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The unsteady drag on the vocal folds is the major source of sound during voiced speech. The drag
force is caused by vortex shedding from the vocal folds. The influence of the ventricular folds �i.e.,
the “false” vocal folds that protrude into the vocal tract a short distance downstream of the glottis�
on the drag and the voice source are examined in this paper by means of a theoretical model
involving vortex sheets in a two-dimensional geometry. The effect of the ventricular folds on the
output acoustic pressure is found to be small when the movement of the vocal folds is prescribed.
It is argued that the effect remains small when fluid-structure interactions account for vocal fold
movement. These conclusions can be justified mathematically when the characteristic time scale for
change in the velocity of the glottal jet is large compared to the time it takes for a vortex disturbance
to be convected through the vocal fold and ventricular fold region.
© 2010 Acoustical Society of America. �DOI: 10.1121/1.3299200�
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I. INTRODUCTION

The larynx is a complex structure of muscle, cartilage,
and epithelium where voiced sounds can be created. The
vocal folds consist of a pair of layered structures that par-
tially obstruct the flow produced when the lung pressure is
somewhat greater than the pharyngeal pressure. Muscles ad-
just the positions of the folds to permit flow-structure inter-
action that drives the vocal folds into oscillation. These os-
cillations periodically change both the size of the region of
air between the folds, known as the glottis, and the resistance
to flow through the glottis �van den Berg et al., 1957; Fant,
1960�. The resistance to flow is equal and opposite to the
drag experienced by the vocal folds, and the resulting fluc-
tuations in the volume velocity of air into the vocal tract
generate sound that is heard to emanate from the mouth
�Titze, 1994; Stevens, 1998�. The sound coming from the
laryngeal region can be viewed as having been generated
from a fluctuating drag, or pressure expansion waves, super-
posed on an otherwise uniform pressure wave traveling from
the lungs �Zhao et al., 2002; Howe and McGowan, 2007�.

Howe and McGowan �2007� presented a theory of the
voice source derived using an aeroacoustic analogy and the
method of compact Green’s functions �Howe, 1975, 1998,
2003�. They showed that the major source of sound, the fluc-
tuating drag on the vocal folds, can be calculated with
knowledge of the distribution of fluid velocity in regions
where vorticity is nonzero, which can be idealized to be a
very thin shear layer at the boundary between the glottal jet
and the surrounding air in the vocal tract. The calculation of
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the magnitude of the drag or, equivalently, the source’s effect
on the output acoustics is localized to be within the shear
layer just downstream of the glottal exit because of the shape
of the vocal folds. The convolutory solution with a compact
Green’s function makes explicit the required alignment be-
tween the fluid velocity field near the vocal folds and the
shape of the vocal folds in order that there be nonzero drag.
The effect of the shape of the vocal folds on tissue-air forces
is expressed in a factor of the Green’s function known as the
Kirchhoff vector. Because drag is the force of interest, it is
the axial component of the Kirchhoff vector that is relevant.
Roughly, the axial component of the Kirchhoff vector for the
vocal folds is the velocity potential field with unit inflow and
outflow in the direction of the vocal tract axis—it depends
only on the shape of the tissue boundaries. This potential
flow has a stream function, which is here termed the axial
Kirchhoff stream function. Figure 1�a� shows model vocal
folds and Fig. 1�b� shows the axial Kirchhoff streamlines, on
which the axial Kirchhoff stream function is constant, below
the vocal tract axis of symmetry. At the glottal exit region the
gradient of axial Kirchhoff stream function has a large com-
ponent parallel to the glottal jet velocity; this is a necessary
condition for the generation of drag between the tissue and
air �e.g., Howe, 1998, 2003�.

Howe and McGowan �2007� based their analysis on a
relatively simple geometry in order to derive drag on the
vocal folds: vocal folds in a uniform duct. The present paper
extends that account to tissue structure just downstream of
the vocal folds, known as the ventricular folds, or false vocal
folds. Like the vocal folds, they protrude into the vocal tract
at a distance generally less than 1 cm from the downstream
end of the vocal folds �Agarwal et al., 2003�. The stream-

lines of the axial component Kirchhoff vector will certainly
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be altered near the ventricular folds compared to when they
are assumed to be absent. Further, the ventricular folds are
proximate enough to the vocal folds that the streamline pat-
terns near the glottal exit can be expected to be altered as
well. Either can produce change in the overall force between
the tissues and the air near the vocal folds and, thus, affect
the radiated acoustic field.

