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Abstract:

In the present paper, the effects of the false vocal folds (FVFs) on sound generation

induced by an unsteady glottal jet through a two-dimensional rigid wall model of the larynx are
investigated by conducting numerical experiments. The glottal jets are simulated by solving the basic
equations for a compressible viscous fluid based on the larynx model with and without the FVFs. The
existence of the FVFs increases the amplitude of noise-like pressure fluctuation at the glottis and
faraway from the glottis. Furthermore, the FVFs give rise to the broadbanding of the pressure spectrum
throughout the fluid domain. These results indicate that the FVFs have a profound effect on the
generation of broadband noise components in a speech wave.
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1. INTRODUCTION

With improvements in computing power, numerical
simulation has become an efficient tool for clarifying the
speech production process. A two-mass model developed
by Ishizaka and Flanagan [1] and improved models [2,3]
based on this model are the most popular numerical models
for speech production. These models can be used to
describe the principal mechanism of phonation, although
the structure of the model is simple. However, these
models are not suitable for the description of complex
phenomena [4—7] in the larynx, because these models have
a limitation with respect to the degree of freedom of fluid
motion in the larynx and do not provide accurate glottis
shapes.

During any vibration cycle of the true vocal folds
(TVFs), the glottis takes on converging, uniform, and
diverging shapes. Numerical simulations conducted by
lijima et al. [8] and Liljencrants [9] revealed that the
pressure distributions on the glottal surface are greatly
affected by both the shape and minimal diameter of the
glottis. Although asymmetric flows similar to that observed
via measurements [10] were obtained in their simulation,
lijima et al. conjectured that the asymmetry was due to
numerical errors in computation.
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In a previous study [11], we numerically simulated
glottal flows on the basis of a two-dimensional rigid wall
model of the larynx and reported that rather than being
a steady symmetric laminar flow, the glottal flow is an
unsteady asymmetric flow similar to the physically
measured flows. In addition, the results suggest that the
existence of the false vocal folds (FVFs) increases the
intensity of the sound due to an unsteady flow. However,
the mechanism of the increase in the intensity has not been
investigated in detail.

Zhang et al. [12] numerically investigated the effect
of the FVFs on the speech production process on the basis
of the axisymmetric forced vibrating TVF model. They
reported that the impingement of the glottal jet on the FVFs
causes the generation of additional sources in speech
waves. However, we infer that they underestimated the
effects of the existence of the FVFs on the speech waves,
because, in the axisymmetric model, the degree of freedom
of the fluid motion was limited, and the glottal flow could
not be transformed into an asymmetric complicated flow.

The purpose of the present study is to investigate the
effects of the FVFs on the speech production process. As a
first step, we do not consider the interaction between the
glottal flow and vibrating TVFs, because our only focus
is on the effect of the FVFs on sound generation caused
by an unsteady flow. In the present study, we conduct a
numerical experiment with glottal jets on two-dimensional
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Fig.1 Analytical model for the glottal flow in the
coronal (z-x) plane. Bold solid and dotted lines indicate
the model with the false vocal folds (FVFs) and the
model without the FVFs and the ventricle of the larynx,
respectively. The configuration is assumed to be
uniform in the sagittal (y) direction. The function of
larynx width is described by the function wy (z) in the
Appendix.

rigid larynx models with and without the FVFs at different
lung pressures. The effects of the FVFs on the sound
generation within the larynx, especially on the amplitude
and spectrum slope thereof, are discussed quantitatively.
Furthermore, we show two types of mechanism of sound
generation induced by unsteady glottal flow.

2. ANALYTICAL MODEL AND
COMPUTATIONAL METHODS

A real larynx has a complex three-dimensional shape.
The main simplification of the present study is to consider
the flow to be a two-dimensional configuration. This
precludes the vortex stretching mechanism, that causes the
energy cascade from larger to smaller scale vortices [13].
Therefore, in the present simulation, large-scale vortices
tend to remain in the flow field.

2.1. Larynx Model and Governing Equations

A two-dimensional model of the larynx without
vibration in the coronal (z-x) plane is shown in Fig. 1.
The bold solid and dotted lines indicate models with and
without the FVFs, respectively. The configuration is
symmetric about the center line (dot-dashed line, i.e., the
z axis). The large ratio of the TVF length of 9(10') mm to
the the TVF gap of 9(10°) mm allows the flow config-
uration in the sagittal (y) direction to be uniform; that is,
00Q/dy = 0 is assumed, where Q is a physical quantity of
the flow.
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Table1 Size parameters for the larynx (values are in

mm).
Wisub Width of subglottal region 16.4
WyL Width of ventricle of the larynx 10.3
Wyt Width of vocal tract 20.0
Grvr True vocal fold gap 1.0
GEvE False vocal fold gap 5.1
Hrvr False vocal fold height 6.2

The size parameters of the larynx presented in Table 1
are based on the data reported by Scherer et al. [14]. In
the present study, we consider only a simple uniform
parallel glottis model with a TVF gap of Gryg = 1 mm,
although the glottal angle affects the glottal jet
[5,10,11,15]. The function of larynx width is described
by the function wi(z) in the Appendix. In addition, the
vocal tract configuration is assumed to be a uniform duct
in order to highlight the acoustic and fluid phenomena
within the larynx.

