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Abstract

Features of glottal flow are visualized by numerical
simulation, using a Navier-Stokes solver for two-dimensional,
incompressible flow operating with the MAC method. Results
include pressure distributions leading to the forces acting on
the vocal folds. Using a vocal fold model with translational
and rotational mechanical resonators the boundaries
corresponding to the vocal folds are allowed to move over the
computation mesh to simulate dynamic behaviour.

Introduction

During phonation the airflow in the glottis sustains
vibration of the vocal folds. This comes from the air pressure
variations in space and time that generate driving forces on
the folds, in contrast to and in cooperation with the passive
forces set by the fold mass and stiffness as well as the
pseudostatic forces from the posture controlling muscular
system. The fold vibrations in the same time modulate the
flow to implement an acoustic source driving the downstream
vocal tract resonator system.

This study visualizes features of this flow by numerical
simulation of the fluid motion. For practical reasons the scope
is limited to a two-dimensional channel and the medium is
taken to be incompressible, an assumption justified from the
differential pressures being two orders of magnitude below
the static atmospheric pressure. The pressure variations would
thus introduce only minor variations in the flow. The acoustic
consequences of the flow will however have to be evaluated
separately from time variations in pressure.

Computational machinery

Fluid flow fundamentally obeys the Navier-Stokes (NS)
equations. In 2-D form and for an incompressible medium
these are
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where u and v (m/s) are the velocities in the axial x and lateral
y directions, and P is the pressure. The fluid has the density p
and the viscosity W. An additional requirement is the
condition of continuity, or conservation of matter, which for
the special case of incompressibility is
du v
5 * dy ~
The NS equations is the central vehicle of the present
simulation. Given a velocity and a pressure field these
equations show how the velocity field will change with time.
The first two right-hand terms are called the advection terms
and show how the velocity pattern is carried along by the
flow. The last term is the diffusion term and shows how
inhomogenieties in velocity will spread out into their vicinity.
The relative importance of these terms is moderated by the
Reynolds number Re=pdu/p, with high values giving
dominance to the advection. Furthermore the middle pressure
gradient terms will accelerate the medium.

0

With the limitations to two dimensions and
incompressibility the NS equations may be cast in an alternate
formulation of stream function and vorticity. This is easier to
handle computationally than the form with primitive variables
u, v, and P, and was used in earlier work (Liljencrants
(1989)). A drawback is then that the boundary conditions are
found from the flow, and the pressure is eventually derived
from the resultant velocity field. To enable the more
interesting case of specifying a driving pressure and let the
velocity develop as a consequence this study uses the
primitive variables directly.

Sequence of computational stages

A preliminary to the simulation is to define a geometrical
grid for the bounding walls and the enclosed simulation area.
Terminologically the lines of this grid divides the area into a
number of meshes, and the lines intersect at nodes. The
particular method used is called MAC (Welsh et al. (1966),
Roache (1976), Peyret and Taylor (1983)) and has the
distinctive feature that the u and v velocity components are
defined at different places in the computational grid, namely
at the middle of the vertical and horizontal mesh sides they
cross at right angles, while the pressure is defined at the
center of each mesh.
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Fig 1. Part of the rectangular computational grid with uneven
pitch and an arbitrarily crossing boundary wall. Definition
points of velocities u and v, and pressure P are indicated.

A rectangular grid was used, as exemplified in fig 1. To
keep down the total number of meshes the x and y steps are
modulated to make the meshes smaller at critical places where
the more interesting phenomena occur.

The simulation proper proceeds in three basic steps:

1. Establish boundary values for velocity and pressure. The
inflow boundary is taken to receive the driving pressure and a
Poiseuille flow, the classical laminar flow in a straight
channel having a parabolic velocity profile over the cross
section. At the walls the velocity is always zero. At the
outflow boundary the pressure is zero (or alternatively derived
from the output flow driving some load impedance), while the
velocity is extrapolated from the interior field. However,
when a vortex crosses the outflow boundary the velocity may
locally be in an upstream direction. At those places the
boundary velocities are then just copied from the closest
interior points, otherwise instability will occur.

2. Advance time and transport the velocity. At all interior
mesh sides the NS equations are used to evaluate updated
velocities # and v at a later time r+Ar. The boundary velocities
are not changed, but their values influence results for their
interior neighbour meshes. The resulting velocity field does
not automatically satisfy the continuity criterion. But from the
velocity field we can now derive a 'dilation’, an error term that
measures how much matter appears to have been created or
has vanished in each mesh.
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3. Update the pressure. With the new velocity field the
pressure field will have to be adjusted at all meshes. This is
done by iterative solution of a Poisson equation,
div(grad(P))=S, where the source term S is found from some
higher differentials of the velocity field. The boundary
conditions for pressure are however somewhat difficult, they
are of the Neumann type which means that the pressure
derivative 6P/8n normal to the bouding walls is prescribed,
not the pressure. One important feature of the MAC method is
that these boundary conditions on pressure follow
automatically using the same code as for the internal mesh
points. Another MAC feature is that the source term is
augmented with the time derivative of the dilation. This acts
to distort the pressure field such as to restore the velocity field
to be dilation free. The iterative solution process for pressure
normally consumes most of the total computing time.

