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Most flow models used in numerical simulation of voiced sound production rely, for the sake of 
simplicity, upon a certain number of assumptions. While most of these assumptions constitute 
reasonable first approximations, others appear more doubtful. In particular, it is implicitly assumed 
that the air flow through the glottal channel separates from the walls at a fixed point. Since this 
assumption appears quite unrealistic, and considering that the position of the separation point is an 
important parameter in phonation models, in this paper a revised fluid mechanical description of the 
air flow through the glottis is proposed, in which the separation point is allowed to move. This 
theoretical model, as well as the assumptions made, are validated using steady- and unsteady-flow 
measurements combined with flow visualizations. In order to evaluate the effective impact of the 
revised theory, we then present an application to a simple mechanical model of the vocal cords 
derived from the classical two-mass model. As expected, implementation of a moving separation 
point appears to be of great importance for the modeling of glottal signals. It is further shown that 
the numerical model coupled with a more realistic description of the vocal cord collision can lead 
to signals surprisingly close to those observed in real speech by inverse filtering. 

PACS numbers: 43.70.Aj, 43.70.Bk 

INTRODUCTION 

In order to model voiced sound production both an ac- 
curate description of the vocal folds mechanical behavior 
and a model for the air flow through the glottis are required. 
Concerning the first point, important work has been done to 
capture the fine structure of the vocal folds and its mechani- 
cal implications. 1'2 From a fluid mechanical point of view, 
recent contributions either concern attempts to solve the 
Navier-Stokes equations numerically 3'4 or are based upon 
empirical considerations, pointing out, sometimes, some dis- 
agreement between the model's predictions and the experi- 
mental results? -? Full numerical solutions are certainly a 
very important tool for a better understanding of the behavior 
of the flow through the vocal cords. However, due to the 
limits of both computation time and equipment, such an ap- 
proach does not appear to be suitable for the purpose of 
speech production and simple models are still necessary. 
This paper is an attempt to provide a simple but more real- 
istic fluid mechanical description of phonation. In particular, 
we propose the introduction of a moving flow-separation 
point during the closing phase of the oscillations of the vocal 
cords. The position of the flow-separation point is of particu- 
lar importance for phonation since it determines not only the 
volume flow velocity itself but also the hydrodynamical 
forces exerted on the vocal folds tissues. A theory based 

a)Part of this work was done while the first author was at the Institute for 
Perception Research (IPO). 

b)Present address: Institut de la Communication Par16e, 46 Av. F. Viallet 
F-38031 Grenoble, Cedex, France. 

upon a boundary-layer approximation is proposed in order to 
predict such an effect. The theory is validated using steady- 
and unsteady-flow measurements as well as unsteady-flow 
visualization in a simple (in vitro) model of the glottal chan- 
nel with fixed rigid walls. 

The last part of this paper is dedicated to the implemen- 
tation of the flow-separation theory in a numerical model. 
For the sake of simplicity, we have taken what appears to be 
the most simple mechanical description of the vocal cords: 
the two-mass approximation. Unlike Ishizaka and Flanagan 8 
who use a rectangular-shaped model, we propose a smooth 
description of the shape of the vocal cords. This representa- 
tion appears to be closer to reality and also allows the intro- 
duction of a moving flow-separation point. The importance 
of flow separation with respect to other fluid mechanical ef- 
fects is then studied on the basis of a comparison between 
the results obtained with the proposed model, the results ob- 
tained using a rectangular model, and glottal signals derived 
from inverse filtering? 

I. FLUID MECHANICAL DESCRIPTION OF THE FLOW 
THROUGH THE VOCAL CORDS, FLOW- 
SEPARATION EFFECTS 

A. Characteristics of the vocal cords 

The vocal cords can be defined as the structures includ- 

ing the vocal ligament (vocalis), the muscles that are at- 
tached to the ligament, and the internal part of the thy- 
roarytenoid muscles and the mucous membrane. The narrow 
slit between the vocal folds is called the glottis. Typical di- 
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TABLE I. Typical geometrical dimension of the vocal cords. 

Length L s 14-18 mm 
Thickness d 6-9 mm 
Height of tile glottis h 0-3 mm 

mensions Observed for male speakers are presented in Table 
I. m'n These dimensions have been used in the schematic 
representation of the vocal cords in Fig. 1. 

In the following, we will refer to the x axis as the axis 
parallel to the vocal cords midline, directed from the subglot- 
tal region to the vocal tract, and to the y axis as the axis 
perpendicul[ar to the glottis. 

B. Currently uaed flow models 

Most fi[ow models are based on the stationary Bernoulli 
equation 8'•2 stating that the volume velocity Ug in the glottis 
is given by 

{ 2APTotl •/2 Ug=hou•Lg[-• ----1 , (1) 
where hout is the aperture of the glottis at the end of the 
channel wEtere flow separation is assumed to occur, Lg the 
length of the vocal cords, p the air density, and APTo t the 
pressure difference between the subglottal and the supraglot- 
tal region. 

Severall corrections are usually added to this simple for- 
mula, such as (1) pressure losses due to a vena-contracta 
effect, (2) viscosity effects within the glottis, (3) inertance of 
air, and (4) pressure recovery after the glottal outlet. 

The vena-contracta effect, introduced by van den Berg 
et al., •3 implemented numerically by Ishizaka and Flanagan 8 
and recently extended by Miller, TM refers to a flow separation, 
in general at the entrance of the glottis. However, such an 
effect is only expected to occur in the case of an abrupt 
contraction with sharp edges? The contraction formed by 
the entrance of the glottis is gradual and thus it seems doubt- 
ful that any initial pressure loss would be attributable to a 
vena-contracta effect in such a case. 