Zhang et al. �2002� provided a calculation of the effect
of the ventricular folds on the voice source based on compu-
tational fluid dynamics �CFD�. They found little effect of the
ventricular folds on the voice source below 2000 Hz. Rou-
tine use of CFD can be very expensive and time-consuming,
and, thus, it is difficult to confirm predictions for many pos-
sible fundamental frequencies and ventricular fold shapes.
The approach of this paper is to generalize the analytic re-
sults of Howe and McGowan �2007� to include obstructions
close to the vocal folds, which also requires some computa-
tional work, but at a much lower effort than full scale CFD.

The movement of the vocal folds will be specified by a
simple mathematical model, and the ventricular folds are as-
sumed to be rigid. This kind of analysis is employed when
the effects of changes in fluid mechanics are considered
without the complications of changes in vibrational patterns
caused by fluid-structure interaction �e.g., Zhang et al.,
2002�. These interactions are a part of the aerodynamic-
myoelastic theory of vocal fold vibration. Therefore the re-
sults of our study are limited to the determination of the
effect of the ventricular folds on the air flow itself, without
quantitative consideration on how the ventricular folds influ-
ence the vibration of the vocal folds. Section II reviews some
of the basic theory from Howe and McGowan �2007� and
concludes with an equation for calculation of the drag if
structures close to the vocal folds are included. Section III
introduces the approximations used in the numerical calcula-
tion of the output pressure variation with and without ven-
tricular folds. Section IV presents the results of these calcu-
lations, showing that the ventricular folds are expected to
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FIG. 1. �Color online� �a� Model vocal folds in the midsagittal plane and �b�
axial Kirchhoff stream function streamlines below the axis of symmetry.
have a small effect on the propagated pressure wave from the

1520 J. Acoust. Soc. Am., Vol. 127, No. 3, March 2010
glottis at frequencies below 2 kHz. In Sec. V it is shown that
this is the expected result given the behavior of the axial
component of the Kirchhoff vector and the quasi-steady na-
ture of the low-frequency portions of the glottal velocity
pulse.

II. THEORETICAL BACKGROUND

The geometries of concern are illustrated in Figs. 1�a�
and 2. In Fig. 1�a� the vocal folds form a constriction, the
glottis, and in Fig. 2 vocal folds are shown forming a con-
striction to the left �upstream�, and the ventricular folds form
a secondary constriction to the right �downstream� in a rigid
duct of uniform width 2h. The figures show a two-
dimensional geometry in the x-y plane, with the z direction
orthogonal to this plane. The x-axis is the duct centerline and
it denotes the axial direction. The coordinate system origin is
taken to be about 0.4 cm downstream from the glottis in its
rest state. The distance between the downstream end of the
vocal folds and ventricular fold constriction is of the order of
1 cm, and, together, these structures occupy less than 4 cm of
the vocal tract axis. The source region including both struc-
tures can therefore be considered to be acoustically compact
for frequencies below about 5 kHz. Only plane wave propa-
gation is assumed to occur in the duct.

Peak air speeds in the glottis during phonation at a con-
versational level should be less than 4000 cm/s. Assuming
that the amount of heat created by viscous action in the vocal
tract is small and body temperature does not vary substan-
tially, the flow can be considered to be homentropic. Howe’s
�1998� formulation of Lighthill’s �1952� equation for the pro-
duction and propagation of sound at low Mach number flow
that may be considered homentropic is

� 1

co
2

�2

�t2 − �2�B = div�� ∧ v� , �1�

where co is the mean speed of sound, which is approximately
uniform and constant in low speed flows, and B is the total
enthalpy defined in homentropic flow by

B =� dp

�
+

1

2
v2, �2�
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FIG. 2. Model vocal folds and ventricular folds in the midsagittal plane.
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where v= �v�, v is the fluid velocity, �=curlv, the vorticity,
and �	��p� is the density.

Let the incident over-pressure from the lungs consist of
a step rise in pressure of amplitude pI impinging on the glot-
tis at t=0. Then the corresponding incident total enthalpy
wave BI can be written as

BI = BI�t −
x

co
� =

pI

�o
H�t −

x

co
� , �3�

where H is the Heaviside step function. Put B=BI+Bs, where
Bs is the field scattered at the vocal folds, and the ventricular
folds if they are present, which has outgoing wave behavior
at large distances from the glottis.

