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The intra-glottal vortical structures developed in a static divergent glottis with continuous flow
entering the glottis are characterized. Laryngeal airflow calculations are performed using the Large
Eddy Simulation approach. It has been shown that intra-glottal vortices are formed on the divergent
wall of the glottis, immediately downstream of the separation point. Even with non-pulsatile flow
entering the glottis, the vortices are intermittently shed, producing unsteady flow at the glottal exit.
The vortical structures are characterized by significant negative static pressure relative to the
ambient pressure. These vortices increase in size and strength as they are convected downstream by
the flow due to the entrained air from the supra-glottal region. The negative static pressures
associated with the intra-glottal vortical structures suggest that the closing phase during phonation
may be accelerated by such vortices. The intra-glottal negative pressures can affect both vocal fold
vibration and voice production. © 2010 Acoustical Society of America. #DOI: 10.1121/1.3271276$

PACS number!s": 43.70.Aj, 43.70.Bk #AL$ Pages: 435–444

I. INTRODUCTION

The present research numerically characterizes the un-
steady intra-glottal velocity and pressure fields in a three-
dimensional, symmetric larynx model of the true vocal folds
during the later part of closing. During this phase of phona-
tion, the glottis is divergent. A static model is used here so
that the effects of vocal fold movement on the flow are not
considered. The primary hypothesis of this work is that intra-
glottal vortices form in the superior aspect of the divergent
glottis, and that these vortices produce significant negative
aerodynamic pressures, relative to both ambient and sub-
glottal pressures. These intra-glottal vortices form in a diver-
gent duct due to flow separation and thus will be referred to
as flow separation vortices !FSV". The formulated hypothesis
is strongly supported by findings in the excised canine larynx
model !Khosla et al., 2007, 2008a, 2008b; Murugappan et
al., 2009", assuming that the pressures at the glottal exit are
similar to the pressures just below the glottal exit, at the
same phase. One of the goals of this paper was to test this
assumption in a static model since there have been no ana-
lytical or computational models that explicitly studied the
FSV. In order to test this hypothesis, this study focused on
the analysis of the vortical structures developed on the diver-
gent section of the intra-glottal region of the laryngeal air-
flow, the generation mechanism, and the associated pressures
as the vortices travel through and above the glottis.

The hypothesis stated above is clinically important since
the findings in the previously mentioned animal models also
suggest that these negative pressures play an important role
in determining the closing speed of the vocal fold. Gorham-
Rowan and Morris !2006" suggested that the vocal fold clos-
ing speed is related to the maximum flow declination rate
!MFDR". Understanding the mechanisms contributing to the
MFDR is clinically important, since the MFDR is highly
correlated with vocal intensity !Sundberg and Gauffin, 1979;
Holmberg et al., 1988; Gauffin and Sundberg, 1989; Sapi-
enza and Stathopoulos, 1994". Stevens !1998" noted that the
rapid reduction in flow is also important for generating
acoustic energy over a broad frequency range and showed
analytically that increasing the rate of flow shutoff will pro-
duce increased energy in the higher harmonics, a theory sup-
ported by multiple findings in patients !Klatt and Klatt, 1990;
Hanson, 1997; Gobl, 1989".

Fant !1982" showed analytically that a higher MFDR
can be obtained by increasing the inertance of the vocal tract,
by increasing vocal fold closing speed, or by increasing the
maximum lateral vocal fold displacement !MLD". Increasing
MLD will increase the elastic recoil forces, which will accel-
erate vocal fold closing speed and MFDR, and thus augment
intensity. However, this mechanism is not consistent with the
one study in humans that simultaneously looked at the rela-
tionships between intensity and both vocal fold closing speed
and MLD. By using image-processing techniques to analyze
stroboscopic images in patients under different phonatory
conditions, Woo !1996" showed that vocal intensity was
highly correlated with maximum vocal fold closing speed
but, in contradiction with Fant’s theories, not with maximum
lateral displacement.
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Woo’s !1996" findings are consistent with results in ex-
cised canine larynx models !Khosla et al., 2009; Murugap-
pan et al., 2009", which suggest that, under certain condi-
tions, the contribution of the intra-glottal vortices to
determining rapid vocal fold closing speed is much higher
than the contribution of maximum lateral displacement.
Their results also indicate that the FSV are associated with
significant intra-glottal negative pressures during closing. It
is interesting to note that an earlier study in an excised ca-
nine hemilarynx !Alipour and Scherer, 2000" showed nega-
tive pressures produced during the later part of closing, when
the glottis is divergent. In this case the authors attributed the
negative pressures occurring at the upstream glottal sections
to Bernoulli effects, flow acceleration, and separation. The
negative pressures occurring during closing in the upper por-
tion of the glottis !downstream" were attributed to the curva-
ture of the vocal fold and to rarefaction produced by closing
of the folds. These findings in animal models contradict one
of the basic assumptions used in many phonatory models:
that the pressures downstream of the point of separation are
uniform and equal to the ambient pressure !Pelorson et al.,
1994; Story and Titze, 1995; Lous et al., 1998". As Krane
and Wei !2006" noted, this assumption may not be correct if
the glottal flow is significantly unsteady. Therefore, an accu-
rate characterization of the unsteady vortical flow in the
intra-glottal region and its interaction with the vocal folds is
important.

