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Abstract Physical modelling of phonation requires a
mechanical description of the vocal fold coupled to a
description of the flow within the glottis. In this study, an
in-vitro set-up, allowing to reproduce flow conditions
comparable to those of human glottal flow is used to sys-
tematically verify and discuss the relevance of the pressure
and flow-rate predictions of several laminar flow models.
The obtained results show that all the considered flow
models underestimate the measured flow-rates and that
flow-rates predicted with the one-dimensional model are
most accurate. On the contrary, flow models based on
boundary-layer theory and on the two-dimensional
numerical resolution of Navier—Stokes equations yield
most accurate pressure predictions. The influence of flow
separation on the predictions is discussed since these two
models can estimate relevant flow separation positions
whereas this phenomenon is treated in a simplified ad-hoc
way in the one-dimensional flow modelling. Laminar flow
models appear to be unsuitable to describe the flow
downstream of the glottal constriction. Therefore, the use
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of flow models taking into account three-dimensional
effects as well as turbulence is motivated.
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1 Introduction

Phonation or human-voiced sound production (e.g. vowels)
is due to the vocal fold oscillations within the larynx. It is
well established that these oscillations result from insta-
bilities of the fluid—structure interaction between the air-
flow coming from the lungs and the vocal fold tissues. The
improvements brought to the mechanical modelling of the
vocal fold tissues, the description of the glottal orifice
shape or the modelling of the glottal flow intend to obtain
more accurate predictions of physical and physiological
quantities associated to phonation, in particular for patho-
logical cases [12]. This development needs to be completed
by an experimental approach [26] to evaluate the benefit, in
terms of accuracy of the predictions and validity of the
assumptions, obtained by using more complex models,
especially if the computational cost is taken into account.

The early models proposing a physical description of
phonation [11] assume that the glottal geometry is fully
characterised by the variation of the glottal channel cross-
sectional area and that the glottal flow properties only vary
in the flow main direction. Moreover, the position of the
flow separation in the downstream part of the glottal con-
striction is often determined roughly, from an ad-hoc
geometric criterion [14], since one-dimensional flow
models based on Bernoulli’s principle are unable to predict
this position. The use of smooth geometries to describe the
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glottal channel is more relevant to the physiological reality
[10] and provides more reliable predictions of the flow
separation position based on flow properties [18]. Bound-
ary-layer methods [13] indeed represent a first step in the
sophistication of the glottal flow modelling and allow
predictions of flow separation positions.

The incessant increase of computational resources
enables the emergence of higher dimensional models of the
vocal folds and the glottal flow. Fluid—structure interaction
systems based on the numerical resolution of the solid and
fluid mechanics governing equations on discretised two-
dimensional domains were proposed [2, 22] to model the
vocal fold motion. For the vocal fold modelling, the
application of numerical resolution methods, e.g. finite-
element method, allows the definition of a mechanical
structure more relevant to the vocal fold physiology. For
the glottal flow modelling, the numerical resolution of
Navier—Stokes equations allows considering the influence
of asymmetries in the glottal channel and yielding more
detailed flow properties, e.g. spanwise velocity profiles or
the stress exerted on the vocal fold. Three-dimensional
models [4] use coarse meshes to reduce the computation
cost. This low spatial resolution leads to imprecise pre-
dictions of the glottal flow properties, especially regarding
the flow separation phenomenon. Representing the vocal
fold by a membrane-covered fluid-filled cavity [23]
establishes a link between the physical modelling of pho-
nation and several studies concerning collapsible tubes [15,
16]. Besides, finite-element modelling can be used to
estimate parameters in more simplified models [5].

In previous studies [6, 7], comparisons are made
between the predictions given by one-dimensional,
boundary-layer and two-dimensional flow models. The
influence of the glottal flow model on the vocal fold
mechanical model behaviour is particularly investigated. In
these studies, the two-dimensional model is considered as
the reference in the predictions comparison. However,
since glottal flow is three-dimensional and can develop a
turbulent character [17], it is questionable whether two-
dimensional laminar flow models could provide an appro-
priate validation for simpler models.