Howe and McGowan �2007� derived the following inte-
gral representation of the solution to Eqs. �1� and �3�:

B�x,t� =
pI

�o

H�t −

x

co
�

−
sgn�x�
���t�� �−�

�t� �

��
�H��������e−��

�t�2cod�/����d��
−� ��� ∧ v��y,��� · ��yG�x,y,t,���d3yd�

+ 

S�y,��

G�x,y,t,��� �v

��
�y,��� · dS�y�d� , �4�

where G is the acoustic Green’s function associated with the
geometry of either Fig. 1�a� or Fig. 2, �t�= t− �x� /co is the
acoustic delay time, and viscous terms have been neglected,
which is valid for high Reynolds number flows, and thus, for
all times except possibly when the vocal folds are nearly
closed. ��t� is the time-dependent Rayleigh “end correction”
of the glottal constriction and ventricular fold constriction, if
it exists �Rayleigh, 1945�. �Note that unprimed coordinates
will be associated with the field coordinate vector x and
primed coordinates with the source coordinate vector y.
Thus, x= �x ,y ,z� and y= �x� ,y� ,z��.�

Let Y be the axial Kirchhoff vector at time t for either
the geometry without ventricular folds �Fig. 1�a�� or with
ventricular folds �Fig. 2�. It is a solution of Laplace’s equa-
tion satisfying �Y /�xn�=0 on the surfaces S�t� of the folds
and the duct walls, and can be normalized such that

Y � x� �
��t�

2
, x� → � � . �5�

The end correction is given by

��t� = �
−�

� � �Y

�x�
�y,t� − 1�dx�, �6�

provided the duct cross-sections are the same on both sides
of the region containing the vocal folds and ventricular folds,
if they exist. The integration is along any path parallel to the
duct axis passing through the constriction�s�.

The method of compact Green’s function was used to

derive an approximation to the Green’s function appearing in
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Eq. �4� �Howe and McGowan, 2007�. The compact approxi-
mation to the Green’s function for source positions in the
vicinity of the constrictions, y�h, is

G�x,y,t,�� �
co

2A
H��t� − �� +

co sgn�x�Y�y,��
���t��A

�H��t� − ��e−��
�t�2cod�/����, y � O�h� , �7�

where A=2h�3 is the cross-sectional area of the duct and �3

is the length in the z-dimension. The differences between
Green’s function in a geometry without ventricular folds
�Fig. 1�a�� and a geometry with ventricular folds �Fig. 2� are
governed by the corresponding differences in the axial com-
ponent of the Kirchhoff vector Y.

The first term of Eq. �4� is the incident pressure wave,
the second term is the initial transient response, the third
term is the vortex sound source or drag term, and the fourth
term represents the sound created by changes in the volume
of the vocal folds. In this paper we are concerned with the
evaluation of the vortex sound when ventricular folds are
placed just downstream of the vocal folds. The fourth term,
which is the monopole strength caused by unsteady volume
change, will not be considered further because the absence or
presence of the ventricular folds has no effect on this term.

After the step wave of pressure given in Eq. �3� reaches
the vocal folds, vorticity is shed from the vocal folds and it is
convected downstream in jet shear layers. The strength of the
vorticity shed from the vocal folds depends on the relative
velocity between the jet and the air outside the jet and, to a
first approximation, is proportional to the velocity of the jet.
Further, neglecting the effects of viscous dissipation, the cir-
culation of each vortex element of the shed vorticity remains
constant as it is convected downstream. The typical approxi-
mation is that the shear layer vorticity convects at one-half
the local jet velocity that is associated with its circulation.
Vortex sound is directly related to the fluctuating drag on the
structures in the duct �i.e., forces on structures directed along
the axis of the duct�.