The use of Computational Fluid Dynamics !CFD" in in-
vestigating the non-linear transitional/turbulent glottal air-
flow has been facilitated by advances in computer technol-
ogy over the past few decades. Using unsteady CFD solvers,
two-dimensional, axisymmetric, and three-dimensional glot-
tal configurations have been analyzed with and without vocal
fold motion !Zhao et al., 2001, 2002; Zhang et al., 2002;
Hofmans et al., 2003; Alipour and Scherer, 2004; Decker
and Thomson, 2007; Mihaescu et al., 2007; Suh and Frankel,
2007". In many of these numerical studies, the sound gener-
ated by the laryngeal airflow was considered !Zhao et al.,
2001, 2002; Zhang et al., 2002; Mihaescu et al., 2007; Suh
and Frankel, 2007". Parametric studies involving the influ-
ence of Reynolds number on the flow characteristics and the
effect of different divergent glottal angles on the flow sepa-
ration point have also been performed !Zhang et al., 2002;
Alipour and Scherer, 2004; Mihaescu et al., 2007". It is
known that for a diverging shape of the vocal folds, when the
angle of the glottis exceeds a certain minimal value, the flow
separates and vortices are formed immediately downstream
of the separation point !Zhao et al., 2001, 2002; Zhang et al.,
2002". Although it was recognized that the unsteady vortex
shedding results in unsteady forces on the surface of the
vocal folds !Zhao et al., 2001, 2002", the features of these
vortices have not been investigated in detail. None of these
models suggests that the FSV produced significant negative
aerodynamic pressures and none of them show the pressures
associated with these vortical structures inside the glottis.

There are a few computational larynx models that
showed negative wall pressures in the superior aspect of the
glottis during closing in addition to the low wall pressures
occurring due to Bernoulli effects at the minimum glottal

width. However, none of them showed how the pressure field
within the glottis changes with the intra-glottal flow evolu-
tion. Using Direct Numerical Simulation !DNS", Zhang et al.
!2002" studied the aeroacoustics of the glottal flow for dif-
ferent phonatory conditions and glottal configurations. Dur-
ing the closing phase, in some of the cases, negative wall
pressures and vortices were shown at the superior edge of the
glottis exit. These vortices occurred near the glottal exit,
therefore having a minimal effect on vocal fold closing speed
and MFDR. Zhao et al. !2002a" stated that the intra-glottal
flow separation vortex “triggers a Kelvin–Helmholtz-type in-
stability of the jet and secondary vortices are formed near the
outlet of the glottis.”

Using Large Eddy Simulation !LES", Suh and Frankel
!2007" showed that the intra-glottal flow attaches to one wall
of the divergent duct, which they refer to as the “flow wall.”
Along that wall, they showed negative intra-glottal pressures
in the superior aspect of the glottis. The magnitude of these
negative pressures was consistent with the previously men-
tioned findings in excised canine larynges. However, they
described vortices only along the separated flow shear layer,
opposite the wall to which the flow was attached. The nega-
tive wall pressure was thus related to the adjacent flow rather
than to the vortices in the detached shear layer. Therefore,
the attached flow described in Suh and Frankel, 2007 does
not allow testing of the latter part of our hypothesis—that the
flow separation vortices produce significant negative aerody-
namic pressures on the wall adjacent to them.

Employing the LES methodology, the present study pre-
sents a detailed analysis of the intra-glottal velocity fields,
vortical structures, and intra-glottal pressures in a static duct.
This analysis will allow us to determine if the flow separa-
tion vortices generate significant negative intra-glottal pres-
sures in the superior aspect of the glottis, and thus if the
closing phase during phonation may be accelerated by such
vortices.

