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Abstract The wrtflow in the modeled glottal constriction was simulated by the solutions of the Navier-
Stokes equations for Tammar flow, and the corresponding Reynolds equations tor turbulent flow in
genetalized, nonorthogonal coordinates using a numencal method. A two-dimensional model of laryn-
geal tlow s considered and acrodvnamic properties are calealated for both Taminar and turbulent steady
flows. Three configurations of vocal folds. corresponding to convergent. parallel or rectangular. and
divergentglottisare used to study the effects of plottal shape on the airflow. Results are reported for several
types of caleulations. Results are obtamed for the velocity and pressure distributions, and friction
coetticientand turbulentkinetic energy in the constriction. Flow separation was found to exist even at low
Reynolds numbers, and the separation region grew m size with increasing Reynolds number. The glottal

shape has a marked mfluence on the flow pattern and the pressure drop.

Key Words  Airflow, Glottal Constriction, Computer Ssmulation, Voice Production, Navier-Stokes
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INTRODUCTION

‘The study of airflow through glottal constriction has re-
cerved alotof attention i recent vears due to s influence
on the vocal-folds oscillatons and voice production. This
kind of flow causes a large pressure drop due to the
acceleration of the airflow in the constriction, puils the
foldstogether and initiates the pulsatile flow and vocal fold
oscillations, This oscillation which is coupled with airflow
1s the major source of sound in the human speech produc-
tion system. The glottal constriction has a complicated
three dimensional geometry which is not accessible to

mstrumentation. Thus a computational method is the ap-
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proach used i this study of arrflow in the glottis.
Previous studies of the airflow in the larynx have been
limited to one-dimensional flow models with the assump-
tion of uniform velocity profile across the glottis. Most of
the experimental work was aimed at measurement of
pressure drops and volume flow rates on static models of
a larvnx [1-6]. The control parameters in these static
modets were mostly the glottal configurations (converg-
ing. parallel, or diverging glottis) and volume flow rate.
These investigators measured pressure drops along the
glottal airway and developed empirical formulas for the
pressuie drop as a tunction of volume flow rate for various

configurations. These empirical relations have been used
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jor computer simulation of speech using moditied Ber-
noulli equations.,

Theoretical calculations of the airflow in the larynx
have been hased on the assumption of potentiab tlow or
fully-developed laminar Tow [2]. Only in the Tast few
vears. have numerical studies with methods ol computa-
tional fluid dynamics emereed 1780 Lijima e al. (71
solved the two-dimensional Navicer-Stokes equations in
primitive variables with a finite-clement method and re-
ported velocity and pressure profiles for steady and un-
steady laminar flow at Reynolds numbers in the range 2 to
64, Liljencrants [8] also used a finite-clement method but

with formulation of vorticity transport equation, and re-
ported velocity contours and pressure profiles forunstable
flow through aconverging-diverging glottis. These recent
numercal studies. athough limited in scope, are most
encouraging because they demonstrate the potential of
cmerging methods of computationat Huid dynamics o
resolve details of the flow that are not accessible (o
measurement.

In this study we have used a state-of-the-art numerical
method 1o investigate laminar and turbulent flows of air in
two-dimensional models of the glotal constriction. The
geometry of the glottis and the airflow rate (or Reynolds
number) were varied to study their effect on the pressure

and velocity distributions.
NUMERICAL MODEL

The starting point for the present research was provided by
the work of Patel. Chon and Yoon [9]. who calculated the
flow in channels with wavy walls, Their numerical method,
adapted for the present study, solves the Navier-Stokes
cquations for laminar flow, and the corresponding Reynolds
cquations (sometimes referred to as the Reynolds-aver-
aged Navier-Stokes. or RANS equations) for turbulent
flow in generalized, nonorthogonal coordinates, namely,

V=0 (1)

R

()Vl/a 1+ Vanu.“I:F i prl J\ 1) [)vX . (vl!lvl).l“ +V gmn\/l (2)

where V'is the mean velocity, viisthe velocity fluctuation,

Frisabody force, pis pressore, p is density v is kinematic
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viscosity, and g" is the conjugate metric tensor. These
equations have to be expressed in a coordinate (grid)
system that is appropriate for the particular problem to be
solved. Here. there are two options, and both have been
followed in CFD. In one, only the coordinates are trans-
formed. leaving the velocity components ina convenient
orthogonal system in the physical domain. Such a partial
transtormation has the advantages that fewer geometrical
terms arise in the transformed equations, reducing com-
puting times and storage. and the results of the caleulations
are easily interpreted. The disadvantage is that numerical
diffusion may become significant in regions where the
angle between the velocity component and the coordinate
lines becomes large. This effect, however, depends upon
the numerical scheme thatis adopted for the solution of the
flow equations and cannot be separated from it