Therefore, the objective of this study is to carry out a
systematical validation of three different laminar flow
models, classically applied to glottal flow modelling. This
validation is based on an experimental approach in which
the pressure and flow-rate predictions provided by one-
dimensional, boundary-layer and two-dimensional models
are tested against in-vitro measurements performed on
glottal constriction rigid replicas [8, 27]. Besides, the
strong dependency of the accuracy of one-dimensional
models on the choice of the ad-hoc criterion to characterise
flow separation was pointed out [3]. Therefore, this study
bears a particular interest to the evolution of the flow
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separation position predicted by more sophisticated mod-
els, as function of the imposed geometrical and flow
conditions.

2 Methods
2.1 Experimental set-up

In order to experimentally validate the predictions provided
by the considered models, the in-vitro set-up depicted in
Fig. 1 was used. This set-up includes a glottal constriction
replica formed by vocal fold rigid replicas of various
shapes. In this study, two shapes were considered. The first
shape combines a rounded entrance followed by a uniform
cross-section. This shape allows one to avoid the influence
of a varying flow separation position on the models pre-
dictions since flow separation is forced to occur at the exit
of the channel. In the second case, the constriction formed
by the rigid replicas has a rounded shape so that flow
separation occurs before the exit of the channel. This shape
is interesting to study the variations of the flow separation
point.

For both uniform and round constrictions, the imposed
steady conditions are the following:

— the upstream pressure,

po =p(x) =1{1,2,3,4,5,6,7,8,9,10} x 100 Pa
— and the minimum constriction height,

hy ={0.2,0.5,1.0,1.5} mm.

The other measured quantities are:

— the pressure at the minimum constriction height on both
vocal fold replicas, p,
— and the volume flow-rate, ©.

Considering the imposed flow conditions and the dimen-
sions of the replicas, the designed set-up reproduces in-
vitro conditions relevant to human glottal flow conditions
during phonation. A comparison of typical values related to
flow within human glottis and in the in-vitro replicas is
presented in Table 1, in which Reynolds number Re is
defined as

Re = tghy = ° (1)

v v,

and Reynolds number Res, modified to take into account
the length and the height of the channel, is defined as

h, ®h e\
Res =Ref=—2%r~ (-5 2
=L TVLL (5) @

This non-dimensional number can be used to approximate
the ratio between the channel height and the viscous
boundary layer thickness .
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Fig. 1 a Schematic
representation of the
experimental set-up.

b Schematic representation of (A)
the glottal constriction replica.
¢ Dimensions of the round and
uniform rigid replicas of the
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Table 1 Comparison between . .
typical values related to flow in Quantity Symbol On human On replicas
the human glottis during . Glottal channel length L 4 mm 10-20 mm
phonation [9, 19, 24] and in the .
in-vitro replicas Glottal channel width Ly 15-25 mm 25 mm
Glottal channel minimum height hy 0-3 mm 0.2-1.5 mm
Glottal flow velocity Uy 040 m s~ 0-50 m s~
Oscillations fundamental frequency f 80-250 Hz 0 Hz
Density p 1.2 kgm™> 1.2kgm™
Dynamic viscosity u 1.8 x 107 Pas™! 1.8 x 107> Pas™!
Kinematic viscosity v 1.5 x 1077 m?*s™! 1.5 x 1077 m?>s™!
Reynolds number Re 0-5000 0-5000
Modified Reynolds number Res 0-1000 0-800
Strouhal number Sr 107%107" 0

For each configuration, the experiments were repeated
and reproduced. The experimental results presented in the
following are averaged values for each considered param-
eter set {po, i, }. Regarding the pressure at the minimum
constriction height p,, the measurements precision is
globally within 10% for the uniform constriction, and
within 15% for the round constriction. Regarding the flow-
rate, the measurements precision is globally within 3% for
both uniform and round constrictions.