Allowance is usually made for viscosity effects within 
the glottis by assuming the flow to be well approximated by 
a bidimensional fully developed Poiseuille flow. In such a 
case it can be shown that 

Subglottal R. egion Supraglottal Region 
(Trachea) •x (Vocal tract) 

FIG. 1. Schematic representation of the vocal cords and relevant dimen- 
sions. Note that dimensions of the glottis are exaggerated. 

dP 12/z 
dx - Lgh3 Ug, (2) 

where/z is the dynamic viscosity coefficient, h--h(x,t) the 
aperture of the glottis at position x, and P= P(x) the pres- 
sure along the glottis. Further integration of Eq. 112) is de- 
pending o n boundary conditions and thus on the geometrical 
description of the vocal cords used. In the usual stepwise 
representation the glottal shape is approximated by a succes- 
sion of straight channels. For each of these channels the pres- 
sure loss due to viscosity effects is then 

12txdi 
APviscøus-- Lgh•- Ug, (3) 

where d i is the thickness of the straight channel's element 
and hi its constant height. 

Inertance of air is taken into account as an additional 
factor p(dq/dt). Assuming an uniform flow across the glot- 
tal cross section, we have 

Ug h-gaX. 
With a stepwise approximation, inertance of air irtduces an 
additional term for each elementary channel d•, hi: 

APinert- p d i d •-• (4) Lg dt ' 
Finally, at the outlet of the glottis a reattachment of the 

flow to the vocal-tract walls is assumed. Ishizaka and 

Flanagan 8 proposed an evaluation of the pressure recovery 
by considering the quasisteady momentum-conservation 
equation 

O Ug Aj Aj 
- -2'2•ot •ot-1 . (5) APøut- • Aj 

As the area of the vocal tract Aot is much larger than the 
diameter of the jet Aj at the glottal outlet, .this pressure re- 
covery is very small. 

II. A THEORETICAL PREDICTION OF FLOW 
SEPARATION 

A. Typical flow conditions during phonation and 
relevant approximations 

At high Reynolds numbers, the main volume-control ef- 
fect is flow separation combined with turbulent dissipation of 
kinetic energy in the resulting jet flow. In fact, Eq. (1) im- 
plicitly assumes the formation of a free jet at the end of the 
glottis. In this section we consider the possibility c.f the for- 
mation of a free jet in the diverging part of the glottis. 

The problem considered, the prediction of flow separa- 
tion in a diverging channel, is of course a very general one in 
fluid mechanics. In the most general case this constitutes a 
very difficult problem that can only be solved using numeri- 
cal techniques that are far too complex to be implemented 
within a numerical model for speech simulation. To simplify 
the problem, we will use in the following assumptions based 
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TABLE II. Typical values for the flow and oscillation frequency of the vocal 
cords. 

Pressure difference across the glottis APTo t 400-2000 Pa 

Mean flow velocity within the glottis u 0 10-40 m s -j 
Fundamental frequency of oscillation fo 100-200 I4_z 
Acoustical wavelength k0 1.7-3.4 m 

upon the consideration of typical geometrical and flow con- 
ditions observed during phonation which are summarized in 
Table II. 

A dimensionless analysis showed that five parameters 
are important for this study: 16'17 

(1) The first parameter is the Strouhal number, 
Sr=fod/u o. This number is a measure of the ratio of the 
acceleration due to the unsteadiness of the flow and the con- 
vective acceleration due to the nonuniformity of the flow. 
Values in Tables I and II indicate that typical Strouhal num- 
bers are on the order of 10 -2 . Therefore, we will assume the 
flow to be quasisteady in first approximation. 

(2) The second parameter is the ratio of the glottal 
width and its length h/Lg. Since this parameter is small, we 
will assume the flow to be two dimensional. 

(3) The Helmoltz number, the ratio of the glottal thick- 
ness and the acoustical wavelength, d/X o yields information 
about the compactness of the flow. Since this parameter is 
also small, we will assume that the flow is locally incom- 
pressible. 

(4) The Mach number M is the ratio of flow velocity u 0 
to the speed of sound c o . M 2 is a measure of typical density 
differences occurring in a steady flow. As APTo t is on the 
order of 10 -2 times the atmospheric pressure, such com- 
pressibility effects can be considered negligible. 

(5) The last parameter is the Reynolds number, 
Re=hUo/v. Since typical values of Re are on the order of 
10 3 , we will assume that the effects of viscosity can be de- 
scribed in terms' of a boundary-layer approximation. 

Of all the above assumptions, the quasisteady one is 
certainly the crudest but its use is justified by the simplicity 
of the model we are aiming at. One should also note that the 
viscosity effects (high Reynolds numbers approximation) can 
certainly no longer be neglected when the vocal cords close. 
The glottal aperture then becomes so narrow that viscous 
effects are predominant and a Poiseuille formulation similar 
to Eq. (2) should be considered. 

B. Outline of the theory 

The prediction of flow separation is of course a very 
general problem in fluid mechanics. However, under un- 
steady conditions there are very few analytical solutions and 
most of the time only numerical solutions are available. Be- 
cause the computational time needed for these numerical 
resolutions is far too high for our purpose, we will restrict 
ourselves to a quasisteady solution for flow separation. 

1. The Pohlhausen cubic method 

The theoretical model proposed here is based on the 
boundary-layer approximation? '19 In other words, we con- 
sider the flow to be divided into two regions. 

