Unsteady flow through in-vitro models of the glottis
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The unsteady two-dimensional flow through fixed rigidvitro models of the glottis is studied in

some detail to validate a more accurate model based on the prediction of boundary-layer separation.
The study is restricted to the flow phenomena occurring within the glottis and does not include
effects of vocal-fold movement on the flow. Pressure measurements have been carried out for a
transient flow through a rigid scale model of the glottis. The rigid model with a fixed geometry
driven by an unsteady pressure is used in order to achieve a high accuracy in the specification of the
geometry of the glottis. The experimental study is focused on flow phenomena as they might occur
in the glottis, such as the asymmetry of the flow due to the Coanda effect and the transition to
turbulent flow. It was found that both effects need a relatively long time to establish themselves and
are therefore unlikely to occur during the production of normal voiced speech when the glottis
closes completely during part of the oscillation cycle. It is shown that when the flow is still laminar
and symmetric the prediction of the boundary-layer model and the measurement of the pressure drop
from the throat of the glottis to the exit of the glottis agree within 40%. Results of the
boundary-layer model are compared with a two-dimensional vortex-blob method for viscous flow.
The difference between the results of the simpiflied boundary-layer model and the experimental
results is explained by an additional pressure difference between the separation point and the far
field within the jet downstream of the separation point. The influence of the movement of the vocal
folds on our conclusions is still unclear. @003 Acoustical Society of America.
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I. INTRODUCTION 200)). Although a complete simulation of the vocal-fold
movement and the air flow through the glottis can yield some
Researchers in the field of biomechanics have been usnteresting results, it is not a solution to the problem of arti-
ing numerical simulations as a useful tool for their studiesficial (real-timg¢ speech modeling in the near future.
Topics that are related to the flow of blood through arteries  One approach in speech modeling is to model the inter-
received a lot of attention in recent yedRosenfeld, 1995; action of the air flow through the glottis and the movement
Luo and Pedley, 1996; Pedrizzetti, 199tr an overview of  of the vocal folds using simplified models. The problems that
recent work on this subject see Pedley and [1@98]. Also  are encountered are numerous since the flow through the
the flow of air through the glottis has been the subject ofglottis is a result of the coupling between complex fluid dy-
numerical studies and experimental studies. Interest in thigamics and complex elastic structurcal fold9 behavior.
topic is motivated by two research aims: one is the developusually both aspects are simplified until such a level is
ment of prosthetic vocal foldfLous et al, 1998; De Vries, reached that artificial real-time speech production is possible.
2000 and the other is the development of artificial speechThis leads to oversimplifying both aspects of vocal-fold
models. Recently some attempts at numerically simulatingnovement but especially the fluid dynamical description has
the flow through the glottis including forced vocal-fold been reduced to a caricature of the actual flow. An important
movement have been carried dédipour and Titze, 1996; parameter in these flow models is the point at which the
Alipour et al, 1996. Also the effect of an asymmetry in the airflow separates from the vocal folds. This parameter deter-
glottal channel on speech production has been investigatadines not only the volume flow through the glottis but also
by means of steady pressure measurements along the glottae hydrodynamic forces exerted on the vocal folds.
channel supported by numerical simulatid@hereret al,, In most models of the flow through the glottésl hoc
assumptions are made about the separation point in the glot-
@Author to whom correspondence should be addressed. Electronic mains- The most well known model of this kind is the model of
A.Hirschberg@phys.tue.nl Ishizaka and Flanaga(l972 in which flow separation at
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In this paper we present an experimental, theoretical,
and numerical study of the flow through vitro models of
the glottis. In order to limit ourselves to the fluid dynamical
aspects of the flow we used rigid fixéscale models of the
vocal folds. The size is approximately three times the size of
the real vocal folds and the shape of these scale models is
inspired by the typical shape of the glottis during the closing
phase. In this phase the slowly diverging shape of the glottis
implies a rather uncertain position of the separation point.
7 8 This is the reason why we focus on this geometry. In the
actual flow through the glottis an almost steady pressure dif-
ference is imposed across the vocal folds, while the opening
and closing of the glottis result in an unsteady flow. We

sharp edges is assumed. Such sharp edges are of course %{;ided to use f_ixed mode(le_.c_)t os_cillating for the sake of a
igh accuracy in the specification of the geometry of the

present in the glottis. An attempt was made to improve thé'| _ e o
description of flow separation within the glottis by using amodel of the glottis. In order to maintain a similarity to the_
quasi-steady model based on the boundary-layer theo@,ctual flow through the glottis, an uns-teady pressure drop Is
(Pelorsonet al, 1994. It was shown that this improved the |mpo§ed across the vocal folds. Care is 'taken that the nondi-
results obtained from a simplified mechanical model inmensmn.al control parameters determining the f!ow through
which the vocal folds are each represented by two couple&he glottis have the relevant values. In the glottis these pa-
oscillators. This approach is similar to a model proposed fofameters are the Strouhal number and the Reynolds number.
collapsible tubegCancelli and Pedley, 1985The results of ~ The Strouhal number is defined as=3fu,T in whichl is a

this model together with an idea of Liliencrantg993  stream-wise length scale of the glotts—10 mm), uo is a
formed the basis of a new modglous et al, 1998. In the  typical velocity in the glottig10—-30 m/$, andT is a typical
same paper the consequences of the various simplifying agme scale of the vocal-fold movement. For men a typical
sumptions that are made in most models for the vocal-foldrequency of oscillation is F0Hz, while for women it is
movement are also discussed. A discussion on the flow phéwice as large at approximately>210? Hz. A better time
nomena that might be important for a model of the flowscale is, however, the opening or closing time of the glottis
through the glottis can be found in Hirschbeagal. (1999,  (2—4 m3. The Reynolds number is defined as-Rgu,/v, in

while in Pelorsoret al. (1997 the focus is on the fluid dy- which hy is the typical height of the glotti&l—2 mm) and v
namics of so-called bilabial plosives. is kinematic viscosity of air =1.5X10 °m?/s at atmo-

