through terms I and 1. Term I is the Reynolds stress in
S<0 outside the flow region, aré=0 on the boundary. The the direction of wave propagatlon. The fluctuating pressure
quantities on the right-hand side of the equation are given bu€ to turbulence contributes to term Il as well. The
turbulence-generated sound is mostly of high frequency, and
Tij=puij+ &;(po+p’ —Cip’) — oij , (A2) s important to speech quality. However, its magnitude is
9 much smaller than the sound generated by tonal source com-
Filpd; _Uij+Pui(uj_Uj)](9_v (A3)  ponents. It may therefore be neglected as a first approxima-
Yi tion. The contribution of turbulence was the object of a sepa-
IS rate study(Zhanget al,, 2002.
Q=[povi+p(ui—vi)]T, (A4) Based on the above assumptions, B&5) shows that
Yi unsteady flow and orifice wall motion give rise to two types
wherev; is the wall velocity,o; is the viscous stress tensor, of sound-generation mechanisms. The monopole source,
andp’=p—pg is the fluctuating density. term 1ll, is induced entirely by the oscillation of the orifice
Assuming a no-slip condition on the wall boundary, andwall. Its magnitude increases with orifice velocity, and there-
adiabatic compression and rarefaction, the solution to théore increases with oscillation frequency. The dipole contri-
FWH equation for one-dimensional plane wave propagatiorbution, term Il, is due to the net unsteady force exerted by

B dY;idyj

in a duct may be written as the walls onto the fluid in the direction of sound wave propa-
1 9 gation. It is governed by the pressure dfop Bernoulli head
p’(x,t)= oA Ef [pui_glﬂt*dv (1 los9 across the orifice induced largely by the unsteady flow
0Co v

through the orifice, with a very small contribution from the
1 acceleration of the walls. Recent numerical studies of com-
" 2A, f SW[IO' O1j— 01j]ex N parable flowgZhao, 2000; Zhaet al, 2000a, 2000b, 2001a,
2001bh showed that when there is no externally imposed
Xsignx; —y,)dS (1) unsteady flow, both the quadrupole term and the dipole term
1 are negligible compared with term 11, the monopole source.
"2, LW[PoCon]t* n;ds (i) When an externally imposed unsteady flow is present, how-
ever, the dipole source becomes significantly large, as the
L 2 fluctuating pressure on the walls increases. The monopole
i 2Ag sin,et[cop TrCot]dS (V) source strength was found to increase with the orifice oscil-
1 lation frequency, while the dipole source contribution re-
+ oA [cap’ —pcoup]dS, (V) mained nearly unchanged as the frequency was varied
0 7 Soutlet (A5) (Zhanget al, 2001). Therefore, at low frequencies and for an
externally imposed unsteady flow, the dipole source domi-
wheren; is a unit normal vector directed outwards the flow nates, and most of the energy of the radiated sound comes
region,x andy are the observer and source positions, respecirom the unsteady flow contribution in the dipole term. The
tively, t* =t—|x, —y;|/c, is the retarded time, and is the  effects of wall motion are significant only at high frequen-
source region. cies.

Contributions from four types of sources may be identi- In human speech, where unsteady airflow is present, the
fied. Term | is a quadrupole source related to the turbulentypical value of fluctuating velocity in glottis is of the order
flow and viscous stress inside the tube, specifically the kiof 40 m/s, and the associated pressure drops are of the order
netic energy of the fluctuating flow motion along the direc- 3p,U2~1 kPa. This value is much larger than the velocity of
tion of wave propagation. Term | may be comparatively largethe vocal-fold walls, which is of the order of 0.1 nfer a
when the flow is turbulent. Term Il is a dipole source due topitch frequency about 100 Hz and a 2-mm vocal-fold dis-
the unsteady forces exerted by the walls onto the fluids. Thplacement For planar wavegy’ = pgcou’ and the monopole
viscous stress components in both terms | and Il may bsource pressurds-45 Pg are negligible in this case. There-
ignored(Zhao, 2001k Term IIl is a monopole source due to fore, the dipole source is dominant, at least at low frequen-
the motion of the orifice walls. It is sometimes referred to ascies.
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