II. METHODS

Computational fluid dynamics methods predict flow
characteristics by solving the flow governing Navier–Stokes
equations. Within the CFD framework, the steady Reynolds
averaged Navier–Stokes !RANS" technique utilizing appro-
priate two-equation turbulence models !e.g., k-! or k-"" can-
not accurately describe unsteady flow fields involving flow
separation and adverse pressure gradients !Wilcox, 1993".
With such models, only information about the local mean
flow is computed, and all the flow unsteadiness is filtered
out. In flow situations that involve adverse pressure gradients
and separation, unsteady RANS based on shear-stress trans-
port k-" model is superior to other RANS models since it
offers a better trade-off between accuracy and efficiency
!Suh and Frankel, 2008". In the past few decades, LES has
become the major computational tool for studying unsteady
turbulent flows !Pope, 2000". LES resolves a large range of
turbulent scales !i.e., the energy containing eddies" and thus
is able to capture the turbulence dynamics. Only the smallest
scales in the turbulent flow need to be approximated by mod-
eling.
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In the present research, unsteady LES !Fluent Inc.®" is
employed to compute the laryngeal airflow through a three-
dimensional static and diverging larynx model that assumes
symmetry relative to the mid-sagittal plane of the larynx. It is
known in both mechanical and computational three-
dimensional larynx models that the glottal jet is often asym-
metric, attaching to one side or the other of the glottis due to
the bistable character of the flow. The phenomenon has been
observed and has been analyzed in several studies !Shinwari
et al., 2003; Neubauer et al., 2007; Mihaescu et al. 2007;
Nomura and Funada, 2007; Suh and Frankel, 2007, 2008".
On the other hand, experimental studies performed in ex-
cised canine larynges using particle imaging velocimetry
!Khosla et al., 2008b; Murugappan et al., 2009" showed that
flow separation vortices form on both sides of the glottis if
the mucosal waves are relatively symmetric. However, if the
mucosal waves are significantly asymmetric, the flow does
separate on only one side !Khosla et al., 2009". These find-
ings are consistent with results in a self-oscillating physical
model with asymmetric vibration reported by Neubauer et al.
!2007". Since we are interested in the normal situation,
where the mucosal waves are relatively symmetric, the
present LES study assumes symmetry at the mid-sagittal
plane to avoid skewing of the glottal jet relative to the axial
direction.

The glottal model is depicted in Fig. 1!a". The vocal
folds shape is characterized by a 20° divergent angle corre-
sponding to the closing phase of the phonation cycle. The
computational domain consists of a rectangular cross-section
of 15.24 mm in the sagittal direction !x", 7.62 mm in the
y-direction in the coronal plane !perpendicular to the sagittal
plane and parallel to the main flow direction", and 60 mm in
the stream-wise direction !z". The minimum distance be-
tween the vocal fold and the mid-sagittal plane of the larynx
is 1.5 mm resulting in a full glottal width !Dg" of 3 mm. Grid
parameters are important for efficient and accurate flow
simulation. An unstructured hexahedral body fitted mesh
with roughly 7#105 computational volumes is used to dis-
cretize the computational domain. The Taylor micro-scale

!$T", which is a measure for the computational cell size, is an
important parameter for LES computations. Assuming that
the integral length scale !l" is one order of magnitude smaller
than the geometrical characteristic length scale defined as the
glottal width !l=0.1Dg" and a turbulence intensity of 10%,
the Taylor micro-scale is !Pope, 2000":

$T = #15%air0.1Dg/!0.1Wmax"$1/2.

Using this definition and considering an air kinematic viscos-
ity of %air%1.79e−5 m2 /s, a glottal width of Dg%3 mm,
and a maximum axial velocity of Wmax%21 m /s, the Taylor
micro-scale is estimated to be $T%0.2 mm. Accordingly, the
maximum interval size used to discretize the volume of the
glottal model is of the same order as the Taylor micro-scale.
Detailed LES flow calculations in the near-wall region !i.e.,
near the vocal folds" are possible due to the high grid reso-
lution used in this region, the computational grid is smoothly
stretched in the wall normal direction. Figures 1!b" and 1!c"
present details of the computational grid used at the vicinity
of the vocal folds. The discretization of the flow governing
equations on the computational domain is performed using
second order finite-volume schemes. An implicit second or-
der discretization scheme is used for the time integration.
The coupling between the velocity field and the pressure
field is realized using the semi-implicit method for pressure-
linked equation !SIMPLE" algorithm !Van Doormaal and
Raithby, 1984". In the present computations, the
Smagorinsky–Lilly sub-grid scale model is employed !Lilly,
1966".