In Fig. 1 a typical cycle of the vocal-fold movement is spheric pressure and room temperatufde Strouhal num-
presented. Note the changing shape of the glottis due to theer (typically of order 10°1) is a measure of the influence of
way in which the vocal folds open and close. Because presinsteady effects on the flow, while the Reynolds number
sure is applied upstream of the vocal folds, they first start tqtypically of order 18) reflects the importance of viscous
open at the upstream sidpanels 2 and 3 in Fig.)1This  effects on the flow. Due to the geometrical scaling factor 3,
results in a converging glottis shape during the openingvhen the Reynolds and Strouhal analogies are respected, the
phase of the glottis. The closing of the glottis also starts apeasured velocities should be multiplied by 3, the pressure
the upstream side, resulting in a diverging glottis shape durshoyld be multiplied by 9, and the time intervals should be
ing the closing phaséanels 5 and 6 in Fig.)1Apparently  givided by 9 in order to compare to physiological conditions.
the movement of the vocal-fold tissue at the downstream sidg, oyr experiments Re is in the range ok20°—8x 103
is always lagging behind the movement at the upstream sid@qrresponding to very loud speech. The Reynolds number is
A glottal pulse that is the result of such a vocal-fold move-5 54 an indication for the onset of turbulence. In the free jet
ment representing the sound /a/ at 110 Hz is sketched in Figy the exit of the glottis a Reynolds number above &°

2 [after data measured by Rothenbet§81)]. implies turbulence. The turbulence in the glottis upstream of
the separation point is however not expected because Re
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FIG. 1. Typical vocal-fold movement during one oscillation. Note the
changing shape of the glottis.

1k A/hg=<10°[1/hg=O(10)]. The Strouhal number in our ex-
periments is of the order of magnitude of 70
% 08 1 In speech modeling the important quantity that has to be
.gs 06 | modeled accurately is the acoustic source that is the result of
~ o4 L the vocal fold movement. This source is the unsteady volume
e flux through the glottis. In particular the time dependence of
02 this flux during the closing phase of the vocal-fold move-
‘ . . ment is important because it contains most of the higher
0 0 02 04 06 08 1 harmonics for which our hearing is most sensitive. This
t/T movement is driven by the pressure at the throat of the glot-
tis. So, to evaluate the validity and accuracy of the simplified
FIG. 2. Normalized glottal fluxp, for the sound /a/ at 110 Hz. quasi-steady boundary-layer model, we compare the numeri-
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FIG. 3. Schematic representation of the experimental

] U' . setup. Measures are in millimetetsy is the (throa
130 ~1 |70 experimentroom height of the aperturéypically 1 or 3 mn). The shaded
J *I area represents the rubber foam padding on the inside
nozzle of the upstream channel.

cally determined pressure at the throat to the theoretical prdength of the glottal slit is 30 mr.e., the length in the third
diction. dimension not shown in the figureAll these blocks can be
This paper has the following structure. We start by pre-combined to form different geometries of the constriction but
senting some steady pressure measurements in a liplikee will focus on the combinations that are presented in Fig.
round model and compare them to a simplified boundary4. The heighth, representing the smallest aperture in the
layer model. Next unsteady pressure measurements in bothchannel(the throat of the glottiscan be varied from 0.1 mm
liplike model and two diverging vocal-fold models are pre-to 5 mm using calibrated spacedimetal rings in the block
sented. Attention is paid to the various flow phenomena thamounting. Pressures are measured at two positions: the first
are observed. Finally some results of numerical simulationposition is 8 mm upstream of the start of the constriction in
of the flow through these models are presented. Both numerthe side wall of the cylindrical pipépiezo electrical trans-
cal and experimental results are compared to a quasi-steadyicer PCB 116A with a Kistler charge amplifier type 5p11
boundary-layer model in order to study the applicability andand the second position is in the throat of the constriction at
accuracy of such a model in a description of the flow throughthe smallest aperture. A piezo resistive pressure transducer

the glottis. (Kulite XCS062 is mounted in the blocks using a pressure
tap with a diameter of 0.4 mm, as is shown in Fig. 5.
Il. EXPERIMENTS The liplike round model is built with two half-cylinders

with a radius of 10 mm. The pressure tap is exactly in the
middle of the block. The vocal-fold models consist of a cy-
The experimental results that are presented in this papdindrical part, followed by a linearly diverging part and an-
have been obtained in the setup shown in Fig. 3. A slidingther cylindrical par{Scherer and Titze, 1983The angle of
valve operated by a spring blade separates two large presswirergencen is either 20° or 10°, as shown in Fig. 4. These
reservoirs: laboratory3500 ) and experiment rooni75  models are the same ones as used by Pelassah (1994
m®). A cylindrical pipe connects the inlet section to the glot- and are based on the typical vocal-fold movement discussed
tis section. In order to damp mechanical and acoustic vibrain the Introduction(see Fig. 1 The diffuser angles are cho-
tions, the inner walls of this pipe are covered by a rubbersen in such a way that whén~3 mm with =10° the flow
foam (the shaded area in Fig).3rhe nozzle at the open pipe would be in the stable-diffuser-flow region and with=20°
termination is a smooth constriction that is built out of eitherthe flow would be outside the stable-diffuser-flow region,
liplike round models or diffuser models that form a glottis- according to data on diffuser performance at high Reynolds
like channel. The brass blocks that form the geometry of theiumbers(Re of the order 1%) (Blevins, 1984. For the lip-
constriction are shown in Fig. 4. The block and hence the

A. Experimental setup

204 216

3 teflon seal
= teflon seal

30

— teflon seal

20 20 20

- e e - seal control screw seal control screw
h 20 h 30
FIG. 4. Models that are studied: the model on the left is a liplike round side view front view

model and the models on the right are diverging vocal-fold models. Mea-

sures are in millimeters. The arrows indicate the radii of curvature of theFIG. 5. Mounting of the Kulite pressure transducer in one of the brass
walls. The width of the blocks and hence the length of the glottal slit per-blocks that form the constriction. A seal made of Teflon controlled by a
pendicular to the flow direction is 30 mm. screw is used to ensure a tight fit.
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FIG. 6. Pressure measured in the pipe
p; and in the throap, for the liplike
round geometryAp=430 Pa andh,
=0.99mm. The right graph is a
close-up of the left graph, showing the
transient behavior.
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like model we will present in addition to the pressure datasteady pressure drappp across the constriction is equal to
local velocity measurements obtained with a hot wire an430 Pa. The opening time is approximately 15 ms, which,
emometer. together with the length of the glottis mod@0 mm) and the

Using a laser detector system the opening of the valve isypical velocityuy,=+2Ap/p, leads to a Strouhal number of
detected and the start of the measurement is triggered by this05. The Reynolds number is then approximately 1800 cor-
signal. During an experimental run pressures are measuredsponding to loud speech. The left graph shows the pressure
and in some cases the velocity is measured simultaneouslsignals in the pipg; upstream of the constriction and in the
The velocity is measured using audn-thick hot-wire in a  throat p, for a time range of 0.5 s. The right graph is a
constant-temperature anemometer. The signals are fed intoctbose-up of the left graph and shows the transient behavior in
data acquisition system that is connected to a personal conmore detail in a time range of 0.05 s. The time axis is deter-
puter by means of a four-channel 12-bit ADC céikekithley  mined by the trigger for the measurement obtained by optical
DAS-50. A typical experimental run lasts 500 ms while datadetection of the valve movement. In this and all subsequent
are sampled at a frequency of 20 kHz. graphs the trigger signal was generated=a0.1s: by using