2.2 Flow modelling assumptions

The dimensional analysis of flow conditions within the
human glottis, as presented in Table 1, commonly leads to
consider glottal flow as quasi-steady, incompressible,
laminar flow.

2.3 One-dimensional flow model

The considered one-dimensional model relies on additional
assumptions such as flow separation in the diverging
downstream part of the glottal constriction and energy dis-
sipation by turbulence downstream of the separation point x;.
Consequently the pressure at the separation point p(x,) is
assumed to be equal to the downstream pressure (equivalent
to the atmospheric pressure in this study). Bernoulli’s prin-
ciple is applied between the upstream of the constriction and
the separation position. A viscous loss term (corresponding
to the pressure drop in fully developed Poiseuille flow) is
added. The pressure difference p(xg) — p(x,) across the
constriction drives the flow model which estimates from the
streamwise height profile, h(x) the glottal flow-rate, ® and
the streamwise pressure distribution, p(x) such as
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This model is unable to predict the separation position
which is determined from an ad-hoc separation coefficient
¢y defined as ¢, = hy/h,, where hy = h(x,) and h, = h(x,)
denote the separation and minimum heights. A typical
value ¢, = 1.2 is commonly used in phonation models [20,
25]. In this study, the one-dimensional flow model is
evaluated using this fixed value of ¢y, as well as using
values obtained from the two-dimensional model and from
inverse estimation based on either pressure or flow-rate
measurements [3].

2.4 Thwaites’ method

Thwaites’ method, which is associated to boundary-layer
theory [21], allows one to keep a one-dimensional flow
description, but can estimate the position of flow separa-
tion. In one-dimensional model, the continuity equation
implies that ® = [,h(x)u(x). With the boundary-layer
assumption, this expression becomes

® = I (h(x) — 2H(x)0(x))ue (). 4)

where u,(x) is the streamwise velocity profile in the main
flow, 0(x) the profile of boundary-layer momentum
thickness:

X

P (x) = / 2 ()d, (5)

and H(Z) a shape factor depending on the parameter
defined as

Fig. 2 a Mesh and boundary

0% (x) du, (x)

Mx) === (6)

Thwaites’ method relies on an iterative resolution of Egs.
4-6 [28]. The separation position is determined from the
parameter A so that A(x,) = —0.0992 [18]. The assump-
tions regarding the flow properties downstream of the
separation point are the same as those made for the one-
dimensional model.

2.5 Two-dimensional laminar model

The two-dimensional laminar flow model considered in
this study is based on the numerical resolution of the
incompressible Navier—Stokes equation (Eq. 7) coupled to
the continuity equation (Eq. 8), over a discretised two-
dimensional flow domain:

p <((11—l: + (u~V)u) = -Vp+uVu (7)

Vu=0 (8)

This resolution is performed with the commercial software
ADINA [1]. Even if only steady cases are simulated, the
time-dependent terms are kept in the formulation of the
equations to use artificial time-steps to gradually increase
the inlet pressure value and to ensure the convergence to a
solution. The dimensions and the boundary conditions
applied to the fluid domains are described in Fig. 2. The
problem is considered as symmetric to reduce the compu-
tational cost and to ensure the flow model stability. About
70,000 three-node finite elements are used to discretise the
flow domain. For model stability and predictions accuracy
purpose, the mesh density is higher within the constriction,
as shown in Fig. 2. Preliminary tests showed that the
obtained solutions are grid independent when the number
of elements is over 50,000. These tests also showed that
three-node elements are the most suitable to obtain the
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convergence to a solution in all the considered cases. The
iterative resolution of the problem, discretised with
Galerkin method, is performed using a sparse solver and
Newton—Raphson algorithm.

In this modelling, the flow separation position is com-
puted from the wall shear stress distribution. Moreover, the
two-dimensional velocity components (u, v) and the static
pressure p are computed at every node of the mesh. So,
contrary to the two previous models, flow properties are
computed for the whole fluid domain.