If the far-field �i.e., typically at a distance from the
source region exceeding a duct diameter� is considered and
the contribution from the fluctuating volume term �the fourth
term on the right� in Eq. �4� is excluded, B�x , t�
� p��x , t� /�0, where the prime denotes the pressure field
without the monopole term. For x�0 the acoustic particle
velocity of this outgoing wave is equal to p��x , t� /�oco. Let

U�t� = lim
x→+0

p��x,t�
�oco

�8�

be the limiting value of this velocity just to the right of the
vocal fold region in Fig. 1�a� or the vocal fold and ventricu-
lar fold region in Fig. 2. Also, x�+0 so that �t�→ t. In this
limit, an equation for U�t� can be derived in the form

d��U�
dt

+ 2coU + B� =
2pI

�0
H�t� , �9�
with
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�

B� =� ��� ∧ v��y,��� · ��yG�x,y,t,���d3yd� , �10�

where B� is the vortex sound term from Eq. �4�. Equation �9�
is a modification of one found in Howe and McGowan, 2007
�Eq. 6.3� with B� left unevaluated so that the effect of geo-
metric changes in the laryngeal region, especially the inclu-
sion of ventricular folds, can be studied. In Howe and
McGowan, 2007 B� was evaluated in terms of jet velocity
using the fact that the jet was narrow compared to the width
of the duct and without further obstructions downstream.
With the addition of ventricular folds, a numerical procedure
is necessary to evaluate this integral.

III. METHOD

A. Vocal folds and ventricular folds

The effect of the ventricular folds on the acoustic output
was determined by solving Eqs. �9� and �10� numerically.
The geometry of the vocal folds was based on a model for
the vocal folds given by Zhao et al. �2002�. The model for
the vocal fold movement had two-dimensional symmetry and
was adapted from the original cylindrical geometry �Howe
and McGowan, 2007�. A further modification was made here
so that the folds were narrower in the axial direction and the
faces of the vocal folds were steeper, to make them accord
with known dimensions. Let 	�x , t� be the distance between
the vocal folds, so that

	�x,t� = 1
2 �D0 + Dmin + �D0 − Dmin�tanh�ŝ�� + Dmax�1

− tanh�ŝ����x̂ + ĉ�
1�T� − �x̂ − ĉ�
2�T�� , �11�

where T= fot− �fot� is the fractional part of fot, and where

ŝ = b̂��x̂� −
1

�x̂�� ,

x̂ =
x + 0.8

Dmax
,

b̂ = 
1.4 if x̂ � 0

6.0 otherwise,
�

ĉ = 0.42,


1�T�

=�
0 if T �

1

9

0.244
1 − cos�9


4
�T −

1

9
��� if

1

9
� T �

5

9

0.488 if
5

9
� T �

6

9

0.244
1 + cos�3
�T −
6��� if

6
� T � 1,
9 9
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2�T� = 
1�T + 1
9� ,

	0=h, Dmin=0.02 cm, and Dmax=0.2 cm. With these pa-
rameters the minimum glottal width 	m�t� varied from 0.015
to 0.1 cm.

Data provided in Agarwal et al., 2003 were used to
guide the choice of the dimensions of the ventricular folds
and their position relative to the vocal folds for the numerical
experiments. These measures were taken from laminagraphic
images while subjects phonated, and those used in this study
are illustrated in Fig. 2. The only modification to the dimen-
sions of Agarwal et al. �2003� was to make the distance
between the ventricular folds smaller than measured. It is
possible for human speakers to reduce this distance, and we
wanted to maximize the possibility that the ventricular folds
could have any effect on the output acoustics. All of the
measured values refer to Agarwal et al. �2003�. The gap
between the ventricular folds in measurements was between
0.2 and 0.8 cm, so the distance from a ventricular fold to the
vocal tract axis w was measured to be between 0.1 and 0.4
cm. We have taken the distance w to be 0.06 cm in this work,
which meant that the height of the lower vocal fold at mini-
mum fold separation was only 0.01 cm higher than the lower
ventricular fold when the glottis was maximally open. The
measured distance d from the downstream edge of the vocal
folds to the false folds ranged from 0.2 to 0.75 cm, and the
distance used here was 0.7 cm. The measured maximum
width of the channel between the ventricular sinuses ranged
from 0.9 to 2.3 cm, and, thus, the maximum distance L from
the bottom of one ventricular sinus to the vocal tract axis was
between 0.45 and 1.15 cm, while L=0.8 cm here. �The ven-
tricular sinus is the gap downstream of the vocal folds and
upstream of the ventricular folds.� The measured interior
angle of the lines tangent to the downstream face and up-
stream face of the ventricular folds � ranged between 55°
and 107°. In this paper we let �=80°. The angle � between
the tangent of the upstream ventricular fold surface and the
perpendicular to the vocal tract axis was measured to be
between �18° and 51°, and �=15° in this paper. Finally the
measured angle between the tangent of the downstream ven-
tricular fold surface and the perpendicular to the vocal tract
axis 
 was between 22° and 76°, and 
=65° in this work.