In order to validate the accuracy of the pressure meathe pretrigger capability of the ADC-card the measurement
surements, some experiments have been carried out usinghas already been recorded 0.1 s before the trigger is gener-
straight channel with a smooth inlet and a sharp-edged outletted. The actual start of the flow is not determined since the
(Hofmans, 1998 Those tests confirmed the accuracy of theoptical detector setup is triggered by the valve movement
pressure measurements and the hot-wire anemometry, whiemd not by the flow, but it is reasonable to assume that this is
was found to be of the order of 2%. close to the trigger point. In Fig. 7 two similar measurements
with a throat heighty,=3.36 mm at a pressure drop of 290
Pa (Sr=0.05, Re=4900 and 690 P& Sr=0.03, Re=7600
are shown. Except for a few milliseconds before the trigger

The liplike round model is studied for two reasons. Firstpoint the pressure in the pipg, shows a smooth increase
of all, the model can be considered a reference model foirom zero to a steady valuép. The small but distinct os-
studying flow separation from a curved wall: because of thetillations around the trigger poiriat 0.1 $ are caused by the
constant radius of curvature the separation point is usuallppening of the valve and could not be avoided in our setup.
not sensitive to external influences. The second reason is thahey also occur at zero pressure differenag€0). Hence
this model is considered relevant for the study of the flowwe expect these oscillations to be due to acoustic waves gen-
through the opening between the lips, which is importantrated by lateral movement of the valve before it actually
when considering plosivedelorsonet al, 1997 and brass opens. Using the optical detector setup the speed of the valve
instruments. during opening is estimated to be in the range of 1.5 to 2 m/s.

The experiments with the liplike models consist of pres-For an opening of 2 cm in the valve this corresponds to an
sure and velocity measurements. The pressiyrés mea-  opening time of the order of 1G's.
sured in the pipe 8 mm upstream of the constriction while the  In Figs. 6 and 7 the pressupg in the throat exhibits a
pressurep, is measured at the smallest apertyiie the  particular behavior. The first few milliseconds of the experi-
throa of the constriction. The velocity is measured at vari- ments the pressuig, in the throat is rising proportionally to
ous positions on the center line of the setup using the hotthe pressurep; upstream of the glottis. This is due to the
wire anemometer. Experiments have been performed for twinitial flow that is like a potential flow: boundary layers are
values of the throat heightiy=0.99 mm anch,=3.36 mm.  still very thin and flow separation does not yet occur. The
It was found that the hot-wire probe disturbed the flow toobulk flow is inviscid so velocity and pressure are related by
much in the case dfi,=0.99 mm, so no velocity measure- Bernoulli's equation:
ments have been done at the throat in this case. Since the
results found for a throat height,=0.99 mm are very simi- dgy 1 dy 2
lar to results foihg=3.36 mm, we mostly focus on results of P ot * Epu1+ Pi=p gt * EPUZJF P2, @
the latter case.

In Fig. 6 a representative measurement is shown for thé which p is the density of airu is the velocity, andp is the
liplike models with a throat heighi,=0.99 mm. The final velocity potential. The main contribution to the pressure drop

B. Results for the liplike round model
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across the constriction is given by the inertial effettse hs P,
1/2pu?-terms are negligible because the velocity is still very = 1- p_ (4)
0 1

smal)). This implies that the pressure in the throat has a value

that is somewhere between the pressure in the experimeRt,qrefore the pressure in the throat would be an indication of

room (by de_finition gqual to zejoand the pressure in the the jet widthhg and consequently of the position of the sepa-
pipep, . Typically p is equal to 0.5, for _‘h? time interval . ration point. As can be observed in Figs. 6 andpg,is
0.100s<t<0.1055s, because the constriction is SYMMetiC yaad less than zero in the steady limit.

with respect to the throat and the main contribution to the Although the experiments for both values b look
inertial terms originates from this region. After the initial very similar, a few small but distinct differences can be ob-

stage the flow separates from the walls of the constrictiogerved The experiment with, =3.36 mm show an oscilla-
forming a jet. Finally, a steady situation is reached. If Wetory behavior in the pressurgs, and p, during the first

assume the pressure in the jet to be equal to the pressure Mllliseconds after the trigger point. This oscillation is less

the experiment room and if we assume the height of the jef)ronounced in the experiments wit=0.99 mm and has a

hy Iarggr than the throat heigli, th_en the pressure in the lower frequency. Furthermore, the experiments with
tr_lroat IS Iower_thf_;m the pressure in the experiment fOOM.. .99 mm seem to reach the steady state in a more straight-
since the ve_Iouty in the 'Fhroat IS hlgher_than fche velocity Nforward way. We expect that this behavior is related to an
the jet. This can be illustrated by inserting the ON€-4coustical resonance of the pipe system, which is not fully

dimensional equqtion of mass conservati@n(x)h(x) damped by the sound absorbing material in the upstream
=], thus neglecting boundary-layer effects, into the stead)bipe segmentsee Fig. 3 A more narrow slit can be associ-

Bernoulli equation. Herdi(x) is the height of the channel ated with larger acoustical dissipation. The oscillation fre-

andpcp is the tvyo-d|men5|onal mass flux. This resylts n thequency is of the order of magnitude of the lowest acoustical
foIIowmg equation relating the pressure to the height of themode of an open pipe segment of the length of the main pipe.
channel: By integrating Bernoulli's equation the velocity in the
p(x) 1/ ® \? 1/d)\2 throat can be computed based on the pressure measurements
T + E(W) :E(h_) ' 2 p; andp,. For this purpose Bernoulli’s equation is rewritten
S in the following form:
in which hg is the height of the channel at the separation

point. By insertingp,, pipe heighth,, p,, andh, the fol- Apo—¢y) 1 , ,  P1—P2
lowing relationship between the pressure ratjdp, and the o E(Ul_ uz) + p )
various channel heights is obtained:

p, 1—(hi/hg)? which, using the definition of, can be written as

ST T hn2 ()