The simulations were conducted for a flow rate of 27.5
l/min. The correspondent trans-glottal pressure was approxi-
mately 295 Pa !3 cm H2O". The low flow Mach number
!Mach&0.3" allowed using the incompressible flow formu-
lation. A constant axial velocity profile was used as inlet
boundary condition !sub-glottal" to match the desired volu-
metric flux, and 10% turbulence intensity was specified at
the inlet surface. The Reynolds number at the minimum glot-
tal width, based on the velocity computed from the bulk flow
rate, the glottal width, and the kinematic viscosity of the air
was roughly 3500. Symmetry boundary conditions were used
at the mid-sagittal plane of the larynx !i.e., upper boundary
of the computational domain" and no-slip boundary condi-
tions for velocity were set at the solid surfaces !i.e., side and
bottom boundaries of the computational domain". For the
outlet plane, a flux conserving zero gradient boundary con-
dition was applied. To reduce the computational time re-
quired for the LES unsteady calculations, the flow field was
initialized with a previously obtained converged solution
based on steady RANS formulation with a k-! turbulence
model.

The time-average flow quantities presented in this study
were statistically averaged over a period of 10 000 time-steps
!roughly 30 flow-through times", achieving a converged so-
lution at each time-step. The time-step used with the present
LES calculations was 't=0.000 02 s. The size of each of
the scales developed in the flow field that can be solved by
LES is highly dependent on the chosen grid resolution and
can be quantified by the energy spectrum. A post-priori spec-
tral analysis was performed in order to check if the grid

FIG. 1. !Color online" The three-dimensional symmetric larynx model: !a"
view of the computational domain showing the inlet and the outlet planes;
!b" details of the grid resolution in the y-z mid-plane !mid-coronal plane of
the model"; the boundary layer region on the 20° divergent side of the glottis
is depicted; !c" details of the three-dimensional computational grid in the
glottis region.
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resolution was adequate for solving a large range of scales
!i.e., vortical structures" within the inertial subrange !Pope,
2000". The turbulent kinetic energy spectrum in Fig. 2 shows
that the energy decay followed the (5/3 Kolmogorov power
law, so that the resolution used in the simulations was fine
enough to resolve about one order of magnitude of the iner-
tial subrange, a condition required by LES.

III. RESULTS

The time-averaged axial velocity distributions, as pre-
dicted by LES, in the mid-coronal plane !y-z mid-plane" of
the computational domain are shown in Figs. 3 and 4. The
mean flow solution #Figs. 3 and 4!a"$ describes the accelera-
tion of the flow due to the convergent geometry of the vocal
folds. A maximum velocity was reached at the site of the
minimum distance between the glottis and the symmetry
plane !i.e., upper boundary of the computational domain".
Further downstream, the flow decelerated due to the sudden
expansion of the geometry in the lateral direction. The result-
ing adverse pressure gradient separated the flow from the 20°
divergent side of the glottis. A recirculation flow region de-
veloped downstream of the separation point that was initi-
ated at the minimum glottal width. Negative axial velocities
very close to the wall were associated with this reversed flow
region, as shown in Fig. 4!b". The time-averaged axial ve-

locity profiles were extracted along lines situated in the mid-
coronal plane of the computational model, at different loca-
tions in the flow direction, downstream of the minimum
glottal width region as presented in Fig. 4!a". In the intra-
glottal region, additional energy that sustains this recircula-
tion bubble was provided by the entrained air from the supra-
glottal region.

The laryngeal airflow was unsteady even with stationary
vocal folds. Snapshots of static pressure distributions and
velocity vector at different time instances !t=3.8#10−4, t
=5.0#10−4, and t=6.20#10−4 s" during the LES calcula-
tions are presented in Figs. 5!a"–5!c". These close-ups of the
instantaneous flow through the glottis at different time stages
showed that intra-glottal vortical structures were generated
between the divergent slope of the vocal folds and the sepa-
rated center jet, just downstream of the separation point. The
core of these vortical structures was characterized by signifi-
cant negative static pressure values relative to the surround-
ing static pressure field. The evolution and convection of
these structures resulted in a non-uniform and unsteady static
pressure distribution on the vocal folds divergent surface.
The convective velocity of these vortices was estimated to be
approximately 10 m/s.