3 Results

For the uniform and round constrictions, the models eval-
uation is based on the comparison between the computed
and measured ratios between the upstream pressure py and
the pressure at the minimum constriction height p, as
function of modified Reynolds number Res, which is pro-
portional to the flow-rate @ and the imposed minimum
constriction height &,, as defined in Eq. 2.

The comparison between the computed and measured
data for the uniform constriction and four minimum aper-
tures is shown in Fig. 3a. The comparison between the
computed and measured data for the round constriction and
four minimum apertures is shown in Fig. 3b. A logarithmic
scale is used for the sake of the results clarity, especially for
small Res values.

The inverse estimates of the separation coefficient c;
obtained, by using the inverse one-dimensional model,
from the pressure at the minimum constriction height p,
and from the flow-rate ® are shown in Fig. 4. The values of
¢, derived from the separation positions computed during
the simulations carried out with Thwaites’ method and the
two-dimensional laminar model are also reported in Fig. 4.
Smoke visualisation of the flow separation within the round
vocal fold replicas are presented in Fig. 5 which illustrates
qualitatively the evolution of the separation position as
function of modified Reynolds number Re;.

An example of comparison between pressure, velocity
and shear stress streamwise profiles computed with the
different considered models are shown in Fig. 6. The case
presented in that figure corresponds to the minimum con-
striction height s, = 0.5mm and the upstream pressure
po = 500 Pa.

4 Discussion

4.1 Uniform constriction

The three considered flow models predict a decrease of the
pressure ratio p,/po as Reynolds number Re; increases.
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Fig. 3 Ratio between the upstream pressure pg and the pressure at the
minimum constriction height p, as function of the Reynolds number
Res, obtained experimentally and simulated with the three flow
models, for the uniform constriction (a) and for the round constriction
(b) with four apertures
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Fig. 4 Separation coefficient ¢, as function of the Reynolds number
Res, obtained by inversion with one-dimensional model and simulated
with the two other flow models, for the round constriction with four
apertures

This evolution is qualitatively in agreement with what is
obtained experimentally. Nevertheless, it can be seen from
Fig. 3a that for each model, the simulated data describe a
smooth curve, particularly in the transitions between two
cases corresponding to different minimum apertures g. On
the contrary, these transitions appear more distinctly for the
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Fig. 5 Smoke visualisation of the flow separation within the round
vocal fold replicas with the minimum constriction height &, =
1.0 mm. The separation positions (estimated on the visualisation)
corresponding to three modified Reynolds number Re; are indicated
with dashed lines

measured data, with a difference of 0.1 between the pres-
sure ratios corresponding to h, =0.2 and 0.5 mm
(Res =~ 6) and between the pressure ratios corresponding to
he = 0.5 and 1.0 mm (Re; ~ 30), and a difference of 0.3
between the pressure ratios corresponding to 4, = 1.0 and
1.5 mm (Re; ~ 75). Indeed, aperture i, = 1.5 mm corre-
sponds to the upper portion of the considered Res range
(Res > 100) where the effects of viscosity are very small
compared to flow inertia. For this aperture and this Re;
value, the flow through the in-vitro replica and the resulting
jet are likely to be turbulent whereas it remains laminar for
the three other apertures. Indeed, it can be seen that the
three laminar models predict p,/po ratios inferior to the
measured ones for i, = 0.2, 0.5 and 1.0 mm whereas they
predict superior ratios for h, = 1.5mm. For the three
smaller apertures, the three models underestimate the
effects of viscosity on the pressure within the constriction
and overestimate them for 4, = 1.5 mm.