P 2 Mo Lo p, PP 6
which for h,>hg reduces to e g — 2 (Ui~ U2) p ©
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in which an effective length. .+ has been introduced. It is liplike models. The theoretical results are based on Pohlhaus-

defined by en’s methodPohlhausen, 1921using a third-order polyno-
% h mial to describe the velocity profile in the boundary layer
Leﬁzj T:z)dx' (7)  and then solving the steady von it@en equation as done
X1

previously by Pelorsoet al. (1994). There are unfortunately
where in the last step we assumed a uniform flow across th&ome printing errors in the formulas provided by Pelorson
channel for any givenx-position (quasi-one-dimensional et al. Correct formulas are provided in the Appendix. The
flow). steady pressures are measured by means of Betz water ma-
In Fig. 8 the computed velocitisolid line) is compared nometers with an accuracy of 0.05 mm®(~0.5 Pa. Re-
to the velocity measured in the throat by means of the hotsyits are shown in Fig. 9. The markers represent measure-
wire anemometefdashed ling The velocity that is cOM-  ments in the top and bottom walls of the constriction. The
puted is the velocity at thg edge of the. boundary layer, Whigl%olid line represents the theoretical result.
does not have to agree with the velocity on the center Img N The boundary-layer theory predicts a too high value of
a curved channel, because of the effect of curved streamlines o .
on the pressure. It has been found, however, that this effect gzlpl' This might b? the result of the assumptions .that are
considerably reduced in the throat because the boundar)?-]ade' In th_e theoretical _mOdte the boundary layer IS Falcu-
layer growth in this region tends to cancel this effect. Fur- ated up until the separation point. At the separation point the
thermore, since flow separation takes place close to thBressure is assumed to be equal to the external pressure
throat, the curvature effect is also redudesten neglecting (quasi-steady uniform velocity jet modelt is also possible
boundary-layer growth For this reason an assumption of to continue the boundary-layer calculation beyond the sepa-
uniform flow through the throat is quite reasonable. Theration point. This leads to a lower predictionmf/p;. How-
pressure measurements of these experiments are shownduer, these calculations do not converge to a constant pres-
Fig. 7. A good overall agreement is found between hot-wiresyre value as we increase the calculation domain and they are
measurement and calculation of the velocity in the throatherefore not reliable. The third-order polynomial does not
based on pressure measurements. This confirms the accurggys.ribe the flow accuratelyfar) beyond the separation

of the pressure measurements. However, m_the initial Stagﬁoint. These results may indicate that the assumption of con-
of the experiments (0Lt<0.105) the hot-wire measure- . o o -
stant pressure in the jet is not valid inside the constriction

ments are delayed with respect to the computed velocity pro- . .
files, similar to the results found for the sharp edge nozzle,fflnd that the reference point for the pressure in the boundary-

configuration(Hofmans, 1998 This is expected to be due to layer model is not correctly chosen. Alternatively this might
a poor dynamical response of the hot-wire at low velocitiesjust be due to a poor prediction of the separation point by the

Since one of the aims of this paper is to determine thdoundary-layer model. This last hypothesis will be elimi-
validity of simplified models, results of the boundary-layer nated by comparison of boundary-layer theory with numeri-
theory are compared to steady pressure measurements in tte calculations presented in Sec. lll.
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C. Results for the 20°-diverging model only after a certain time the two curves start to deviate, lead-

Models that are more specific for the study of the flow'n9 .to tyvo dlﬁerent steady-pressure \{alues fpor. This be-
through the glottis are the two diverging scale models thaf'@Vior is explained by an asymmetric flow due to the so-
are shown in Fig. 4. In this section we present results for th&2/led Coanda effectTritton, 1989. The Coanda effect is
diffuser model with a total angle of divergenaeof 20°. The due_to viscous entrainment of the air that is caught_ bgtween
flow through this model is investigated by means of unsteadyl'® Jét and the walls of the channel. The symmetric jet be-
pressure measurements at two positions: one in the pipe @Mes meta-stable and a small perturbation results in an ad-
mm upstream of the constriction and the other in the throaberence of the jet to either the top or bottom wall of the
of the constriction. Measurements are done with two value§hannel. Since this phenomenon can be triggered by a small
for the height of the throat:hy=1.12mm and h, asymmetry in the flow, both states are possible in a symmet-
=3.50 mm. ric setup. The pressure signal is very similar to the signals

In Fig. 10 pressure measurements are presenteti,for found in the liplike model. Also the initial increase in
=1.12mm and two values of the steady pressure diqp: P,—corresponding to an unsteady potential flow—can be
=301Pa(Re1.5x10°) and Ap=627Pa(Re2x10%. observed in this case. However, here the similarities with the
The right graphs show a close-up of the left graphs, focusingesults of the liplike model end and a different behaviop f
on the transient behavior. In fact each graph consists of twis observed. Note the rather strong downward pegkijust
experimental results. Repeating the experiment several timdgefore the steady limit is reached.
we found that two distinctly different time histories for the In Fig. 11 equivalent pressure measurements are pre-
pressurep, were obtained. As can be observed in Fig. 10,sented forhg=3.50 mm and two values of the steady pres-
initially the two time histories collapse onto one curve andsure drop:Ap=268 Pa(Re4x10%) and Ap=528Pa(Re
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graphs Ap=301Pa; bottom graphs
Ap=627 Pa,hy=1.12 mm. The right
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=6x10°%). The Coanda effect is also observed in this con-sults forhy,=1.12mm seem to exhibit a linear relationship
figuration and the behavior is very similar to the previouswith the pressure drop, although data at low pressupgs (
case, except that the bifurcation of the two states is muck<300 Pa, Rec1.5x 10°) are lacking. On the other hand, the
more prominent. The presence of the Coanda effect was comesults forhg=3.50 mm do not exhibit this and in fact for a
firmed by flow visualizations and by simultaneous measurelarge range ofp; (250Pa<p;<700Pa, 4 10°<Re<8
ments at both sides of the throat using less accurate pressuxel(®) the transition time remains unchanged at approxi-
transducers. Pelorson and Hirschbét§97 also presented mately 13 mgtranslated to physiological conditions 1.5)ms
accurate simultaneous pressure measurements that confiBelow 250 Pa the transition time increases strongly to 25 ms
the occurrence of a Coanda effect. Note also the increasdtranslated to physiological conditions 2.8 )miEhe transient
level of the fluctuations on the pressure signals which mightn our glottis model lasts approximately 20 ms, while the
indicate the onset of turbulent flow. In general it was foundrelated closing or opening time of the glottis oscillation is
that the flow was very unstable in this configuration. approximately 2 ms for typical male voiced sound produc-
Both Figs. 10 and 11 illustrate the fact that the establishtion at 100 Hz(see Fig. 2. So the significance of the Coanda
ment of the Coanda effect takes time. In order to quantifyeffect is not yet clearly established. On the other hand, in the
this claim, the time at which the two time historiesmpfstart  real glottis the movement of the walls is an important factor
to deviate is measured as a function of the steady pressuesnd the consequences of this movement for the Coanda ef-
drop. The time is taken with respect to the trigger point,fect are yet to be determined but could be quite significant.
since this is a good indication of the actual start of the flow.In the closing phase of the glottis, the Coanda effect is ex-
The results are presented in Fig. 12. Similar results haveected to be reduced because the wall movement is equiva-
been presented by Pelorson and Hirschli@&P7. The re- lent to an injection of fluid at the wall. The opposite occurs