In laminar flow, the third term on the right hand side of
Equation 2 is absent and Equations T and 2 can be sloved.
For turbulent flows, these equations have to be
supplemented by a turbulence modet which relates the six
Reynolds stresses (v'v') to the mean low Vi Insofar as
applications to three-dimensional flows are concerned,
very few new developments have taken place in this arca.
In the present approach, we use the well-known k-g turbu-
lence model. This model introduces an eddy-viscosity

Myl — 1 my/) jroy /i
vy = (-2K/3) g + v gV etV (3)
which relates the turbulent stresses to the corresponding
mean rates of strain. Here, v, is the eddy visocosity. and k
is the turbulent kinetic energy given by

2k=viv =g vV (4)

In the k-8 model, the eddy viscosity 1s related to the
turbulent kinetic energy k and 1ts rate of dissipation € by

2
v‘_,(,‘“k/e (5)
where Cu is aconstant, and k and e are determimed from two
modelled transport cquations, which contain four addi-

tional constants. Equation 5 can be expressed as

v/v=C VkMv=C R, ()
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where R 1s a turbulence Reynolds number based on the
velocity and length scales, Vk and & = k /e, respectively.
Thus. the k and e cquations provide the velocity and length
scales at cach point v the flow. One of the advantages of
this model then resides in the fact that 1t does not require
the spectication of alength scale. This 1s one of the reasons
for the widespread use of the model in diverse applica-
tions, A rather serious drawback of the stndiard k-g model
is that 1t applics only in regions where the flow is fully
turbulent, re., where Rois Targe, This excludes the near-
wall region, occupied by the sublayer and the buffer tayer,
This difficulty 1s usually overcome by applying what are
called "wall functions™ in piace of the no-ship condition;
these ivolve the use of the law-of the-wall and other
relations dedaced from equilibrium assumptions in two-
dimensional flows it some point in the logarithmie layer.
The use of wall functions in compicx three-dimensional
Hlows remains a source ol uncertanty.,

The coordinates are generated by numerical solution off
a pair ol Poissons equations in the computational dotain
of interest. The momentum equations are discretized using
analytic solutions ol the hinearized equations, accordmy to
the finne-analyte method of Chen [ 10]. and the pressure-
velocity coupling is made through the contmuity equation
using a modified form ol the SIMPLER algorithm of
Patankar [ 11] which requires the use of a staggered grid
arrangement. The tme-marching capability of the method
makes 1t suitable for the solution of unsteady flows, but
here it has been used only to obtain steady-state soluations,
usIng me as an eralion parameter.

Since the major shapes that are observed during the
vibratory motion of vocal folds are convergent, rectangu-
far, and divergent glottis, laryngeal configurations with
various angles of convergence and divergence angles were
used 1o study the effect of gloital shape on the flow
vartables. The glottal shape was approximated by two

sinusoidal curves and a strarght Tine with sioothing at

thewr boundaries. The flow was assumed (o be svinmetric
with respect to the midsagial plane (centerline in 2-D
flow) and. therefore, only halt of the flow domain was
calculated.

RESULTS

Calculations were performed for three glottal configura-
tions, namely, convergent, rectangular and divergent glot-
tis. Typically, a 150 x 50 gnid as shown i Figure T was
cmployed in the longitudinal and transverse directions,
The gnd was refined near the wall (o resolve the L
velocity gradients there. Also, a finer horizontal grid was
used around the constriction where vidintions it pwessai
and veloctties are expected to be rapnd, The discreticad
cquations were solved with iterative methods with cons o

gence eriteria based on the accnriacies of the results, The
inlet velocity profile and exit pressure were considercd as
known boundary conditions. In the kuninar flTow calents
tions. i parabolic profile corresponding to fully developed
flow was usced as an indet condition in the turbulent Hlow
calculations, the fully developed profde wis calcubaced in
astraight channel and stored for cach Revnolds number
adata file, This datvwas read inas wlet turbulent velocity
profile for glotal constriction. Another possibility i 1o

model the inlet profite with logasithimic Jaw of the wall.