The surface static pressure on the glottal wall was af-
fected by the passing of the vortex. Figure 6!a" presents the
time history plots of instantaneous static pressure monitored
in three different locations !P1, P2, and P3" near the vocal
folds surface, along the divergent glottal slope in the mid-
coronal plane of the model. Details of the instantaneous iso-
contours of static pressure spatial distributions at the three
time instances !t=2.0#10−4, t=3.6#10−4, and t=5.0
#10−4 s" marked on Fig. 6!a", and the location of the three
monitoring points !P1, P2, and P3" are depicted in Fig. 6!b".
Near the vocal fold, as the vortical structure is moving from

FIG. 2. Turbulent kinetic energy spectrum calculated at a point situated in
the supra-glottal region of the larynx. The spectrum follows the (5/3 Kol-
mogorov power law very well, the spatial resolution of the computational
grid being fine enough to resolve a large number of scales within the inertial
subrange.

FIG. 3. Time-averaged axial velocity distribution !m/s" as calculated by
LES in the mid-coronal plane of the larynx model. Flow separation occurs at
the diverging side of the glottis and recirculation regions identified by nega-
tive axial velocity values are developed. The maximum velocity occurs at
the site of the minimum glottal width !21.87 m/s", while the minimum
velocity in the recirculation region is (4.71 m/s. Note: PRR—primary re-
circulation region; SRR—secondary recirculation region.

FIG. 4. Time-averaged axial velocity distribution !m/s" as calculated by
LES in the mid-coronal plane: !a" location of the lines along which the data
was extracted; !b" plots of the time-averaged axial velocity profiles extracted
along the lines situated at different locations in the flow direction !z".
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location P1 to P3, the static pressure values are decreasing
from roughly (320 Pa at P1 !t=2.0#10−4 s" to (400 Pa at
P3 !t=5.0#10−4 s".

The intra-glottal pressure field was strongly affected by
the presence of an intra-glottal vortical structure. Figure 7
presents a comparison in terms of the instantaneous static
pressure distributions !pressure drop from sub-glottal pres-

sure" along the centerline of the glottal jet, along a line lo-
cated in the shear-layer, and along the glottal wall #see Fig.
6!b" for the location of the monitoring lines$. The data are
presented for the time instance of t=3.80#10−4 s, when a
vortex is formed and is present in the glottis, as shown in
Fig. 5!a". As the flow accelerates when it enters the glottis,
the pressure decreases. The data extracted along the wall and
along the developed shear-layer showed similar profiles, with
the pressure values reaching a first minimum at the location
of the minimum cross-sectional area !i.e., nearby the glottal
entrance" and a second local minimum due to the presence of
the intra-glottal vortex. Another observation was that the
pressure values on the centerline of the glottal jet have only
one minimum that corresponds to the location of the intra-
glottal vortex. It should be also noted that the low pressure

FIG. 5. Flow evolution in the intra-glottal region at three time instances as
calculated by LES: !a" 3.8#10−4 s, !b" 5.0#10−4 s, and !c" 6.2#10−4 s.
The instantaneous static pressure in Pa !first row" and the corresponding
vortical structures represented by velocity vector !second row" are depicted.
Note that the legend scale is in Pa: 1 Pa=0.0102 cm H2O; −422 Pa=
−4.30 cm H2O.

FIG. 6. Intra-glottal static pressure evolution !Pa" in time and space: !a"
time history plots of instantaneous static pressure monitored in three differ-
ent points; !b" locations of the monitoring lines !center, shear-layer, wall"
and points !P1, P2, and P3" and the static pressure distributions at three time
instances (t=2.0#10−4 s, t=3.6#10−4 s, and t=5.0#10−4 s ) indicated in
Fig. 6!a".

FIG. 7. Instantaneous intra-glottal static pressure distributions !Pa" at the
time instance of t=3.8#10−4 s along the centerline of the glottal jet, along
a line located in the shear-layer, and along the glottal wall as shown in Fig.
6!b". Note that the glottal entrance and exit are marked on the figure.
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values induced by the intra-glottal vortex were lower than
the wall pressure values developed at the minimum glottal
width.