B. Numerical method

All vorticity is represented by vortex lines that extend
into the z direction. As these vortex lines originate on the
vocal folds and are convected downstream, they form two
continua that appear as curves in the x-y plane. These con-
tinua are vortex sheets in the limit of large Reynolds num-
bers. The two vortex sheets separate the glottal jet from the
surrounding quiescent air in the rest of the duct.

The equation for Green’s function, Eq. �7�, can be used
to simplify Eq. �10�, the vortex sound term, in the limit x
→+0. In this limit the acoustic time delay is zero, and the
time integral in Eq. �10� can be evaluated using an
asymptotic approximation, so that the remaining spatial inte-
gral is evaluated at time t. Further, integrating in the z direc-

tion, Eq. �10� can be written in simplified form

R. S. McGowan and M. S. Howe: Ventricular folds and voice source



B��x,t� =
1

4h
� ���− vy�

�Y

�x�
+ vx�

�Y

�y�
����y,t��d2y ,

�12�

where � is the signed magnitude of vorticity, and v=vx�î
+vy�ĵ is the vorticity convection velocity.

In this two-dimensional geometry, the axial component
of the Kirchhoff vector Y is the real part of a complex po-
tential. The imaginary part is the corresponding axial Kirch-
hoff stream function �, say. Thus, Eq. �12� can be rewritten
as

B� = −
1

4h
� ���v · �����y,t�d2y . �13�

Let y��t� be the position of the line vortex � in the x-y plane.
y��t�=ys��w�+���

t vdt�, and �w is the time that vortex � is
shed from the vocal fold surface at y=ys����. Under the con-
ditions of sufficiently low frequency, y� describes two con-
tinuous, one-dimensional curves, within the region of the
vocal and ventricular folds—one originating on the upper
folds, ys��0, denoted �+=�+�t�, and the other from the
lower folds, ys��0, denoted �−=�−�t�. Let s�=s��t� be the
distance along either vortex sheet from the shedding point at
time t, and s�

�=s�
��t� be the distance measured from the out-

ward normal to either vortex sheet. In a vortex sheet model,

��s��t�,t� = � U�������s�
��t�� , �14�

where U��t� is the asymptotic jet velocity predicted by free
streamline theory and �� · � is the one-dimensional Dirac delta
function. The plus sign in Eq. �14� corresponds to the vortic-
ity shed from the upper vocal fold with ys��0 and the minus
sign to vorticity shed from the lower vocal fold with ys��0.
The magnitude of the convection velocity of the vorticity
between the jet and surrounding fluid depends on the
strength of the vorticity in terms of jet velocity U�, and the
direction of convection is approximately the axial direction
�x-axis�.

v�y,t� = 1
2U�����î . �15�

Further, by symmetry, �� /�x���x� ,y�� , t�=−�� /�x���x� ,
−y�� , t�. These considerations show that the contributions by
each vortex sheet to the integral in Eq. �13� are equal, so that
it is sufficient to consider the effect of the vortex sheet for
ys��0 in the integral and to double the result. The particle
velocity in the jet is related to the particle velocity in the duct
by mass conservation

U��t� = � 2h

�	m�t�
�U�t� , �16�

where � is the jet contraction ratio.
Combining Eqs. �14�–�16�, Eq. �13� can be rewritten as

B��t� =
h

2�2�
�−
� U����

	m����
�2 ��

�x�
ds�. �17�

It was shown in Howe and McGowan �2007� that the solu-
tion of the quasi-steady approximation to Eq. �9� �i.e., Eq. �9�

with the time derivative term discarded� produced results
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very close to the solution of the full equation. Substituting
from Eq. �17� into the quasi-steady version of Eq. �9� and
solving for U�t� produce