The first one, away from the walls, is a region where 
viscous effects can be neglected (main flow). In this region, 
the flow can be described using the usual Bernoulli equation: 

p •-+P+ • pUo2=f(t), (6) 
where U0 = Uo(x,y) is the mean flow velocity, f a function 
of time only, and • the potential defined by 

f u0 dr. 
The second region, the boundary layer, is a region of 

thickness rS, in the vicinity of the walls where the viscous 
effects are important and must be taken into account in the 
flow description. It can be shown, under the specific assump- 
tions made (low Strouhal numbers), that the momentum 
equation can be reduced to the following form, also called 
the von Karman equation: 

d t5 2 d U 0 r 0 (7) Uø2Tx +(2a2+al)Uø d'•-- p' 
where 

-+(h/2-6) U ( U ) 1- ay 

is the momentum thickness, 

1- dy J-h/2 \ •00 
is the displacement thickness, 

•'0 =/J, -- 
ø3Y y= +-h/2 

is the shear stress at the walls, and u = u(x,y) is the velocity 
within the boundary layer. 

Although Eq. (7) is already a simplification of the origi- 
nal momentum equation, it remains unsolvable without fur- 
ther assumptions since we have two unknowns, 8 t and 82, 
and only one equation. An efficient way of solving the von 
Karman equation is provided by the Pohlhausen method. The 
key idea is to assume a given velocity profile within the 
boundary layer, for instance, a polynomial one: 

Uo ai , (8) i=0 

where r/denotes the coordinate normal to the walls. Under 
the assumption of quasiparallel main flow used further, the 
coordinate r/can be approximated as r/= h/2-[Yl. The co- 
efficients (ai) of the polynomial expansion (8) for a given 
degree N of the polynomial are to be determined by N+ 1 
boundary conditions. Unlike most textbooks which use a 
quartic approximation (N= 4), we consider here a cubic ap- 
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proximation (N = 3) which corresponds to the following four 
boundary conditions: 

at the walls (•/=0): [82ul duo 

at the edge of the boundary layer (r/= (5): u=Uo, 3u 

With the above boundary conditions, we found the following 
coefficients (ai): 

1 (52 dU o 
ao=O, a 1 -- 2v dx' 

3 1 (52 dU o 1 1 (52 dU o (9) 
a2=•-t-4 v dx ' a3=-•+4 v dx ' 
With the aid of velocity profile (8) and using the above 

coefficients, it can be shown that the von Karman equation 
(7) reduces to an ordinary nonlinear differential equation, 

aZ •'(X) 
- (10) dx U o ' 

with the new variables 

Z =-- 

and 

duo 
X=Z--- 

dx ' 

F is a universal function dependent only on the shape of the 
velocity profile and on the boundary conditions. Separation 
of the flow is defined as the point on the wall for which the 
normal derivative of the velocity is zero: Ou/Oy = 0. At this 
point the shear stress at the walls r 0 is also zero. With the 
new variable h this occurs when h = -0.0992. This will con- 

stitute our criterion for the prediction of flow separation. 
This method was applied to several classical tests quoted 

by Curie 19 and was found to give much better results than 
other similar methods discussed by Rosenhead, 2ø Curie, 19 
and Blevins? 

2. Simplified separation prediction 

Direct ,computation of the Pohlhausen cubic method is, 
of course, possible with the aid of Eq. (10). However, we 
experienced numerical instabilities in the vicinity of the 
separation point where the interaction between the boundary 
layer and the mean flow is important. These numerical insta- 
bilities can be avoided using specific numerical techniques 
such as relaxation methods or inverse techniques. 21 How- 
ever, this would imply a substantial increase in computa- 
tional time, which would make the method less suitable for a 
speech production application. For this reason, we proposed 
a further simplification of the method by considering the 
problem to be divided into two parts, as shown in Fig. 2. 

•//////////////////• 
Entrance "• 

(Trachea) of the glotb•/[ 
/////////////////• ,•Part (Vocal Tract) 

FIG. 2. Division of the channel into a converging and a diverging region. 

(1) For the first region, the entrance of the channel, we 
consider a development of the solutions given by the Pohl- 
hausen cubic method for a channel convergence with a con- 
stant radius of curvature R. At the minimum contraction 

point, in particular, it can be shown that, since the radius of 
curvature of the entrance R is large compared to the aperture 
ho, 

h02 =C •ee ' (11) 
where 82, 0 is the momentum thickness at the minimum aper- 
ture and C is a constant which has been determined numeri- 

cally (C•0.015 for 10-3<ho/R<l). 
The linear relationship (11) can of course be verified 

through comparison with complete numerical simulation of 
Eq. (10). Figure 3 shows an example of the results obtained 
for a wide range of R/h o from 1 to 1000. 

(2) In the second region, the diverging part of the chan- 
nel, to avoid numerical instabilities we assume that the 
boundary-layer growth corresponds to the Blasius solution 
for a flat plate in free space: 18 

1 

•- (522'ø=K2 •ee (h- 28•)x, (12) 
where K= 0.6641. 

2 
62 .o 
h 2 

0 

0.0004 .................. 4 ........... i .................. 4 .................. 4 ................. 

0 0,002 0.004 0,[)06 0,008 0,01 

Re' hoF 

R3•0 = ] 

RtZ0 0 

R/h0 100 

R/h0 lO00 

Regression used in (10) 

FIG. 3. Numerical computation results obtained using the Pohlhausen 
method for the rounded entrance of a channel. The parameter is the ratio of 
the minimum aperture h o and the radius of curvature of the channel's en- 
trance R. 
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h 0 = 0.96 mm 1.2 

Air Supply 

Pl 

5'////2 

D TO Flowmeter •.• 

FIG. 4. Experimental setup for steady-flow measurements. 