The models comparison shows that the flow quantities
estimated by Thwaites’ method, and the two-dimensional
laminar model are very similar for all imposed conditions
since the pressure and flow-rate predictions of these two
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Fig. 6 Simulated streamwise profiles for the round constriction with
the minimum constriction height h, = 0.5 mm and the upstream
pressure po = 500 Pa: a geometry, b pressure, ¢ velocity and d shear
stress as function of the x-coordinate

models are within 5%. For Res <20, it can be seen from
Fig. 3a that the one-dimensional model predicts pressure
ratios p,/po comparable to those predicted by the two other
models (|py™® — psP™4|/pp <0.05). For Res > 20, the
viscosity related corrective term in Eq. 3 becomes negligible
compared to Bernoulli’s term. Therefore the p,/po ratio
computed by the one-dimensional model tends more rapidly
to 0 when Re; increases, so that 0.1 <|py~ — ppP™NA[/
Ppo<0.15. Consequently, the one-dimensional model pres-
sure predictions are closer to the measured data than the two
other models predictions for i, = 1.5mm (|p} P — pfessured]
/p0<0.03 and |p?DINA — pi,“eas”red\/ o <0.2).

Regarding the flow-rate, all the considered models sys-
tematically underestimate the measured values, especially
Thwaites’ method and the two-dimensional laminar model.
The one-dimensional model appears to be the best esti-
mator of the measured flow-rate (2% < |®' P — @measured /
(Dmeasured < |(DADINA _ (Dmeasured|/q)measured < 80%) The dif-
ferences between the models flow-rate predictions confirm
that flow-rate estimations provided by a two-dimensional
laminar model are always inferior to those obtained by one-
dimensional models [7].
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4.2 Round constriction and flow separation

As observed for the uniform constriction, the underesti-
mation of the measured flow-rate by the models also
appears for the round constriction.

Regarding the pressure within the constriction, the pre-
dictions obtained with Thwaites’ method and the two-
dimensional laminar model are qualitatively in agreement
with the measurements. For Res > 30, both models provide
accurate estimates of the pressure p, at the minimum
constriction height (\pghwanes - pg‘easuredv po<0.04). For
he = 0.2mm, the experimental control of the imposed
aperture becomes more difficult so that standard deviation
on pressure measurements is higher than for the other
apertures. For a diverging constriction, the one-dimen-
sional model pressure predictions are strongly dependent
on the choice of the ad-hoc separation coefficient c¢; =
hs/hg [3]. The use of a constant value as geometrical cri-
terion for the determination of flow separation leads to
pressure predictions irrelevant to the in-vitro measure-
ments, as shown in Fig. 3b.

The inversion approach applied to one-dimensional flow
models [3] allows the estimation of the separation coeffi-
cient needed to predict the measured values of either the
pressure p, at the minimum constriction height or the flow-
rate ®. The separation coefficients estimated from p, are
situated between 1 and 1.1. However, the evolution of ¢, as
function of Res is not physical since the value of c;
increases, as the minimum aperture h, increases. The
separation coefficients estimated from ® are different from
those estimated from p,. However, the value of ¢, increa-
ses, as the flow-rate @ increases. This evolution of ¢, as
function of Res is the opposite of that observed experi-
mentally and qualitatively illustrated in Fig. 5 so that it is
not physical either.

Thwaites’ method and the two-dimensional laminar
model are able to predict the flow separation position.
Separation coefficients can be extracted from the computed
separation positions to establish a link with the one-
dimensional ad-hoc criterion, as shown in Fig. 4. The two
models predict a physical evolution of the separation
coefficient since ¢, decreases when Res increases. More-
over, the ¢, values predicted are very similar even if the
discrepancy between the two models predictions increases
when Re; decreases. Figure 4 shows that determining flow
separation from only geometrical criteria is not relevant if
the whole range of flow conditions corresponding to glottal
flow is considered. Therefore, it could be interesting to use
the separation coefficient predicted by two-dimensional
laminar model to improve the predictions of one-dimen-
sional model. Such approach was used to determine the
parameters of a simplified vocal fold model from finite-
element simulations [5]. However, the computed

separation coefficients are very different from the values
obtained by inversion. Then, it can be seen in Fig. 3b that
the one-dimensional model using the ¢, values extracted
from simulations with the two-dimensional laminar model
still overestimates the pressure drop within the constriction
and provides irrelevant predictions.