These three steps are reiterated until a sufficient time span
has been covered. Sometimes the process converges toward a
stable solution. In case of a high Reynolds number the result
may however vary indefinitely with time because the flow
problem itself is unstable and this implies there is no single
solution.

All simulation procedures can be geared to use a resolution
reduced by the factors 2, 4, or 8. This is expedient for
debugging and test runs since a doubling in resolution may
increase computation time as much as 16-fold. Gearing may
also be used to quickly arrive at a coarse result which is
subsequently interpolated and refined at higher resolution.
The present program was coded in C language for the
Hewlett-Packard/Domain DN 10000 computer.

Time step and stability

For numerical stability it is crucial that the time step is
sufficiently small. On the other hand this step should be held
large to minimize the number of cycles needed to cover a
specified total time. The advection terms put a limit to the
time step in that the transport distance uAt must everywhere
be smaller than the mesh side. The ratio of these is called the
Courant number and must be less than unity. The diffusion
term introduces another limit which becomes more restrictive
at low Reynolds numbers.

In the program the maximum permissible time step is
periodically re-computed from the stability criteria. The time
step actually used is proportioned with a guard factor,
typically 0.8 of the maximum, which is supplied as a
parameter to the program.

Moving boundaries

A primary objective is to let those parts of the boundary
walls representing the vocal folds move during the course of
simulation, under influence of the aerodynamic forces
developed. This implies that these boundaries essentially
never coincide with the mesh pattern that is kept invariant and
calls for a substantial auxiliary apparatus. Thus which mesh
sides that represent interior points and which represent
boundaries varies over time. To estimate the mesh boundary
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value the velocity field is probed by interpolation at two
points being mirror images in the moving boundary. Then a
mesh boundary value can be extrapolated such that the
velocity is zero at the intermediate moving boundary. Best
results were obtained when boundary mesh sides were always
allocated on or outside the moving boundary. This means that
the boundary mesh velocity is generally in opposite direction
to the interior velocity.

Attempts to estimate the velocity surface near the
boundary by minimum squares fitting of a plane to a larger
number of neighbouring meshes is not successful when the
velocity surface is markedly curved. Such an instance is near
downstream the narrow orifice where flow separates from the
wall to form a jet. The misbehaviour manifests as spurious
flow through the boundary.

The mechanical glottis model

In the classical two-mass model of Ishizaka and Flanagan
(1972) a vocal fold is represented by two mechanical
resonators in tandem along the glottal passage, and having an
elastic mutual coupling element between them. The present
work used a variation of this (to be reported) that purports to
be even more realistic anatomically. The general principle is
that the two resonators are organized as a translational system
and a superimposed rotational system.

The primary model element is thus a mechanical resonator
comprising a compliance C, a mass M, and a damping
resistance. The aerodynamically and acoustically most
interesting movement of this resonator is its lateral component
that is a main controller of the glottal open area.

The novel feature in the present model is its second
resonance mechanism. This is taken to be a rotational
oscillation of the same mass M around its center of gravity.
The rotational resonance frequency deviates by a factor
(typically 1.4) from the main translational resonance
frequency given by M and C. This factor thus implies a
rotational stiffness D. The model has no mechanical signal
connection between the lateral and rotational movements, a
‘most significant difference of philosophy from the Ishizaka-
Flanagan model. Instead they are separately driven by the
aerodynamics, the translational movement by the space
average pressure in the glottal passage, and the rotational by
the pressure gradient in the flow direction. But these two
driving signals, the force and the moment, are both derived by
integration from the transglottal pressure profile and are
highly interdependent. The resonators are thus indirectly
coupled by the aerodynamics.
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Results

In the initial phase a strong vortex, like a smoke ring, is
formed downstream the slit. This vortex travels downstream
and is followed by a straight jet of air. With representative
driving pressures this jet goes unstable and begins to undulate
within a few milliseconds, fig 2 top and middle.

When the vocal folds close the existing jet continues
downstream as a detached plug of air. A secondary pulse of
flow in the opposite direction is then created near the walls to
refill for the air removed by the jet, fig 2 bottom.

During the phase of closed glottis the turbulence prevails,
and the jet formed in the next open cycle will enter this
turbulent wake. Thus the flow becomes chaotic, no air pulse is
exacly like its precedent, and the pulse train is not exactly
periodic.

As the jet proceeds downstieam it slows down and widens
and is gradually transforming into a train of vortices. This is
accompanied by some recovery of pressure. Introducing a
second downstream constriction to represent the false vocal
folds gives a marked local pressure recovery step at this place.
This recovery is not turned into a pressure drop until the
second constriction is made so narrow as to be comparable to
the glottal constriction.
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Fig 2. Visualisations of pressure and velocity in a dynamic
model glottal passage, including downstream false vocal
folds. Pressure is represented by the gray tone and is 1 kPa
(appr. 10 cm of water) at the driving end to the left, and zero
(no acoustic load) at the outlet to the right. Velocity is
represented by vectors on a number of randomly placed
particles. From top to bottom time is 2, 3, and 4 ms from a
start with closed glottis and quiescent air.
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