1,1 

0,9 

Or8 ' 

0,7 ' 

0,6 I I I I I 
0 1000 2000 3000 4000 5000 6000 

Re 

The criterion for flow separation can be expressed as 

a = - $2 • Re (h-26•) 2 •xx -2 dx]=-0'0992' 
(13) 

C. Experimental validation of the theory 

1. Steady-flow measurements 

a. Experimental setup. The experimental model is de- 
picted in Fig. 4. It consists of a straight tube of diameter 
D = 30 mm with a contraction formed by two half-cylinders 
(radius of curvature R = 10 mm) placed perpendicular to the 
pipe axis. The minimum aperture of the channel h 0 (the dis- 
tance between the cylinders) was a parameter that could be 
adjusted within 10-2 mm in the range of 0.1 mm <h0< 10 
ram. The dimensions used in this model were thus about 

three times larger than the typical physiological glottal di- 
mensions represented in Table I. 

The pressures upstream (P•), downstream (P3), and at 
the minimum contraction point (P2 or P•) of the model were 
measured using Betz micromanometers with an accuracy of 
+-1 Pa. Flux measurements were obtained with the aid of 

calibrated rotameters. Typical accuracy was 1% for fluxes. 
b. Results of the flux measurements. We will first con- 

sider the ratio of the measured flux, ß = Ug/Lg, and a refer- 
ence (ideal) flux •B, which we would expect for an inviscid 
flow with imposed separation at the minimum contraction 
point where h=h o . With the Bernoulli relationship for the 
mean flow this quantity can be related to the minimum ap- 
erture, to the diameter of the jet h•, and to the displacement 
thickness of the boundary layer at the separation point •,•: 

(I) h•-2•l, • - (14) ß B h0 

Figures 5 and 6 show two examples of the results ob- 
tained for a contraction of h0= 0.96 mm and ho= 3.32 mm 
as a function of the Reynolds number, Re=•/v. 

FIG. 5. Comparison between the experimental results obtained for 
h0 = 0.96 mm and the theoretically expected results. 

Both results presented here indicate a good agreement 
between the theoretical prediction of Eq. (14) and the mea- 
sured data over a large range of Reynolds numbers. 

c. Results of the pressure drop measurements. An impor- 
tant quantity for the purpose of numerical simulation of the 
vocal cords oscillations is the ratio of the total pressure drop 
APTo t and the initial pressure drop Ap•. The initial pressure 
drop is defined as the difference between the pressure mea- 
sured upstream of the contraction (P0 and at the minimum 
contraction (P2 or P•). By using again the Bernoulli law for 
the mean flow, we can show that this quantity can be ex- 
pressed as 

h0 = 3.32 mm 

1,2 

0.8 

0,6 

=l: +++++++++ 

I I I I I 

0 1000 2000 3000 4000 5000 6000 

Re 

FIG. 6. Comparison between the experimental results obtained for 
ho= 3.32 mm and the theoretically expected results. 
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tiPTot 

1,2 

0.9 -- 

0,g 
0 

ho = 0.96 mm 

] I I I I 

1000 2000 3000 4000 5000 6000 

Re 

FIG. 7. Experimentally obtained and theoretically expected normalized 
pressure drop results for ho=0.96 min. The symbol + refers to P:t mea- 
suremenls,•)•to P• measurements. 

APTo t I 1 / 1 1 AP-•-- (hs-28j.s) 2-• (h0_28j,o) 2 D--•, (15) 
where •.0 is the displacement thickness of the boundary 
layer at the minimum contraction point. 

Figures 7 and 8 show examples of the results of com- 
parisons between theoretical expectations and measurements 
obtained for h0=0.96 mm and h0=3.32 mm as a function 
of the Reynolds number Re. 

Figures 7 and 8 show the results of pressure measure- 
ments performed simultaneously on both sides of the model 
(P2 and P•). At high Reynolds numbers strong asymmetry in 

AP 
Tot 

APi 

1,2 

1,1 

0,9 

ho= 3.32 mm 

0,7 I I I I I 
0 1000 2000 3000 4000 5000 6000 

Re 

FIG. 8. Experimentally obtained and theoretically expected normalized 
pressure drop results for h0=3.32 ram. The symbol + refers to P2 mea- 
surements,•b-to P• measurements. 

the flow appears quite clearly from these results. This phe- 
nomenon, which is due to the Coanda effect, will be dis- 
cussed in the next section. 

Focusing on P2 measurements only, we observe that for 
Reynolds numbers higher than about 2500 for he= 0.96 mm 
and 2000 for h0=3.32 mm (which are typical during pho- 
nation), the agreement between the theoretical model and the 
experimental results is fairly good. As the Reynolds number 
decreases below Re= 103 , larger discrepancies (within 10%) 
appear between the theoretical model and the experimental 
results. 

The same conclusions can be drawn for the different 

apertures tested: In most cases our theoretical model predicts 
the pressure differences within a few percent for high Rey- 
nolds numbers but for lower Reynolds numbers the agree- 
ment is less satisfying. 

2. Unsteady-flow experiments 
a. Relevance of the Coanda effect under unsteady con- 

ditions. Papers by Teaget and Teaget 22 and Kaiser 23 formally 
pointed out the importance of a possible asymmetry in the 
supraglottal flow, also known as the Coanda effect? It is 
interesting to note that this effect was observed recently by 
means of full numerical simulation under steady conditions. 3 
In performing measurements on both sides of the contraction 
in the model we indeed observed such an effect as shown in 

the preceding section (see Figs. 7 and 8). Further flow visu- 
alizations confirmed that this asymmetry in pressure mea- 
surements corresponded to an asymmetric jet flow. 

As noted by Teager and Teager, • this asymmelry in the 
flow, which is usually not taken into account, would certainly 
be of great importance if implemented in a numerical model 
for the vocal cords. While there is no doubt that the Coanda 

effect occurs under steady-flow conditions, we do not expect 
it to occur under unsteady conditions. As an argument for 
this statement we present in Fig. 9 flow visualization per- 
formed under unsteady conditions such as an impulsively 
starting flow in the model. The experimental conditions were 
chosen to have a Strouhal number in the same order of mag- 
nitude as encountered in glottal flows [Sr=O(10-)]. 