Thwaites’ method and the two-dimensional laminar
model predict very similar separation positions, but a
quasi-constant discrepancy (|pg"™' — p2P™A| /py = 0.07)
appears between the pressure predictions provided by these
two flow models, as shown in Fig. 3b. This discrepancy
can be explained by the assumption regarding the pressure
downstream of the separation point made in Thwaites’
method. The pressure profiles presented in Fig. 6b show
that the pressure at the separation point is, by assumption,
equal to the downstream pressure in the Thwaites’ method
profile whereas the pressure at the separation point com-
puted by the two-dimensional laminar model is inferior to
the downstream pressure. The strict condition used in
Thwaites’ method leads to a difference in the determination
of the pressure within the constriction. Figure 6b also
illustrates the overestimation of the pressure drop within
the round constriction obtained with the one-dimensional
model. Regarding the velocity, the difference between the
models predictions is relatively less notable. The velocity
profiles presented in Fig. 6¢c show in particular that the
velocity values computed by all the considered models at
the exit of the constriction are very similar. Finally, one
particular benefit of using more advanced glottal flow
models is the estimation of the wall shear stress exerted by
the flow. The comparison between the computed stress
profiles presented in Fig. 6d shows that the stress estimated
from Thwaites’ method is almost half the one estimated
from two-dimensional laminar model. The use of more
sophisticated flow models gives a more detailed description
of the glottal flow behaviour. Consequently, the flow
models evolution should be accompanied by the evolution
of the experimental set-ups and replicas to validate the
relevance of the computed properties. Experimental data
referring to the separation position and the jet formation
would allow the evaluation of the relevance of the
assumptions on these phenomena made for glottal flow
modelling.

In conclusion, this study shows that all the considered
models underestimate the flow-rate with respect to the
measurements and that the simplest model gives the more
relevant flow-rate estimations. However, one-dimensional
flow modelling can only provide qualitative predictions of
the pressure profile within the glottal constriction, whereas
Thwaites’ method and the two-dimensional laminar model
give estimations of the pressure drop in better agreement
with the measurements. The assumptions on the flow
properties in the separation region can have an important
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impact on the pressure predictions. This motivates further
investigations using flow models which take into account
turbulence and three-dimensional effects.

Acknowledgements

This study has been supported by Ph.D. grant

from the French Ministry of Education and Research, Explora’Doc
scholarship from Rhone-Alpes regional council (France), grant
EGIDE Alliance 18224YD and grant ANR-07-JCJC-0055.

References

10.

11.

. ADINA (2006) Theory and modeling guide, vol III: ADINA CFD

& FSI. ADINA R&D, Inc., Watertown

. Alipour F, Titze IR (1996) Combined simulations of two-

dimensional airflow and vocal fold vibration. In: Davis PJ,
Fletcher NH (eds) Vocal fold physiology: controlling complexity
and Chaos. Singular Publishing Group, San Diego, pp 17-29

. Cisonni J, Van Hirtum A, Pelorson X, Willems J (2008) Theo-

retical simulation and experimental validation of inverse quasi
one-dimensional steady and unsteady glottal flow models. J Ac-
oust Soc Am 124(1):535-545

. de Oliveira Rosa M, Pereira J (2007) Aerodynamic study of

three-dimensional larynx models using finite element methods.
J Sound and Vib 311:39-55

. de Vries M, Schutte H, Verkerke G (1999) Determination of

parameters for lumped parameter models of the vocal folds using
a finite-element method approach. J Acoust Soc Am 106(6):
3620-3628

. de Vries M, Schutte H, Veldman A, Verkerke G (2002) Glottal

flow through a two-mass model: comparison of Navier-Stokes
solutions with simplified models. J Acoust Soc Am 111(4):1847—
1853

. Decker G, Thomson S (2007) Computational simulations of vocal

fold vibration: Bernoulli versus Navier-Stokes. J Voice 21:273—
284

. Deverge M, Pelorson X, Vilain C, Lagree P, Chentouf F, Willems

J, Hirschberg A (2003) Influence of collision on the flow through
in-vitro rigid models of the vocal folds. J Acoust Soc Am
114(6):1-9