30 30
7 25t g 25 ¢ X
g g
v 20 cé 20 r
é 15 + * ; 15+ KX *
8 * £ x = FIG. 12. The time with respect to the
= 10 ¢ L = = 0t trigger point at 0.1 s at which the flow
g 5t g 5| starts to exhibit two states due to the
3= 3 Coanda effect for the diffuser model
0 . . . 0 - - - with a=20°.
0 200 400 600 800 0 200 400 600 800
p; (Pa) p; (Pa)
(a) ho = 1.12 mm (b) he = 3.50 mm
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during the opening phase. However, in the opening phase thgally large fluctuations are observed fap=682 Pa. This
glottis is convergent and the Coanda effect is expected to bgehavior is similar to the behavior observed in the 20°-
only a minor effect. diverging model withhy=3.50 mm. Howeverp; is much

In order to compare the experimental results with preimore stable in this case and only one value is foundpfar
dictions of the boundary-layer theory, the steady pressurghis behavior is apparently not due to the Coanda effect and
ratio p,/p; is determined in the unsteady experiments. Thesimyltaneous pressure measurements at both sides of the
theoretical results are again based on Pohlhausen’s meth%ttis displayed symmetric behavitPelorsoret al, 1995.
(Pohlhausen, 1921using a third-order polynomial to de- A possible explanation is a shift of the very unstable separa-
scribe the velocity profile in the boundary layer. Results arjon point due to the transition from laminar flow to turbulent
shown in Fig. 13. For each value p{ two values ofp; are oW, Turbulence enhances strongly the flow entrainment by
found experimentally. The different values are due to thepe jet, thus creating a low pressure region between the wall
a}dherence of the flow to either the upper wall of the constricy 4 the jet downstream of the separation point which pushes
tion that contains the pressure tdpwer result$ or to the ¢ separation point downstream. This is a symmetrical effect
opposite wall(upper results Forho=1.12mm the two Sets \hich occurs at both sides of the jet. This effect is even more
of values differ by 25%, while fohy=3.50mm they differ .o inent in the results obtained with=3.39 mm as pre-
by a factor of 2. Again the theoretical prediction results in asented in Fig. 15. Three sets of pressure measurements are
too high value ofp, (i.e., not negative enoughalthough a resented for Ap=161Pa(Re3x1(°), 407 Pa(Re5
comparison is not completely justified due to the assumptiorilog), and 654 Pa (Re6x10°). The top,and center graphs
of a symmgtnc solution in the the_oretlcal_ poundary—layershow a distinctive, abrupt transition from a temporary stable
model. Similar to the results found in the liplike model, an golution to a new stable solution, while in the bottom graph

is nealected. B f th mmetrv of the fi {His transition is already occurring during the initial transient.
s negiected. because of the asymmetry ot the Tow, NO €Oy g yitrerence in the level of the fluctuations before and after

clusions on the point of separation can be drawn based on ﬂlﬁe transition indicates a transition from a laminar jet flow to

pressure measurements. a turbulent jet flow. The jet turbulence is indeed clearly ob-
served in the flow visualization$Pelorsonet al,, 1994).
Since a turbulent jet has a much stronger entrainment than a
In this section we present results for the diffuser modellaminar flow, the net effect is to delay separation until the
with a total angle of divergence of 10°. The flow through end of the diffuser when the diffuser angle is small. This
this model is again investigated by means of unsteady pregvould result in a much lower value fq,. In fact we will
sure measurements at two positions: one in the pipe 8 mghow that the glottis model is acting like a well-designed
upstream of the constriction and the other in the throat of théliffuser for this configuration when turbulence has appeared
constriction. Measurements are done with two values for thén the jet flow. This behavior also agrees with the data pre-
height of the throathy=1.01 mm anch,=3.39 mm. sented in Bleving1984 at much higher Reynolds numbers
In Fig. 14 pressure measurements are presenteti,for (Re of the order 19).
=1.01mm and three values of the steady pressure drop: In Fig. 16 the steady pressure limits are compared to the
Ap=224Pa(Re1.2x10°), Ap=432Pa(Re1.8x10%), theoretical prediction based on Pohlhausen's metifuhl-
and Ap=682 Pa (Re=2.1x 10%). The right graphs show a hausen, 1921using a third-order polynomial to describe the
close-up of the left graphs, focusing on the transient behawelocity profile in the laminar boundary layers. In the case
ior. The pressure signgb, is very similar to the signals hy=1.01 mm no abrupt transition is observed and therefore
found in the previous two scale models. Also the initial in- only one set of values is plotted in the left graph of Fig. 16.
crease inp, can be observed in this case. However, agairFor low values ofp; the agreement with the boundary-layer
here the similarities with previous results end and differenfprediction is reasonable. An increasing deviation from the
behavior ofp, is observed. With increasing pressure an in-boundary-layer prediction is found with increasing value of
creasing level of fluctuations can be observegjn Espe- p;. In the caséhy=3.39 mm, a distinctive abrupt transition