As shown above, while in steady conditions a strong 
Coanda effect occurs, under unsteady conditions it appears 
clearly that the flow remains symmetric since the Coanda 
effect does not have time to establish itself. It is interesting to 
note that this conclusion is consistent with the results ob- 

tained by Iijima et al? on the basis of a numerical solution 
of the unsteady Navier-Stokes equations. 

b. Unsteady-flow measurements. The unsteady experi- 
mental conditions described in the preceding section also 
provide a good opportunity to evaluate the validity of the 
quasisteady theory under unsteady conditions. As previously 
stated, we expect, on account of the experimental conditions 
chosen, the unsteady effects to be in the same order of mag- 
nitude as those encountered during phonation. 

Figure 10(a) presents the time-dependent pressure differ- 
ence imposed on the model measured using a piezoelectric 
transducer (PCB type 116A). Bulk flow velocity was mea- 
sured by means of hot-wire anemometry. The hot wire was 
carefully placed on the center line and at the throat of the 

3421 J. Acoust. Soc. Am., VoL 96, No. 6, December 1994 Pelorson eta/.: Flow separation within the glottis 3421 

Downloaded 20 Oct 2011 to 195.221.243.131. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



FIG. 9. Visualization of impulsively slatling flow in Ihe experimenlal model with ho=3.32 min. Flow visualization wa', oblained by a schlieren method. The 
refractive index was obtained by injecting CO:z into Ihe flow upstream of the model. 
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(Pa) (Pa) 

(a) 

(m.s '•) 
40 

0.01 0,02 0.03 0,04 0.05 
Time (s) 

20- 

10- 

(b) 

0,02 0.03 0.04 o.0s 

Time (s) 

FIG. 10. Resulls for ho=3.32 min. (a) Time-dependent pressure difference 
imposed across the model during the impulsively starting flow experiments; 
corresponding pictures in Fig. 9 are indicated by numbers. (b) Correspond- 
ing measured flow velocity {dashed line} and theor½lical expectation (solid 
line}. 

channel. Figure 10(b) presents the results of a comparison 
between the measured flow velocity and the theoretical ex- 
pectation inferred from the pressure signal itself. 

Figure 11(a) and 11(b) present another example of re- 
sults obtained for a minimum aperture h0=0.96 min. 

As can be seen in Figs. 10 and 11, the agreement be- 
tween the quasisteady theory and the unsteady measurements 
appears to be quite acceptable. Significant differences oc- 
curred during the very first few milliseconds of the velocity 
signal, probably due to additional unsteady effects that are 
not taken into account in the simple theory presented here. 

D. Conclusions and limits of the theory 

With respect to the experiments described above, the 
theoretical flow model proposed here appears to be a quan- 
titative improvement of the Ishizaka and Flanagan flow 
model. Limits of the theory appear for the prediction of pres- 
sure differences at low Reynolds numbers. It can be shown 
that a much more accurate flow prediction can be obtained 
for low Reynolds numbers (Re<300). 25 However, we do not 
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FIG. 11. Results for ho= 0.96 mm. (a) Time-dependent pressure difference 
imposed across the model during the impulsively starting flow experiments. 
(b) Corresponding measured flow velocity (dashed line) and theoretical ex- 
pectation (solid line). 

think that such models are really needed. First, because the 
inaccuracies of the pressure prediction appear limited (10% 
at the most) and second, because they will mainly affect the 
pressure force description over a short period of time 
(namely the opening and the closing part of the vocal cords) 
during which we expect the inertial forces and the restoring 
forces due to the elasticity of the vocal cords to be predomi- 
nant. Finally one should note that the flow model has been 
tested under simple experimental conditions. Thus the valid- 
ity of the theory under conditions closer to phonation (pul- 
satire flow, moving boundaries) is still to be tested. This 
constitutes future research. 

III. APPLICATION TO THE TWO-MASS MODEL 

In this section we will consider the application of the 
quasisteady model for flow separation derived in the preced- 
ing part to a numerical model of the vocal cords. Numerical 
models for the vocal cords are numerous and can be classi- 

fied by considering the number of mechanical degrees of 
freedom they offer. Thus the models proposed in the litera- 
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FIG. 12. Two-mass representation of the vocal cords. 

ture vary from extremely simple ones, the simplest of which 
is the one-mass model of Flanagan and Landgraf 26 allowing 
only one degree of freedom, to very complex ones allowing 
up to 16 degrees of freedom • or even considering a continu- 
ous structure) 2 For reasons of simplicity, and also because it 
appears that it constitutes a reasonable compromise between 
complexity and efficiency, we will consider here an applica- 
tion to the two-mass model as proposed by Ishisaka and 
Flanaganfi In Ishizaka and Flanagan's representation each 
vocal cord is described as two rectangular masses coupled 
with springs (Fig. 12). 

Such a model could also be understood as a model in 
which the movement of the vocal cords is described by two 
oscillation modes. Hence we could call it a two-mechanical- 
degrees-of-freedom model. 
A. Description of the model 

As can be easily understood from Fig. 12, it would not 
make much sense to introduce a quasisteady model for flow 
separation in the representation proposed by ishizaka and 
Flanagan s since flow separation would always occur at the 
sharp edges in the model! For this reason, we propose a 
simple modification of the two-mass model in which the 
simple mechanical description of the vocal cords is retained, 
but for which this mechanical system drives a two-point 
parametric curve describing the shape of the vocal cords. The 
description we use is based on cylinders connected by tan- 
gent plates as shown in Fig. 13. 27'28 

1. Governing equations 

The main differences, besides the shape, between our 
model and the classical rectangular description, recalled in 
Sec. I, can be listed as follows: 

(1) We do not consider avena contracta effect at the 
entrance of the glottal model, 

(2) a quasisteady separation point is introduced in the 
model instead of a fixed separation point, and 

(3) no pressure recovery is assumed at the outlet of the 
glottis. 