U�t� �
pIH�t�
�0c0

�1 −
�0h

4pI�
2�

�−
� U����

	m����
�2 ��

�x�
ds�� . �18�

A time step of 	t=0.000 01 s was used and the vortex
sheet �−�t� was approximated by discrete vortices shed at
each time step. A fourth-order Runge–Kutta extrapolation
was used to advance the positions of these discrete vortices.
Then Eq. �18� was used to find the acoustic particle velocity
at each time step, with a smoothing window that took a lin-
ear weighted average of the current value with the three pre-
vious values. The initial condition was U�+0�=0. The inte-
gral in Eq. �18� was approximated using the trapezoid rule,
with the term corresponding to ��= t excluded, as it had a
negligible effect. The stream function � was found at each
time step by solving Laplace’s equation numerically with
uniform inflow and outflow conditions at x=−2 cm and x
=2 cm. A standard second-order finite difference algorithm
with a mesh of length 0.005 cm on each side was used for
the potential flow solution.

The following were the values of the parameters appear-
ing in this equation �all quantities are in c-g-s�: pI=8000,
�0=0.0013, h=0.8, c0=34 800, and �3=1. The contraction
ratio � for vocal folds in high Reynolds number flow can be
expected to be between 0.6 and 1.8 �Park and Mongeau,
2007�, and its value was kept constant with the value unity.
This is consistent with the assumption that the vorticity is
convected in the x direction. Equation �11� was used to com-
pute 	m�t� at each time step. The separation point ys�t� was
set to be the point on the surface of the vocal folds that was
closest to the centerline of the duct, with one exception. The
exception was when this entailed moving the separation
point from the previous time step farther upstream than the
distance that was traveled by the previously shed vortex in
time 	t, in which case the separation point was set upstream
from the previous point by that convection distance. Discon-
tinuities in the vortex sheet were avoided by doing this.
When the separation point moved downstream from the pre-
vious time step all the previously shed vortices that were
upstream were presumed to reattach into the boundary layer.

Initially, numerical experiments were conducted at vari-
ous fundamental frequencies f0 and for various ventricular
fold shapes. It became apparent that the effect of the ven-
tricular folds on the outgoing acoustic particle velocity was
small within the ranges of geometric parameters provided in
Agarwal et al. �2003�. The effect appeared to be largest when
the ventricular folds were close together and the fundamental
frequency was relatively high. Therefore, only one geometric
condition with ventricular folds as previously described and
shown in Fig. 2 will be examined below at relatively high f0s
of 325 and 650 Hz.

IV. RESULTS

The acoustic signal downstream to the source region
was computed using Eq. �18�. The results are presented in

terms of transmitted pressure, normalized by the subglottal
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pressure in Figs. 3 and 4. Figure 3 compares the configura-
tion with only vocal folds �dotted curve� to the configuration
with ventricular folds added �solid curve� at f0=325 Hz. The
ventricular folds cause only a very slight decrease in peak
transmitted pressure. Figure 4 shows the comparison at f0

=650 Hz. Again, the effect of the ventricular folds is very
small.

Figure 5 shows the differences in the axial Kirchhoff
streamlines for the case without ventricular folds �Fig. 5�a��
and the case with ventricular folds �Fig. 5�b�� when the vocal
folds are at their most open position �one-half way through
the cycle as defined by Eq. �10��. The vortex sheets one-half
through the first cycle are also indicated. Figure 6shows the
gradient of � projected onto the vortex convection direction
�the x direction�, at the same phase of the glottal cycle shown
in Fig. 5. Figure 6�a� is without ventricular folds and Fig.
6�b� is with ventricular folds.

Equation �18� involves integration along a vortex sheet,
so it is important to be aware of its location and shape. Fig-
ure 7 shows the vortex sheet in steps of one-sixth of a cycle
during the second cycle in the case of f0=325 Hz with ven-
tricular folds. Figure 8 shows the same sequence for f0