D. Results for the 10°-diverging model
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is found for low values op; . In that case, two values fqr, striction. This figure illustrates that like the Coanda effect,
can be determined, one value before the transition and ornterbulence needs a long time before it is established. For a
value after the transition. For higher valuesmfthe transi- typical Reynolds number relevant in speech (R&000),
tion occurs too early, so that it is not possible to determine @he time delay in our experiments is 100 ms which corre-
stable laminar value fop, before the transition. The values sponds to 11 ms under physiological conditions. For normal
of p, before the transition at low values pfi agree quite male voiced sound the oscillation period is of the order of 10
well with the theoretical prediction. The turbulent resyliss  ms (see Fig. 2 which corresponds to 6 ms open phase. So,
of course do not agree with the prediction of the laminarsimilar to the Coanda effect, in a pulselike flow with a dura-
boundary-layer theory. tion of the order of 10 ms this effect might not be important
Using Eq.(4) the heighthg at the separation point can be in normal speech. However, Fig. 15 shows that at high pres-
estimated from the pressure ratio. In Fig. 17 the results arsures, corresponding to shouting, the pressure in the throat of
plotted. Clearly visible is the shift of the separation point inthe glottis never reaches a steady laminar value before tur-
the downstream direction due to turbulence. This means thdtulence sets in completely. It is further expected that such
the flow remains a further distance attached to the walls oéffects are sensitive to the movement of the walls and hence
the glottis model as the pressure difference in the experithis can induce a hysteresis in the flow separation behavior
ments increases. Fdér,=3.39 mm a limit is reached above as a function oh,.
p;=200 Pa(Re4500). The limithg/hy~1.55 in the right
graph of Fig. 17 coincides with the value lofh, at the end
of the linearly diverging part of the constriction. In that case|||. NUMERICAL SIMULATION
}Z(ta_ do not expect a significant pressure recovery in the fre%. Method
In Fig. 18 the moment at which the transition occurs is ~ The incompressible two-dimensional Navier—Stokes
plotted as a function of the pressure dpacross the con- equations are solved using the so-called viscous vortex-blob
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method(Grazianiet al, 1995; Ranucci, 1995The method whereu is the local velocity field and Re is the Reynolds
is based on a desingularized point vortex method. The soluaumber. For an appropriate treatment of both the convective

tion is obtained in the form of the vorticity distributian by
solving the vorticity-transport equation:
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(a) hp = 1.01 mm
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and the diffusive time scale as well as for the accurate ap-
proximation of the nonlinear term, the equation has been
split into a “Euler step” and a “Stokes step” according to the
Chorin—Marsden product formul@horinet al,, 1978. The

first step is governed by the inviscid-flow equation stating

8

FIG. 16. Comparing boundary-layer
predictions (solid line) with steady
» limit pressures obtained from the un-
steady experiments® before transi-
tion; M after transition. No transition
occurred in the experiments with,
=1.01 mm. Diffuser model with
a=10°.
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that the material identity of the vortical particles is advectedmore practical than a polynomial fit to the velocity profile

by the velocity field: because this usually requires at least two separate fits. In Fig.
D 19 an example is shown of the result of this procedure. In the
w . .
ﬁ:o_ 9) left graph the pressure difference,(~p,) is plotted to-

gether with the fitted polynomial. In the right graph the re-
In the second step, Stokes’ equation in vorticity form in twosulting scaled inflow velocity is plotted as a function of time.

dimensions becomes Time equal to 0 is defined to be the start of the simulation.
The computational domain for the diffuser models is

(?_w: ivzw (10) shown in Fig. 20. The inflow-velocityu;,) is uniformly im-
gt Re ' posed on the left inflow boundary. The height of the inflow

The fractional-step scheme provides the most appropriat%h?””e| is rellated to the radius of curvaturand thg throat
and convenient solution for each substep. The vorticity field1€ightho. It is defined as the reference lendiy in the

defined on the computational body-fitted grid with mesh size?'mU|ati0.n|ref=4r.+ ho. On the r?ght the_ outflow boundary
his approximated as is a far-field semi-circular domaiat a distance of 27y).

On this boundary a radial outflow is assumed and the outflow
velocity is determined from the inflow velocity by the con-
tinuity equation. Since the geometry that we are interested in
is symmetric with respect to its center line, the computation
) ' " - s is restricted to the upper half of the domain, hence the use of
pointx; and timet, and 5(x—x;) is the Dirac delta function. 5 symmetry line as a lower boundary and only half a glottis

Since the interaction between two point vortices diverges agq ihe ypper boundary. This also reduces the computational
the point vortices approach each other, a desingularization ¢fye and memory requirements by approximately a factor of
this interaction is appropriate as has been first discussed

: B The boundary is discretized by a set of panels. A densifi-
Chorin and Bernard1973 and later by others such as Beale

; X i -4~ cation of panels is applied in the region around the glottis
and Majda(1983. In our method the point-vortex interaction ;.4 on the symmetry line. A typical run requires 1600 to

is desingularized by the higher-order kernel .of Lucquin-1900 panels to build the geometry and uses 50000 to
Descreux(1987). Further details on the numerical method 45 000 point vortices to discretize the vorticity field. The

can be found in Hofman€L998g. region in which the full(viscous Navier—Stokes equations
B. Input for the simulations are solved is restricted to the viscous domain. Outside this

N
w(x,t") =2, T(x M) 8(x—x;), (12)
=1

where I'(X; ,t,) = o (X ,tn)h? is the circulation at the grid

Using the viscous vortex-blob method, four simulations
have been done with the diverging vocal-fold models at 150
moderate Reynolds numbéof the order 18): a=20°, h,
=1.05mm, andhy=3.35mm; «=10°, hy=1.05mm, and
ho=3.35mm. The numerical method yields a solution of the
two-dimensional incompressible Navier—Stokes equations
and needs an imposed inflow velocity;{) as input. The
steady-state value of the inflow velocity is used as the refer-
ence velocityu,e;. This input is obtained from experimental
pressure measuremen@s presented in the previous para- 0
graphs. First a ninth-order polynomial is fitted to the pres-
sure difference §; — p,) between pipe and throat as a func- p1 (Pa)

tion of time. Next this smooth fitted pressure proflle IS FIG. 18. The time with respect to the trigger point at 0.1 s at which the flow