FIG. 13. Modified two-mass model. 

The mechanical description is simplified by considering 
linear springs characteristics and by neglecting the pressure 
force exerted on the second mass. Finally, a modified de- 
scription of the vocal cord closure will be introduced. This 
last point will be discussed in greater detail in Sec. III C. 
Table III summarizes the differences between the smooth and 

the rectangular model, while details of the governing equa- 
tions and computation schemes can be found in appendixes A 
and B. 

TABLE III. Comparison between the main assumptions and the equations 
governing the rectangular and the smooth two-mass models. 

Rectangular Model Smooth Model 

Fluid Mechanical description 

- Flow separation at the 
enu'ance of the glottis. 
(Vena contracta effect) 

- Fixed separation point 

- Quasi-steady 
pressure recovery model. 

- Smooth, rounded and progressive 
cntxance. 

- Quasi-steady model of separation: 

- Pressumrecoveryneglected 

Mechanical description 

- Non linear spring model. 

- Forces on both masses 

- Uniform pressure force: 

'• = -Lg.h.P.d• 

- Abrupt closure of the 
vocal cords 

- Linear spring model 

- Force only on the first mass. 

- Non-uniform pressure force due 
to shape variations: 

( Separation 

- Deformation and contact model. 
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TABLE IV. Mechanical constants used for the computation of the rectangular and the smooth model. 

Mass 1 
mass Ml=0.17 g 

spring stiffness opened condition closed condition 
spring damping Kl=80 N m -• K I =320 N m -I 

rt=2.33 Nsm -1 rl=2.$7x10 -• Nsm -• 

Mass 2 
mass 

spring stiffness 
spring damping 

Coupling spring spring stiffness 

M2=0.03 g 
opened condition dosed condition 
K2=8 Nm -• K2=32 Nm • 

r2=l.86x10-2Nsm t r3=4.96•10 2Nsm 

Kr•=55 N m -• 

All these modifications are of a different nature and their 

consequences are difficult to evaluate a priori. For this rea- 
son, we will now present a detailed numerical study focusing 
in particular on the influence of each modification. 

B. Simulation results 

We will present a systematic comparison between the 
rectangular and the smooth model for the vocal cords. The 
mechanical constants we chose are presented in Table IV; 
they were the same for both models. 

For the rectangular model, nonlinear spring stillnesses 
were considered. We used the nonlinear constants proposed 
by lshizaka and Flanagan s (•/= 100 during opened conditions 
and r/=500 during closed conditions). The effective glottal 
thickness was chosen to be 0.3 cm for both models (mass 1 
thickness was 0.25 cm, mass 2 thickness 0.05 cm). The ini- 
tial aperture of the glottis (neutral position) was chosen to be 
0.0014 mm. 

Finally, the subglottic pressure signal was described as a 
smoothly increasing signal whose maximum value of 980 Pa 
(10 cm H20) is reached after 10 ms. 

As a basis for comparison, we will present in the next 
section results obtained for the volume velocity Ug, as well 
as for its time derivative dUfidt, because the latter signal 
constitutes the excitation signal for the vocal tract. 
1. Curvaturz, effects 

In Fig. 14 we present results obtained with the rectan- 
gular model and a version of the smooth model for which the 
separation was imposed to occur at the end of the model and 
was not allowed to move. 

A very important quantitative difference is observed in 
the predicted volume velocities: The smooth model predicts 
values that are much higher than those expected on the basis 
of the rectangular model. These differences can of course be 
explained by the different fluid mechanical description used, 
especially when not considering the strong losses due to a 
vena-contracta effect. Indeed, these losses do not only reduce 
the predicted flow velocity through the Bernoulli equation 
but also reduce the pressure forces exerted upon the masses. 
As a consequence, the apertures computed with the classical 
model are smaller than those obtained using the smooth 
model and contribute again to reduce the flow velocity. This 
statement can easily be verified by suppressing the vena- 
contraeta factor in the rectangular model. We then find peak 
flows of the order of 750 cm 3 s -1 which are close to those 
obtained with the smooth model. Moreover, both models os- 

ciliate with comparable fundamental frequency (162 Hz in 
the rectangular model versus 160 Hz in the smooth model). 
Concerning the glottal waveforms, the differences are lim- 
ited. In particular, the typical discontinuities in Ug at closure 
as well as the unrealistic negative peak flows in dUe/dt are 
observed for both models. 

2. Flow-separation effects 
We will now present results obtained with our model 

with allowance for a quasisteady separation of the flow. As 
appears in Fig. 15, the consequences are qualitatively and 
quantitatively significant. 

In Fig. 15, the ratio between the jet diameter h s (glottal 
aperture at the flow-separation point) and the aperture at the 
outlet of the glottis h2 is also presented. As this quantity was 
imposed to unity in Ishizaka and Flanagan's 8 two-mass 
model, it is no longer a constant in the present model. As a 
matter of fact, we see from Fig. 15(c) that the flow- 
separation position is first moving upstream of the glottis in 
the beginning of the closing phase. During the last part of the 
closing phase (prior to the closure) this motion is inverted 
and the separation point is then moving downstream. By 
comparison with Fig. 14, an important decrease of the fun- 
damental frequency (down to 135 Hz) is observed. Concern- 
ing the waveforms, the main differences of course occur dur- 
ing the closing phase, when the glottis presents a diverging 
shape in which flow separation can take place. In particular, 
the strong negative peaks in the time derivative of the vol- 
ume velocity are much less pronounced in the smooth model. 
This result can be explained with respect to Fig. 15(c) since 
the major differences with the Ishizaka and Flanagan •s 
model are indeed occurring during this part of the closing 
phase. 