. Hirano M, Kurita S, Nakashima T (1983) Growth, development

and aging of human vocal folds. In: Bless D, Abbs J (eds) Vocal
fold physiology. College Hill Press, San Diego, pp 22-43
Horacek J, Svec J (2002) Aeroelastic model of vocal-fold-shaped
vibrating element for studying the phonation threshold. J Fluids
Struct 16(7):931-955

Ishizaka K, Flanagan J (1972) Synthesis of voiced sounds from a
two-mass model of the vocal cords. Bell Syst Tech J 51:1233—
1267

@ Springer

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Kacha A, Bettens F, Grenez F (2006) Vocal dysperiodicities
estimation by means of adaptive long-term prediction. Med Biol
Eng Comput 44:61-68

Lagrée P, Lorthois S (2005) The RNS/Prandtl equations and their
link with other asymptotic descriptions. Application to the com-
putation of the maximum value of the wall shear stress in a pipe.
Int J Eng Sci 43:352-378

Lous N, Hofmans G, Veldhuis N, Hirschberg A (1998) A sym-
metrical two-mass vocal-fold model coupled to vocal tract and
trachea, with application to prosthesis design. Acta Acustica
84:1135-1150

Luo X, Pedley T (2000) Flow limitation and multiple solutions in
2-D collapsible channel flow. J Fluid Mech 420:301-324

Luo X, Calderhead B, Liu H, Li W (2007) On the initial con-
figurations of collapsible tube flow. Comput Struct 85(2):977-
987

Mitev P, Hadjitodorov S (2000) A method for turbulent noise
estimation in voiced signals. Med Biol Eng Comput 38:625-631
Pelorson X, Hirschberg A, Van Hasselt R, Wijnands A, Auregan
Y (1994) Theoretical and experimental study of quasisteady-flow
separation within the glottis during phonation. Application to a
modified two-mass model. J Acoust Soc Am 96(6):3416-3431
Pelorson X, Liljencrants J, Kroeger B (1995) On the aero-
acoustics of voiced sound production. In: Proceedings 15th
international conference on acoustics. Trondheim, Norway

Ruty N, Pelorson X, Van Hirtum A, Lopez I, Hirschberg A
(2007) An in-vitro setup to test the relevance and the accuracy of
low-order vocal folds models. J Acoust Soc Am 121(1), 479-490
Schlichting H, Gersten K (2000) Boundary layer theory. Springer
Verlag, Berlin

Thomson S, Mongeau L, Frankel S (2005) Aerodynamic transfer
of energy to the vocal folds. J Acoust Soc Am 118(3):1689-1700
Thomson SL, Mongeau L, Frankel SH (2007) Flow over a
membrane-covered, fluid-filled cavity. Comput Struct 85:1012—
1019

Titze IR (1994) Principles of voice production. Prentice-Hall, Inc,
Englewood Cliffs

Titze IR (2002) Regulating glottal airflow in phonation: appli-
cation of the maximum power transfer theorem to a low dimen-
sional phonation model. J Acoust Soc Am 111:367-376

Van Hirtum A, Pelorson X, Lagrée PY (2005) In vitro validation
of some flow assumptions for the prediction of the pressure dis-
tribution during obstructive sleep apnoea. Med Biol Eng Comput
43:162-171

Vilain C, Pelorson X, Fraysse C, Deverge M, Hirschberg A,
Willems J (2004) Experimental validation of a quasi-steady
theory for the flow through the glottis. J Sound Vib 276(3—
5):475-490

White F (1982) Viscous fluid flow. McGraw-Hill Book Company,
New York



	Experimental validation of quasi-one-dimensional and two-dimensional steady glottal flow models
	Abstract
	Introduction
	Methods
	Experimental set-up
	Flow modelling assumptions
	One-dimensional flow model
	Thwaites’ method
	Two-dimensional laminar model

	Results
	Discussion
	Uniform constriction
	Round constriction and flow separation

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