i_ntegratgd in time U_Sing the Uns_teady _Bemou"i equation_ Qtarts to change significantly due to the onset of turbulence. Diffuser model
find the inflow velocity as a function of time. This method is with «=10°.
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domain only the inviscid Euler equations are solved. Thewalls at regular intervals in time. Oscillatory pressure fluc-
viscous domain includes the whole jet-region and the regiouations in experiments could well be associated with this
of flow separation(which is in fact the whole constriction behavior.
area. In the inflow domain and in the upper region of the In order to study the behavior of the separation point in
outflow channel viscous effects are neglected since they haw@ese flows, the calculated heighg of the channel at the
negligible influence on the results. separation point is plotted versus time in Fig. 23. As refer-
ences, the heights that are associated with the starting point
and the end point of the linear divergent part of the diffuser
section are indicated by the dashed horizontal lines. The
definition of a separation point is not obvious in an unsteady
The inflow boundary condition has been obtained fromflow. We used the definition of the separation point for
experimentally measured pressure differences—p,) in steady flows:gu/dy=0 on the wall, which is equivalent
the four geometries. The experimental pressures are showa w,,=0. This choice was made because it makes a
in Fig. 21 represented by the thin lines. The presgyrevas  comparison to a quasi-steady boundary-layer model straight-
measured 8 mm upstream of the constriction while the presorward.
surep, was measured in the throat of the constriction. Also  The behavior visible in the top two graphs f@er=20° is
shown are the numerical results foy andp, by means of  very different from that in the bottom two graphs f@r10°.
the thick lines. Although the experimental pressure differ-First of all, for «=20° flow separation starts somewhere
ence p;—p,) was used to determine the inflow velocity, halfway in the constriction and moves very rapidly to the
this does not impose individual values of eithmr or p,. throat of the constriction. A steady value just downstream of
The results in Fig. 21 demonstrate that the numerical methothe constriction on the cylindrical part is reached after 10 ms.
yields very reasonable results for the pressyrgsnd p,. In the =10° case, flow separation starts at the end of the
Note that the very unstable behavior that was found experieonstriction on the cylindrical part. It then moves rapidly to a
mentally for the case=20° andh,=3.50 mm(see Fig. 11  stable point somewhere on the diffuser part of the vocal-fold
seems also to be present in the numerical resulzfeR0°  model. The model is acting like a diffuser with marginal flow
and hy=3.35mm, shown in the top right graph of Fig. 21. separationfalso called stall(Blevins, 1984], and a small
An explanation for this unstable behavior is suggested by @erturbation can have a significant influence on the separa-
close-up of the numerical vorticity in the diffuser region of tion point. The sensitivity of the separation point to small
the glottis shown in Fig. 22. As these plots show, theperturbations observed in those laminar simulations support
interaction between the jet and the walls of the diffuserthe hypothesis that a transition from a laminar to a turbulent
is very complex. After 0.02 s, bursts of vorticity leave the flow results in a sudden change of the position of the sepa-

C. Results

Wallé

FIG. 20. Two-dimensional domain used in the numeri-
: cal simulations. Throat heiglity and total angle of di-

wall vergencea are input parameters. The inflow channel
e has a total height of e+ hy.
}
I A

outflow
. wall viscous domain -
@) = ke | 10 &My

symmetry line
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ration point and of the pressure in the throat as observed ilayer description is reasonable in the region around the

the experiments presented in Fig. 15. throat. The velocity profiles exhibit a thin boundary layer
After having demonstrated the complexity of this type of near the walls and an approximately uniform profile in the

flow we will evaluate a simplified quasi-steady description ofbulk of the flow. Only further downstream the first large

the flow. In Fig. 24 a close-up of the flow through the glottis vortical structures can be observed.

is presented. The figure shows the velocity profiles in the  Similar to Figs. 13 and 16 we present in Fig. 25 the

region of the throat and illustrates the fact that a boundarypressure ratio f,—ps)/(p1—ps) as a function of

001 o 901
T o001
k ! : €005

FIG. 22. Close-up of vorticity distri-
bution in the diffuser region showing a
complex interaction of vortices and
the diffuser walls. Results obtained for
a=20° andhy=3.35 mm.
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—ps), remembering thap,, p,, andps can be functions of pressure as illustrated by Fig. 21. The solid smooth
time. Although the boundary-layer model incorporates thdines represent the pressure with respect to the separation
assumption that the pressure at the separation point is equsdint, as used in Fig. 25. The difference between these
to zero (ps=0), this is not the case in the numerical simu-two lines is the contribution to the pressure due to the
lations. The separation point in the numerical results is defiow downstream of the separation point inside the constric-
termined using the conditiom, =0 (see Fig. 28 Thenps  tion and to the jet flow. Note that the pressure dipp

is the pressure on the symmetry line at the horizontak o, throat to separation point is about equal to the pressure
(stream-wisg position of the separation point. Hence the ra- ., fom the separation point to the far-field. This conclu-
tio (p2=ps)/(p1~Ps) can be determined from the numerical sion is in agreement with the results obtained recently

results. .
After an initial stage, in which the flow is essentially by szherelet al (200]? by means of stegdy flow pumencgl
lution of the Navier—Stokes equations. This explains

unsteady, we see that the agreement between numericyl , ) !
results and boundary-layer prediction is quite good.the large discrepancies found between experiments

This is surprising since the boundary-layer prediction2nd boundary-layer theory. Note also that the pressure
and the steady limit of the experiments did not agree sdluctuations are due to the flow downstream of the separation
well (see Figs. 13 and 16An explanation can be found Point. This indicates that the structure of the jet flow
in Fig. 26. In this figure the pressurps andp, are plotted Might be important to predict the source of sound in speech
together with p,—p,) and (,—ps) in each graph. modeling. In particular, the jet instabilites can induce
The dashed lines represent the pressure with respect tagher frequencies which are experienced in speech as broad-
the far field, which agreed with the experimentally measuredand “noise.”
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LT FIG. 24. Close-up of the constriction region showing
-0.005 | -0.005 the velocity vectorsa=20° andhy=3.35 mm.
0,6)05 6 0.(;05 0.01 'O.\!)Oﬁ 6 0,605 0.01
X [m] X [m]
(a) t = 11.9 ms (b) t = 25.1 ms

1672 J. Acoust. Soc. Am., Vol. 113, No. 3, March 2003 Hofmans et al.: Glottal flow



[~

0
_ Ot Lw;:____ 01 |
g ST g
é‘ 02 ¢ g; 0.2 ¢
S~
203 203}
g 04 + § 04
0.5 . : . 05 . . L
0 50 100 150 200 0 50 100 150 200
- a -
@ p) (F2) @rp) ®2) FIG. 25. Comparing numerical results
(a) a = 20°, hg = 1.05mm (b) a =20°, hg = 3.35mm (solid lineg for the pressure ratio
(P2—Ps)/(P1—Ps) to  quasi-steady
0 boundary-layer predictions(dashed
0 lines). ps is the pressure at the point of
Il stress.
0.1 + 01t zero wa
: 2
g" 02 Q 02 r
‘2 03} 2 03
s
~ 04+ - § 04
0.5 . . .
03 0 0 50 100 150 200
(Pr-py (Pa) (p-py (Pa)
(c) @ =10°, hp = 1.05mm (d) a =10°, kg = 3.35mm
IV. CONCLUDING REMARKS experiments demonstrates the complexity of this type of

In this paper we set out to describe the flow throirgh flow. However, we have shown results that make it reason-

vitro models of the glottis. By means of a combined experi-2P!€ 0 ignore some of these phenomena in a model of the

mental, numerical, and theoretical study we have managed W through the glottis. The Coanda effect as well as the
explain most of what was observed. transition to a turbulent flow need in order to appear a time

First of all, the richness of phenomena observed in thélelay comparable to the opening or closing time of the glot-
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FIG. 26. Influence of the jet on the
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(8) & = 20°, ho = 1.05mm (b) & = 20°, ho = 3.35mm pressuresit; —ps) and (P, ps) with
respect to the pressure at point of zero
wall stress, while the dashed lines rep-
resent pressurep, and p, with re-
spect to the far-field pressure as used
in the experiments.