0 0.5 1 1.5 2 2.5 3 3.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

normalized time

n
o
rm

a
li
ze

d
p
re

ss
u
re

FIG. 3. �Color online� Propagated pressure wave downstream of the source
region for when there are only vocal folds �dashed line� and when there are
both vocal folds and ventricular folds �solid line� at f0=325 Hz. Pressure is
normalized by incident subglottal pressure pI and time by 1 / f0.
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FIG. 4. �Color online� Propagated pressure wave downstream of the source
region for when there are only vocal folds �dashed line� and when there are
both vocal folds and ventricular folds �solid line� at f0=650 Hz. Pressure is

normalized by incident subglottal pressure pI and time by 1 / f0.
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=650 Hz. The vortex sheet begins to bend over on itself in
the first frame of the second glottal cycle in Fig. 7 and in the
second frame in Fig. 8. At these times the glottis is in the
process of opening, and the faster moving vortices that were
shed when the glottis was the most constricted are catching
up with the slower moving vortices that were shed when the
glottis was the least constricted in the previous cycle. Be-
cause Figs. 7 and 8 have the abscissa in time normalized by
the vocal fold vibration period, the bending of the vortex
sheet occurs at about the same absolute time into the second
cycle for both the 325 Hz case and the 650 Hz case. This can
be expected because the vortex convection velocities follow
very similar patterns. This follows by comparing Figs. 3 and
4 and relating vortex convection velocity to acoustic pressure
using Eqs. �8�, �14�, and �15�. The place where this bending
occurs is farther upstream for the 650 Hz case because the
slower moving vortices shed in the first cycle have not
moved as far downstream in the second cycle as in the 325
Hz case.

V. DISCUSSION

The numerical results showing little effect of the ven-
tricular folds on the acoustic output are indicative of two
general theorems that follow immediately from Eq. �13�.
First, in a steady flow, and for vorticity ultimately convected
in the horizontal x direction, B� depends only on the differ-
ence between value of the � streamline on which the vortic-
ity arises and the value of the “end” � streamline, which is
the streamline on which the vortex sheet approaches as x�
→+�. This follows from the facts that, for a steady flow,
both � and v are constants in time along the vortex sheet, so
that the integral in Eq. �13� has only the x-component of the
� gradient in the integrand. A second theorem also holds
under the same conditions of steady flow and ultimately hori-
zontally convected vorticity: Changes in the shapes of the
channel wall will not affect B� as long as the value of the
streamline on which the vorticity arises and the value of
where the vorticity “ends” are unchanged. In the numerical
experiments performed in the present work, the streamlines
from which vorticity arose �i.e., the streamline at the surface
of the vocal fold� and the streamlines where the vorticity
becomes parallel to the channel axis were the same with and
without the presence of the ventricular folds. Note that these
theorems do not depend on the exact path that the vorticity
follows, only that the convection ultimately be in the x di-
rection. So the assumption that the vorticity be convected
axially is not critical to the conclusion that the ventricular
folds do not have a large effect on acoustic output, at least if
the vortex sheets do not strike the ventricular folds.

The flows here were not steady. However, these theo-
rems remain approximately true for unsteady flow as long as
vorticity traverses the regions of substantial nonzero
x-component of the � gradient in a short time. Time of tra-
versal is short if the strength of the vorticity entering the
region of substantial nonzero x-component of the � gradient
is nearly equal to the strength of the vorticity exiting this
region. In the case of the vocal folds, this time should be

short in relation to the inverse of the characteristic frequency
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of the variation in vortex strength. If d is the length scale of
the region of substantial nonzero gradient, f0 is a character-
istic frequency for the variation of vortex strength, and V is
the vorticity convection velocity in the same region, then the
condition that �f0d� /V�1 is necessary for each region of
nonzero x-component of the � gradient. In the middle of the
glottal cycle shown in Fig. 6�b�, there is a region of substan-
tial positive x-component of gradient at the trailing edge of
the vocal folds, followed by a region of substantial negative
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FIG. 5. �Color online� The streamlines of the horizontal component of the K
folds are maximally open �a� for the case when there are only vocal folds a

FIG. 6. Gradient of the axial Kirchhoff stream function projected onto the vo

vortex sheet at 1/2 of the vocal fold cycle �a� for the case when there are only v
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x-component of gradient before the leading edge of the ven-
tricular folds, and a region of substantial positive
x-component of gradient after the peak of the ventricular
folds. The length scale for these regions together is of the
order of 1.0 cm. The vortex convection velocities range from
about 1500 to 2600 cm/s, so at 325 and 650 Hz �f0d� /V is at
most 0.4, and often much smaller.