As the vortex was convected downstream by the flow, it
gained strength and increased in size. This resulted in an
increase in magnitude of the negative static pressure that
characterizes the vortex core. This is presented in Figs. 8!a"
and 8!b" using time sequences of static pressure and of Y
velocity component plots along the developed shear-layer in
the mid-coronal plane !y-z mid-plane". Note that the pressure
in Fig. 8!a" is plotted along the glottal jet centerline and the

Y velocity is the velocity component in the coronal plane
normal to the stream-wise flow direction !z". The four time
instances chosen are of t=2.40#10−4, 3.80#10−4, 5.0
#10−4, and 6.20#10−4 s and relevant data for the last three
time successions were presented also in Figs. 5!a"–5!c".
While the vortex traveled from position 1 (time instance of
t=2.40#10−4 s ) to position 4 !time instance of t=6.20
#10−4 s ), the pressure in the vortex core decreased from
roughly (370 to (470 Pa #Fig. 8!a"$, whereas the maximum
absolute value of the Y velocity component, extracted along
the shear-layer that passes through the vortex, increased four
times from roughly )1 to )4 m/s #Figs. 8!b"$.

The strengthening of the intra-glottal vortices as they
traveled downstream through the divergent section of the
glottis was attributed to the entrained air from the supra-
glottal region. This is demonstrated in Fig. 9 that shows a
close-up of the instantaneous velocity vectors and the corre-
sponding contours of helicity !m /s2" at a time instance of t
=6.4#10−4 s. Helicity is a scalar quantity defined as the dot
product of the velocity and vorticity vectors and it is used as
a method to visualize vortical structures since its sign char-
acterizes locally the direction of the swirl with respect to the
main flow direction !Degani et al., 1990". A positive sign for
helicity means that the rotation is in the same direction as the
main flow, and negative means that the rotation is in the
opposite direction. The helicity calculated near the glottal
wall indicated that there was a strong entrainment of air from
the supra-glottal region that interacted with the wall !vortic-
ity generated near by the wall due to the viscous effects" and
dominated the near-wall region at the exit of the glottis.

FIG. 8. Time sequences of pressure and Y velocity component profiles as-
sociated with intra-glottal vortex evolution: !a" static pressure distributions
!Pascal" at four time instances (t=2.4#10−4 s, t=3.8#10−4 s, t=5.0
#10−4 s, and t=6.2#10−4 s ) along the glottal jet centerline and along the
developed shear-layer. !b" Y velocity !m/s" plots at four time instances (t
=2.4#10−4 s, t=3.8#10−4 s, t=5.0#10−4 s, and t=6.2#10−4 s ) along
the developed shear-layer. Note that with 1, 2, 3, and 4 marked on the figure,
the locations of the vortex at each of the four time instances are analyzed
and Y velocity is the velocity component normal to the flow direction.

FIG. 9. Instantaneous flow characteristics in the intra-glottal region at the
time instance of t=6.4#10−04 s: !a" instantaneous velocity vectors !m/s";
!b" the corresponding contours of helicity !m /s2".
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The time-averaged static pressure field calculated by
LES in the mid-coronal plane of the model is presented in
Fig. 10!a". Averaging the pressure data over 10 000 time-
steps filtered out the intra-glottal pressure variations due to
the presence of the vortices as it was earlier shown in the
instantaneous data !Fig. 5". The calculated mean static pres-
sure decreased on the convergent wall of the glottis as the
flow accelerated due to glottal channel narrowing #Figs.
10!a" and 10!b"$. The minimum static pressure, on the sur-
face of the vocal folds, was found at the location of mini-
mum cross-sectional glottal area. This was due to the highest
flow velocity at the minimal glottal area associated with the
effect of the glottis curvature on the pressure field, as ex-
plained by Gauffin and Liljencrants !1988". Following the
flow direction along the glottal wall, downstream of the
minimum cross-sectional area, a slight pressure recovery was
found. However, the intra-glottal wall pressure was still
lower as compared with the centerline pressure, as shown in
Fig. 10!b", in particular, for the region located in the first half
of the divergent glottis where the separation induced vortices
are produced. The higher pressure found in the center of the
intra-glottal flow !higher than the calculated pressure on the
wall" is also a condition for the flow to be able to follow the
expansion of the divergent glottis !Gauffin and Liljencrants,
1988".