C. Other improvements: Closure of the vocal cords 
1. Deformation of the vocal cords during 
contact 

Modeling of the closure of the vocal cords is also im- 
portant with respect to the quality of the generated speech 
signals. Abrupt closure of the vocal cords can lead not only 
to undesirable generation of higher harmonics but also to an 
inaccurate description of the closing and the closed portion 
of the glottal signals. In the following we propose a more 
realistic description of the vocal cords collision taking into 
account the elastic deformation of the tissues. We thus con- 

sider that during closure of the vocal cords a certain amount 
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FIG. 14. Computed volume velocity and corresponding time derivative as a function of time, obtained for (a) the rectangular two-mass model and (b) the 
smooth model with a fixed separation point. 

of air is expelled due to the deformation of the tissues. This 
*, although very weak, is of importance additional flow Ug 

since it prevents discontinuities in the glottal waveform, as 
shown Fig. 16. 

An important consequence for the quality of the signals 
is that the resulting spectrum is much less rich in high har- 
monics which in the rectangular model yield the typical 
"computer accent." 

2. Vocal cord contact and glottis closure 

It is generally assumed that contact of the vocal cords 
implies a complete closure of the glottis. In fact, high-speed 
recordings of the human vocal cords during phonation as 
well as in vivo measurements 2ø reveal that the vocal cords 
gradually collide from the lateral sides to the middle part or 
that in some cases, during breathy voicing for instance, the 
glottis never closes completely. As a result, there is still a 
certain amount of air which is allowed to pass the glottis 
while the vocal folds are already in contact with each other. 

To model such an effect in a simple way, we propose to 
consider that there is a certain time gap between the contact 
of the vocal cords and the effective closure of the glottis. 
Accordingly, we introduce a certain critical aperture at which 
the vocal cords are considered to be mechanically in contact 
while the glottis remains opened until a second critical posi- 
tion (aperture zero) is reached. In the example shown in Fig. 
17 the critical aperture was chosen to be h½=0.2 mm. 

It is interesting to note that a wider critical aperture can 
lead to a situation in which the glottis is never completely 
closed. This then constitutes an alternative description of the 
"leaky glottis" discussed by Cranen? 

D. Comparison with real speech signals 
So far we have presented successive modifications of a 

simple numerical model for the vocal cords and have evalu- 
ated the consequences of these modifications through com- 
parison with a classical description. Of course, without con- 
sidering the coupling of the numerical model with a model 
for the vocal tract, the effective impact of our model on 
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HG. 15. (a) Computed volume velocity, (b) corresponding time derivative, (c) and ratio between the jet diameter h s to the glottal outlet h 2 as a function of 
time, obtained for the smooth model with a quasisteady-flow separation. 

synthetic speech remains difficult to evaluate in greater de- 
tail. However, qualitative insight can be obtained by compar- 
ing simulation results with the glottal signals derived from 
inverse filtering obtained by Eggen. 9 In Fig. 18 we present 
the results of such a comparison in which the inverse filtered 
glottal signal was measured on a male speaker (normal 
voice) and the synthetic signal was obtained using our com- 
plete numerical program including the vocal cords collision 
model described in Sec. III C. Simulation parameters were 
chosen in order to have a fundamental frequency comparable 
to the inverse filtered data. The spring stiffnesses were 
Kl=60 Nm -•, K2=8 Nm -l, and K12=55 Nm -•, the 
maximum subglottic pressure was 588 Pa (6 cm H20), the 
critical aperture h e was chosen to be 0.11 mm, and other 
parameters were kept the same as in the previous sections. 

Although the comparison presented enhances some dif- 
ferences at particular points, the global shapes present some 
similarities. This qualitative example tends to show that the 
modifications proposed here can lead to signals that are quite 
different from those obtained with Ishizaka and Flanagan's s 
model but not unrealistic when compared with real speech. 

IV. CONCLUSION 

In this paper we have discussed the relevance of the 
currently used description of the air flow through the vocal 
cords. We have shown that many effects, such as flow sepa- 
ration at the entrance of the glottis, flow reattachment at the 
glottal outlet, and asymmetry in the flow due to the Coanda 
effect discussed in the literature or used in numerical models, 
do not appear to be relevant in the case of phonation. We 
then presented a revised quasisteady theoretical flow model, 
focusing in particular on the description of flow separation in 
the diverging channel formed by the smooth boundaries of 
the vocal cords. The flow-separation prediction model we 
proposed was kept simple enough for a numerical program 
for speech production. This theory was found to be in rea- 
sonable agreement with steady- as well as with unsteady- 
flow measurements, which goes to prove that the quasisteady 
assumption is a reasonable one in phonation conditions. 

The second part of this paper was dedicated to a study of 
the consequences of the revised theory when applied to the 
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FIG. 16. (a) Computed volume velocity and (b) corresponding tinge derivative obtained using a vocal cords deformation model at closure. The additional 
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FIG. 18. Comparison of glottal volume velocity time derivatives obtained by means of (a) inverse filtering performed on real speech and (b) numerical 
simulation using the smooth model. 

numerical simulation of voiced sounds. Although the theory 
we proposed could be implemented in any existing mechani- 
cal model, we chose for the sake of simplicity the most 
simple representation of the vocal cords: the two-mass 
model. The two-mass model proposed, although mechani- 
cally equivalent to that proposed by Ishizaka and Flanagan, s 
presents some important differences from a fluid mechanical 
point of view but also in terms of the general geometry. 
Among the modifications proposed, the moving flow- 
separation point appears to be the most significant, affecting 
the resulting glottal signals both qualitatively and quantita- 
tively. 