Another way of interpreting the weak effect on voicing
of the ventricular folds is as follows. Vorticity shed from the
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is.
vocal folds always passes through the positive x-component
of � gradient region, creating the fluctuating drag force that
is propagated as sound down the vocal tract. The ventricular
folds also create their own nonzero regions of x-component
of gradient, strongest near the top of the ventricular folds,
but with a negative and a positive x-component of gradient
regions that tend to cancel one another.
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Figures 7 and 8 indicate that the vortex sheets will even-
tually fold onto themselves. The higher the fundamental fre-
quency, the farther upstream this folding will occur, as indi-
cated by comparing the two figures. The folding is a prelude
to transitions to the vortex sheet breaking apart and, eventu-
ally, a transition to turbulence. At frequencies somewhat
higher than 650 Hz examined here, the vortex sheet could
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break up before passing above the tip of the ventricular folds.
In this case the ventricular folds could have a substantial
effect on the output acoustics farther down the vocal tract.
The vorticity would interact with the negative x-component
of the � gradient upstream of the ventricular folds in a co-
herent manner, but not with the positive gradient down-
stream. This would promote flow from the glottis because it
would act as a negative resistance to flow, thus increasing the
peak flow through the glottis. Thus the model is restricted to
frequencies for which the vortex sheet does not break up
before interacting with both the upstream and downstream
sides of the ventricular folds. Further there is some experi-
mental evidence that this kind of breakup can occur for
nominally steady jets. Agarwal �2004� experimented with
glottal jets and rigid model ventricular folds and found that
the presence of the ventricular folds decreased the resistance
to flow when the tips of the false folds were separated by
distances from one to three times greater than the minimum
distance between the vocal folds. This would indicate that
the jets remained laminar from the glottis to the channel
formed by the tips of the model false folds and became tur-
bulent downstream of this channel. However, the intensity of
the inflow turbulence and the level of noise downstream of
the test section were not quantified in these experiments.

When vortex sheets’ breakup occurs the condition that
�f0d� /V be small no longer holds, and new effects could be
expected to be observed. One such effect is a positive feed-
back of the vorticity at the ventricular folds enhancing the
vortex shedding in the glottis and, hence, the glottal jet. This
effect is known as Rossiter buffeting �Howe, 1998� at fre-
quencies greater than 2 kHz. Zhang et al. �2002� did attribute
the occurrence of a peak in their predicted acoustic spectrum
to this phenomenon in their CFD experiment. Whether this
requires the breakup of the vortex sheet as described above,
or only a time delay in interaction between upstream and
downstream portions of the ventricular folds is uncertain at
this time. The breaking up of the vortex sheet as described
above would certainly enhance the buffeting.

Vortex sheet modeling has been used here on the basis
that the distance through a glottal jet shear layer is negligible
compared to other length scales, such as glottal channel
width. This is a good approximation for the initial portion of
the glottal jet. However, the jet shear layer thickens with
downstream distance, and, depending on the height of the
ventricular folds, a part of the jet will strike the upstream
portion of the ventricular folds. This would add to the drag
force, which appears to have been the case for false fold tips
closer together than were the vocal fold surfaces in Agarw-
al’s �2004� experiments.

VI. CONCLUSION

The ventricular folds do not have a noticeable effect on
the voice source according to these results when the move-
ment of the vocal folds is specified. This confirms the CFD
results of Zhang et al. �2002� at low frequencies. This con-
clusion is derived from aeroacoustic theory and the use of
compact Green’s functions so that several fundamental fre-

quencies and geometrical configurations are easily tested.
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Most importantly, the numerical results can be confirmed by
mathematical considerations regarding the integral of the
gradient of the axial Kirchhoff stream function. This theoret-
ical understanding is an important one for sources of sound
in the vocal tract in general.

In a simulation where the vocal fold motion is not pre-
scribed, but occurs because of interaction with the air, it can
be argued that there still will be little effect of the ventricular
folds on the oscillation at low frequencies. This is because
the vorticity interacting with the negative portion of the gra-
dient of the axial Kirchhoff stream function upstream of the
ventricular folds is nearly equal in strength to the vorticity
interacting with the positive gradient downstream of the ven-
tricular folds. However, the effect of the ventricular folds on
the movement of the vocal folds has not been analyzed here.
Further, if the glottal jet strikes the ventricular folds, then
their motion would need to be considered.

Similarly, the results presented here may be generalized
to fully three-dimensional situations. All that is required is
that the changes in vortex strength be small over the regions
of nonzero gradients in the axial Kirchhoff stream function
that the vorticity traverses.
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