The characteristic frequencies of the intra-glottal and
supra-glottal vortical structures were analyzed using velocity
spectra. The spectra were obtained by recording the axial
velocity time-history at several monitoring points and per-

forming discrete Fourier transforms. Figures 11!b" and 11!c"
show the frequency spectra obtained at two locations in the
shear layer as marked in Fig. 11!a". The dominant frequen-
cies in the intra-glottal region #Fig. 11!b"$ were 92 Hz !St
%0.013" and 153 Hz !St%0.022", while further downstream,
in the supra-glottal region, the dominant frequencies were
around 1000 Hz !St%0.143" #Fig. 11!c"$. The Strouhal num-
ber !St= fDg /W" was based on the minimum glottal width
!Dg" and the mean velocity of the glottal jet at this location
!W%21 m /s". The 92 and 153 Hz frequencies were detected
also in the supra-glottal region of the shear-layer, as a result
of the convection of the intra-glottal vortices downstream by
the laryngeal jet.

IV. DISCUSSION AND CONCLUSIONS

Experimental and unsteady numerical studies performed
in the last few decades suggest that vortical structures de-
velop in the laryngeal airflow !Kucinschi et al., 2006; Khosla

FIG. 10. Time-averaged intra-glottal static pressure distribution !Pa" as cal-
culated by LES in the mid-coronal plane: !a" detail of the static pressure
distribution in the mid-coronal plane; !b" comparisons of the mean wall
static pressure values with the pressure predicted along the centerline and
shear-layer of the glottal jet.

FIG. 11. !Color online" Spectral analysis of the vortical structures: !a" the
locations of the monitoring points !M1 and M2" in the glottal shear-layer; !b"
intra-glottal dominant frequencies at M1; !c" supra-glottal dominant frequen-
cies at M2.
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et al., 2007; Zhao et al., 2001; Triep et al., 2005; Mihaescu
et al., 2007; Neubauer et al., 2007". These structures are
formed in the supra-glottal region due to the shear-layer in-
stabilities of the laryngeal jet. Additional vortices are formed
in the intra-glottal region during the closing phase of the
phonation cycle due to flow separation in the divergent glot-
tal duct !Zhao et al., 2001, 2002; Zhang et al., 2002; Khosla
et al., 2007". The fact that the unsteady vortex shedding re-
sults in unsteady forces on the surface of the vocal folds is
documented !Zhao et al., 2001, 2002; Zhang et al., 2002",
but the characteristics of these vortices and their effect on the
intra-glottal pressures have not been addressed in detail. This
is important since the intra-glottal pressures can affect both
vocal fold vibration and voice production.

The present research deals with laryngeal airflow simu-
lations based on LES approach in a symmetric rigid larynx
model. The glottis has a divergent shape with an angle of
20°. The LES results captured the flow separation that occurs
at the divergent slope of the vocal folds and the intra-glottal
vortices that develop immediately downstream of the sepa-
ration point. These flow structures induced significant nega-
tive static pressures relative to both the ambient pressure
field and the maximum subglottal pressure. The vortices
were also convected by flow, while increasing in strength,
near the divergent section of the glottal wall.

Numerical predictions of the instantaneous static pres-
sure distribution on the glottal wall as a function of stream-
wise distance were previously reported !Zhang et al., 2002".
The calculations were performed using DNS of the laryngeal
airflow. The motion of the vocal folds in several idealized
axisymmetric models of the human vocal tract was studied
with or without the presence of the ventricular folds. It was
shown that during the closing phase of the phonation cycle
!i.e., divergent glottal shape", lower pressures may appear on
the divergent slope of the glottis downstream of the expected
low at the minimum glottal width. The negative pressures at
the inferior aspect were predominantly due to Bernoulli ef-
fects, since the glottis is the narrowest at this point. The
negative pressures in the wider superior aspect of the glottis
were consistent with the hypothesis that the vortices are
characterized by negative pressures. However, no correla-
tions were made between these low pressure values and the
vortical structures passing near the glottal wall.