A numerical model having a smooth shape allows the 
introduction of a more realistic flow model and also allows 

simple modifications to describe physiological phenomena 
that occur during closure of the vocal cords. In particular, the 
simple models were presented in order to describe the defor- 
mation of the vocal cords; nonuniform closure of the glottis 
already seems to lead to more realistic signals. It appears that 
these modifications can be at least as important as the intro- 
duction of a moving separation point to mimic the measured 
glottal waveforms reported in the literature. 
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APPENDIX A: SMOOTH MODEL EQUATIONS 

1. Fluid flow formulation 

The general fluid flow model is based on the following 
coupled equations: 

APTot = APBemoulli+ APviscous, (A1) 

Oh(x) 
-+ ox =o, 

where the second equation is expressing the conservation of 
mass. 

Bernoulli term formulation. Let us first consider the un- 
steady Bernoulli theorem applied between two regions 1 and 
2 of the flow: 

o•pl + l• pvl2+pl = o•p2+ 1 P •- P at • p (A3) 
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where P•, u• (P2 and u 2, respectively) are the pressure and 
the velocity in region 1 (and in region 2, respectively), and 
where the potential q0 is defined as 

q>= Lgh(x) dx. (A4) 
When applied to the smooth model of the vocal cords 

depicted in Fig. 13, and allowance is made for the fact that 
the diameter of the trachea is much larger than the glottal 
aperture, the pressure difference between the sub- and supra- 
glottal regions is found to be 

APBernøuni=Psub--Pøt=P • •b Lgh(x) dx 
1 Ug 1 

+ P , Lg 

where x• is the absissa of the separation point and X•u b the 
absissa of the entrance of the glottis. 

•scous losses. As already stated, formula (A3) is only 
valid when viscous effects can be neglected. In the special 
case for which the glottis is closing or opening the ape•ures 
involved can become so na•ow that this assumption is no 
longer valid and viscous effects can even become predomi- 
nant. In such a case the momentum equation reduces to the 
following form, on the assumption of a fully developed Poi- 
seuille flow: 

dP 12g 
dx - Lgh(x) 3 Ug. (A6) 

If we apply formula (A6) be•een the sub- and supraglottal 
regions, we find 

12g • 1 APviscous- Lg Ugaxsub h(x) • dx. (A7) 
Calculation of the separation point. For a given geom- 

etry of the vocal cords [h(x) known] and a given main flow 
velocity U0 (Re known), the function X(x) can be easily 
computed for every x using the formula 

1 

X(x) = - 6•(x)Re [h(x)_26•(x)]2 
(dh(x)_ 2 d6•(x)} ax ax 1' (n8) 

and 

1 

822(x)= 822,ø(x)+K2 •ee [h(x)-28i(x)]x. (A9) 
Flow separation is predicted to occur for x =x s such that 

k (Xs) = - 0.0992. (A10) 
2. Mechanical formulation 

Let y• and Y2 be the instantaneous displacement of 
masses M• and M 2 . The fundamental principle of mechanics 
gives 

d2yl dyl 
M• •--•-+ri -•-+K•y•+Ki2(y•-y2)=Fi, (All) 

d2y2 dy2 
M 2 -•--5-+r2 -•-j-+K2y2+K12(Y2--Yl)=F2, (A12) 

where F1 and F2 are the modulus of forces exerted by the 
flow on masses 1 and 2 in the y direction. For the sake of 
simplicity, we assumed that no fluid mechanical force is ex- 
erted on mass 2(F2=0). In other words, we consider the 
second mass to be totally driven by the first one. 

F1 can be calculated in a similar way as presented in 
Sec. 1, by introducing a Poiseuille term as a correction to the 
Bernoulli formula: 

•m p • 1 dug 1 Ug Fi= - Psu•- L• h• d• dt 2 p L•h2(x) ass 1 sub 

Lg Ue h,(• ) d• dS, (AD) d Xsu b 

APPENDIX B: NUMERICAL RESOLUTION 

The general numerical scheme for a given time step i is 
summarized in Fig. B1. The two tests on h•(i) [or h2(i)] 
refer to the collision model described in Sec. III C 2 a. Dis- 
tinction between the vocal cord contact and the glottal clo- 

yes (Vocal cordage conracling) • 
I • I (or h 2 • 

Use specific spring 
conslants 

yes (GI{IIIiS is closed) 

no (GloItis sPIt opened) nitis is closed)• i•t 

Compute hydrodynamical force on mass I: F I I (eq. A13 wilh Ug = 0) 
I Cornpule displacements 

Compute Additional t volume flux due to 
the deformation of Ihe 

voca cords. 

no (Vocal cords me 
not contacling) 

First estima6on: U S (i) = US (i- 1) [ 

Compute Separalion Point 
(eq. A.10) 

Using •s(i) 1 Cornpine new gt•ess: 0•l(i ) 
(eqs. AI and A2) 

• loop untillOb(i) - Us(ill 
Final esd_madon: ] Ug(i) = Ug(i), 
hs(i) =•s(i) 

Compute hydrodynamica[ force on mass 
(eq. AI3) 

Computedisplacememsofmass I &2 [ (½qs. All and AI2) 

•'- I to ncxl iteration 
FIG. B1. Flow chart of the numerical resolution for the modified two-mass 
model. 
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sure is made by using the critical aperture h c . In the case 
where the glottis is opened, the volume velocity Ug(i) is 
then found by an iterative procedure. At each step within the 
loop equations (A1) and (A2) are simultaneously solved us- 
ing a finite differences technique. A typical convergence cri- 
terion • was chosen to be •= 10 -6. Lastly, the mechanics of 
the model is computed using a finite differences scheme and 
in the case of a closed glottis, allowance is made for addi- 
tional air flow due to the deformation of the vocal cords. 
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