Results on Laminar Flow

Figure 2 shows the flow pattern i a convergent glouis at
a4 Reynolds number of 500, The flow separates at the rear
of the constriction and an eddy has formed m cach case.
Stmular patterns existfor various constriction sizes, but as
the opening decreases, the size of the eddy increases, the
point of reattachment ol the flow moves turther down-

stream, and the  point of separation tmoves turther up-

Figure 1. Solution domain and grid pattern i rectangular con-

striction.
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Figure 2. Laminar flow nattern in a convergent constriciin.
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stream. This results in more horizontal streamlines after
the constriction in the case of large blockage. The overall
flow in rectangular and divergentconstriction is similir (o
those of convergent constriction and the location of tlow
separation and the size of the eddies are intluenced by the
glottal shape.

Figure 3 shows the velocity profiles ata few selected
stations. As the flow approaches the constriction, a strong

shear layer (region of steep velocity gradients) develops

over the tope of the constriction, This shearlayer is evident

between the reverse flow and jetissuing from the constric-
tion.

In all constrictions, the pressure 5 almose uniform
across the flow antl some distance ahead of the constric-
ton. A varation across the flow kes place as the stream-
lincs begmn o ciave up the constricton. As the How
accelerates there as o commensurade fall i pressure
Following the constnction, the pressure is negative, and
abmost unitorm scross the region of separation as well as

the jet issuing from the constriction. This sharp pressure

drop i the constriction is accompanted by an merease of

Iriction cocthicientdue wo the Hatientug of velocity profiles

near the constriction, The pressure vartation across the

A
[RoUEED ST G S (U (.S G ——

flow near the constriction was enhanced as the size of
constriction became smaller. It 1s also observed that the
divergent glotus leads o a larger pressure drop than a
convergent glotts.

Figure 4 shows the ellect ol Reynolds number on the
wall friction for the rectangular consiricion. As the Reynolds
nwmnber increases, the fuction coetticient decreases. This
result also shows that point of separation (zero wall fric-
ton) moves towards the upstream as the Reynolds nunber
is increased.

Results on Turbulent Flow

Figure S shows a typical turbulent mean How pattenn m a
divergent constriction. While there s some similarity
between this pattern and that of laminar How, there are
major ditferen os such as: the existence ol an eddy betore
the constricuon. The stze of the eddies are much sialler
than laminar flow and we not alfected very much by
Reynolds number. Finally, the tricton coefficient 1s neg-
ligible everywhere except within the constriclion.

Typic hortzontal velocity profiles for a divergent con-
striction are shown 1n Figure 6. The profile becomes Lt

Figure 5. Twbulent flow pattern in a divergent constitction at - Re = 5000
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Figure 6. Velocity profiles in a divergent constriction.

and very steepin the constriction’s minimum area. Similar
pattern and velocity profiles obtained for other configura-
tions at Reynolds numbers ranged 3000 10 9000). Stmilarity
exist between turbulent and laminar results on pressure
drops and friction coefficient variations along the constric-
tion and across the flow.

Figure 7 shows the wall and centerline pressure coel-
ficients, also frictionand centrerline velocity along the flow
foratypical turbulent regime in a divergent constriction for
a Reynolds number ot 5000, The two pressures exhibit a
large difference in the constriction where area variation
lorces the two dimensional flow. The centerline velocity
reaches amaximum in the constriction where the centerline
pressure reaches its minumim. The friction coefficient
increases sharply in the curved section before the minumum

cross-sectional area.

CONCLUSION

This paper reports an attempt at simulating the low in the
larynx using a numerical method for the solution of the
Navier-Stokes equations. As the method itsel has been
tested and employed for other applications, the cmphasis
here bas been on the flow patterns that arise in typical
laryngeal passages. The simulation is limited 10 steady,
two-dimensional tlow. Results were obtained for various
glottal configurations tor both laminar and turbulent re-
gimes, These clearly indicated the flow separation and
formation of a jet downstream of the glottis. These solu-
tions should cnable a study of the influence of the strong

shear layer associated with the separation, and the eddies
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Figure 7. Pressure and friction coefficients in divergent

constrichion.

downstream ol the glottis, on the acoustic pressure in the
vocal tracts. The caleulated pressure showed not only
severe changes along the glottis, but also some variations
across the glotis. This demonstrates the inaccuracy of
previous one-dimensional models for the prediction of
pressure and flow in the glottis.

The present study represents only a first. and rather
simple step in the numerical simulation of the actual flow
in the larynx. There are, to be sure, a number of very
important flow features that are ignored in the present
analysis. Among these are, the unsteadiness of the flow,
induced by the separation downstream of the constriction
and by the deformation of the walls themselves, the three-
dimensional geomelry of the prototvpe. Furthermore., the
turbulent flow in the glottal constriction is usually of Tow
Reynolds number type and the k-£ urbulence model which
is used in this analysis may need to be refined with

experimental data.
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