The time-averaged intra-glottal pressure distribution pre-
dicted by the present LES calculation was shown to be in-
fluenced by the low-negative static pressure values induced
by the flow structures developed due to the separation of the
flow. Thus, in the first half of the divergent wall of the folds,
the pressure was lower as compared to its values toward the
symmetry plane of the model. The minimum pressure value
found on the glottal wall, at the site of the narrowest glottal
width, was followed by a slight pressure recovery in the
stream-wise direction. LES data concerning the intra-glottal
pressure distribution in a rigid convergent-divergent glottal
model that considered both left and right vocal folds were
recently reported !Suh and Frankel, 2007". It was shown that
the glottal jet skews and attaches to one wall, a severe flow
separation occurring on the other/opposite wall of the glottis
just downstream of the minimum glottal area. The pressure

data, on the side where the flow separates, were found to be
slightly higher than the pressures on the opposite wall, where
flow attaches. As in the present simulations, the minimum
pressure was at the location of the narrowest glottal width on
the side where separation occurs. Downstream of the separa-
tion point, their results indicated a uniform pressure distribu-
tion on the vocal fold; the interaction between the glottal jet
and the vocal fold wall through eventually generated struc-
tures in the shear-layer not being intense due to the severe
separation. In the present LES, due to the assumed flow sym-
metry, the glottal jet skewing is avoided and there is an im-
portant interaction between the intra-glottal structures and
the divergent wall of the glottis.

The spectral analysis of the flow data revealed that the
vortices developed in the intra-glottal region are character-
ized by lower frequencies !St%0.02" as compared with those
developed in the supra-glottal region !St%0.143". This sug-
gests that the intra-glottal flow structures are induced at
lower frequency as compared with the vortices generated in
the supra-glottal region in the glottal jet shear-layer. Experi-
mental studies concerning the flow structures generated
downstream of divergent larynx models, and their character-
istic frequencies, indicated that the Strouhal number of vor-
tex shedding is approximately 0.145 for glottal flows with
the Reynolds number of roughly 2000 !Kucinschi et al.,
2006; Zhang et al., 2004". This is in good agreement with
our findings !St%0.143". The same experiments shown that
for glottal flows at different Reynolds numbers !roughly
range of 1500&Re&3300", the vortex shedding frequency
corresponds to a relatively constant value of the Strouhal
number. This behavior was not observed for the low Rey-
nolds number cases !Re&1500".

As shown in both experimental and numerical studies,
vortical structures affect the voice production through contri-
butions as monopole, dipole, and quadrupole acoustic
sources !McGowan, 1988; Barney et al., 1999; Titze, 2000;
Zhao et al., 2001; Zhang et al., 2004; Suh and Frankel,
2007". The monopole acoustic source that is associated with
fluid displacement due to acceleration of a moving surface
was found to dominate the other acoustic sources at very
high vocal fold vibration frequencies !Zhao et al., 2002",
while the dipole acoustic source generated by the pressure
distribution !fluctuating loading" on a surface was found to
dominate for convergent-divergent glottal models !Zhao
et al., 2001, 2002; Zhang et al., 2004; Suh and Frankel,
2007". The quadrupole acoustic source is generated by tur-
bulence and it was found to be weak when the vocal folds are
vibrating or for a convergent-divergent glottal shape. How-
ever, it was found to dominate the sound field for straight
and converging glottal shaped models in the absence of vocal
folds vibration !Zhang et al., 2004". The intra-glottal separa-
tion vortices and their correspondent negative pressures may
influence all these acoustic sources.

The negative static pressure on the vocal folds walls that
is induced by the intra-glottal vortical structures exerts lat-
eral closing force on the divergent section of the glottis.
These forces may result in the acceleration of the closing
phase of the phonation cycle relative to the opening phase
affecting the monopole acoustic source. This asymmetry of
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the cycle may have an important implication on voice gen-
eration mechanisms. It is known that rapid glottal closing
correlates well with voice intensity and loudness !Sundberg
and Gauffin, 1979; Woo, 1996; Stevens, 1998".

In summary, the present LES study of a symmetric lar-
ynx model with a divergent glottis shows that the pressure
loads on the divergent glottal slope are not uniform and un-
steady, and are affected by the vortical structures that are
convected by the flow near the vocal folds. It is believed that
in the case of a pulsatile flow situation or in the case when
the vocal folds are moving, the intra-glottal vortices charac-
teristic to the closing phase will be even more important
since they are regulated by the flow cycle. Their strength
may be also increased for higher trans-glottal pressures or
decreased for a less divergent glottal angle. The process by
which these separation vortices are generated implies that in
order to characterize them, unsteady computational methods
that determine the instantaneous flow field must be used, the
steady RANS models not being suitable for such calcula-
tions.

The results obtained in the present unsteady computa-
tional study prove the hypothesis that intra-glottal vortices
form in the superior aspect of the divergent glottis and that
these vortices generate significant negative aerodynamic
pressures, relative to both ambient pressure and maximum
sub-glottal pressure.
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