S ——
o,

A -100 N
100 0 0005 001 0015 002 0025 0 0005 00t 0015 002 0025
t(s) t(s)
(¢) @ =10°, hyp = 1.05mm (d) a = 10°, hp = 3.35mm
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tis in normal male speech production. Female speech produé&PPENDIX: POHLHAUSEN'S METHOD

tion corresponds to typical frequencies of 200 Hz and would )
be even less sensitive to these effects. This conclusion is Analogous to Pohlhausei921), we have used a third-

drawn, however, for rigid models of the glottis with an un- order polynomial description of the velocity profile in the
steady flow at relatively high Reynolds numbers compared thoundary layeu(x,y):
normal speech conditions. 3

The behavior of the diffuserlike vocgl-fold models at a u(x,y)=U(x)2 a
Reynolds number of the order 36eems similar to what has =0
been reported in literature about diffuser performance at
much higher Reynolds number of the ordef.18imilar to  in which U(x) is the main flow velocity at the edge of the
results reported by Kwong and Dowlirij994 obtained ina  boundary layety is the coordinate perpendicular to the wall,
diffuser, we found experimentally and numerically that thed is the boundary-layer thickness, aadare the coefficients
vocal-fold model with a diffuser angle of 20° and an initial Which are functions of the coordinatealong the wall. In
heighthy=3.50 mm exhibited very unsteady flow behavior. order to determine the coefficients the polynomial has to
For the vocal-fold model with a diffuser angle of 10° and ansatisfy four boundary conditions:
initial height hy=3.39 mm we found experimentally that it
acts as a well-designed diffuser. This behavior is conform
data on diffuser performand@levins, 1984.

The comparison between experiment and boundary- —~|
layer theory in combination with a quasi-steady free jet in- Iy
dicated that the theoretical boundary-layer model showed
typical systematic errors of 30% in the throat pressure. Th&Jpon substitution of the polynomial in the boundary condi-
numerical study, on the other hand, confirmed that thdions the coefficients; are determined. Introducing the pa-
boundary-layer model was not inadequate but that some dgameterA =(5%v)(dU/dx) the coefficients are
the assumptions had to be adjusted. After an initial period of
essentially unsteady flow the quasi-steady laminar boundary- 4 =0,

y
5

u(x,00=0, u(x,6)=U,

du

y=0 dx

d°u
 Toy?

ou

y=4

A 3 A A1
a]_ a2: - E, agzz_ E

layer model predicts the position of the separation point with 0 4 " 2’
a surprising accuracy. However, the assumption of a uniform

p_ress_ure in the ]e_t is inadequate. This is anﬂrmed by ConAIipour, F., Fan, C., and Scherer, R. @996. “A numerical simulation of
sidering that the difference between the far-field pressure andiaryngeal flow in a forced-oscillation glottal model,” J. Comput. Speech
pressure at the separation point is almost as large as theanguagel0, 75-93.

pressure difference between the pressure at the separatiffpour. F. and Titze, I R.(1996. “Combined simulation of two-

. . . . imensional airflow and vocal fold vibration,” ifocal Fold Physiology:
point and the pressure at the throat of the glottis. This implies Controlling Complexity and Chapsedited by P. J. Davis and N. H.

that the pressure difference due to the jet is significant. This Fletcher(Singular, San Diego pp. 17—29.
is in agreement with the steady flow calculations of SchereBeale, J. T., and Majda, A1985. “High order accurate vortex methods

; i ; ; with explicit velocity kernels,” J. Comput. Phy§8, 188—208.
etal. (200])' The assur_nphon of a quz_;l5| St‘.aady Jet \.NlthOUtBIevins, R. D.(1984. Applied Fluid Dynamics Handbook/an Nostrand
pressure recoveryquasi-parallel flow implying a uniform ~pgeinhold, New York

pressurg is in fact the main source of inaccuracy in our Cancelli, C., and Pedley, T. (1985. “A separated-flow model for collaps-
prediction of the throat pressure. An improvement of the jet ible tube oscillations,” J. Fluid Mechl57, 375-404.

model is necessary. Such an improvement, however, is onlgcv?trr']néﬁ 'el)‘(;rﬁgli %femfﬂb?' flé’gzI'ou'?'i,ﬂyei'éaﬂgg_olz%vo"ex sheet

reIevanF V\_/hen the mechanicgl .mOQeIIing of the vocal foldscnorin, A, J., Hughes, T. J. R., McCracken, M. F., and Marsden, J. E.
has a similar degree of sophisticatidrous et al,, 1998. (1978. “Product formulas and numerical algorithms,” Commun. Pure
Numerical results obtained by means of the vortex blob Appl. Math.31, 205-256.

. [ : Deverge, M., Pelorson, X., Vilain, C., LagreP.-Y., Chentouf, F., Willems,
method can pl’edICt the flow inside the g|0ttIS. However, J., and Hirschberg, A(2002. “Influence of the collision on the flow

dOWr‘Stream of the flow separation point, turbulence appearsthrough in-vitro rigid models of the vocal folds,” submitted for publica-
which drastically changes the character of the flow, making tion.
the numerical results useless. This effect is suppressed kRp_Vries, M.(2000. “A voice for the voiceless,” Ph.D. thesis, Rijksuniver-

flow acceleration in the attack transient but is expected to bgfgzgrﬁ r%n'nggﬂhgowl”ggga Piva, 2995, “From a boundary integral

dramatic in the deceleration pha@¢ofmans, 1998 formulation to a vortex method for viscous flows,” Comput. Medss,
While this paper was being revised, experiments with 301-314.
oscillating walls have been performed by Devergeal. Hirschberg, A., Pelorson, X., Hofmans, G. C. J., Van Hassel, R. R., and

. . - Wijnands, A. P. J(1996. “Starting transient of the flow through an in-
(2002 which globally confirm the validity of our results. vitro model of the vocal folds,” inVocal Fold Physiology: Controlling

Complexity and Chag®dited by P. J. Davis and N. H. FletchH&ingular,
San Dieg9, pp. 31-46.
Hofmans, G. C. J(1998. “Vortex sound in confined flows,” Ph.D. thesis,
Eindhoven University of Technology, Eindhoven.
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