In the present paper, all variables denoted by the
superscript * are nondimensional values. In order to
formulate the problems, we introduce the following
dimensionless variables:

p a2 aE
L L (1)
u =—,0v =—, P = —2, =
Co Co PoCo To

where ¢t is the time, u# and v indicate the z and x
components, respectively, of the flow velocity vector u,
P =p+ Py, is the total pressure (p is the pressure
variation from the atmospheric pressure value Pyyy,), p is
the density of the medium, 7 is the absolute temperature,
L= Wyr (=20mm) is the -characteristic length, p
(= 1.138kg/m?) is the fluid density at rest, and co
(= 3.532 x 10> m/s) is the sound velocity of infinitesimal
amplitude. The variables denoted by the subscript o are
quantities at an atmospheric pressure Py, of 101.3 kPa and
a temperature of 310.15K (=Ty, 37°C).

Because of the complexity of the boundary shape in the
larynx, the Cartesian coordinates (z*, x*) are transformed
into general curvilinear coordinates (§*, n*) along the
laryngeal surface. The basic governing equations of a
compressible viscous fluid like the glottal flow in a two-
dimensional space are summarized in the following
compact form [11,16]:

00* n oE* L oF* 1 oR* n as* @)
a ' dg | dpr Re\ogr  ap)
where Re (= pocoL/p) is the Reynolds number, and wg

(= 1.902 x 1073 Pa-s) is the shear viscosity. Other depend-
ent variable vectors for the flow are expressed as follows:
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U* and V* are contravariant velocity components in the &*
and n* directions, respectively, and are written as

m:gm+gm}

7
V* = nlu* + nivt. @)

J* is the Jacobian of the coordinate transformation, and &7,
¥, 1%, and i} are the components of the transformation
matrix (&%, n*)/d(z*, x*). In addition, 77, 7}, and T}, = T},
are the dimensionless viscosity-induced drag forces, and g

and ¢} are the dimensionless heat fluxes.

The dimensionless total energy density is given as
P* 1
e = 4 *u*2+v*2, 8)
1T ) (

where y (= 1.403) is the specific heat ratio. In addition, an
adiabatic relationship for a compressible fluid is used to
connect the absolute temperature and the pressure, as
follows:

p* T*
y .

P = ©)

2.2. Numerical Simulation
In order to solve these nonlinear partial differential

equations, we employ a numerical computation method,
MacCormack’s finite difference scheme, which has fourth-
order accuracy with respect to space and second-order
accuracy with respect to time [17]. The computational
domain extends from z* = —8 to z* = 10, i.e., z = —160 ~
200mm. The grid number is 800 x 120. A greater grid
number is necessary in computations in order to obtain an
accurate solution. However, we reached a compromise
between numerical accuracy and computational time [11].

The dimensions of the grid in the z* direction are
reduced near the glottis at z* = 0, and the dimensions of
the grid in the x* direction are regular. Here, the minimum
grid sizes become Az >~ 40um and Ax >~ 8 um.

The time is discretized at an interval of A~ 0.1 us.
The Courant-Friedrichs-Levy condition [16] for numerical
convergence of the difference equations is satisfied because
the CFL number becomes 0.6, which is less than unity.
Calculated data are written to output files at intervals of
10 us.

The details of the analysis are found in the previous
paper [11].

2.3. Initial and Boundary Conditions

Suppose that the air in the entire fluid space is uniform
and at rest for #* < 0. The initial conditions are then readily
obtained for the entire space:

lu*| =0, p*=1, P'=1/y for F<0. (10

Nonslip and adiabatic boundary conditions are speci-
fied on the boundaries I'; and I'y in Fig. 1. A nonreflecting
characteristic boundary condition [18] is imposed at the
outflow boundary I'; in order to minimize acoustic
reflection. A pressure function P} (") = pf(t*)+1/y is
applied to the boundary I';, where pj(¢*) is the lung

pressure,
Py, mt*
1 —cos| — for 0 < ¢ <t}
2 tt

Py, for t* > t.

pLt") = (11)

Here, P;q(= PrLo/(poco?)) and £¥(= cot;/L) are the steady
state value of the lung pressure and the time required for
the lung pressure to increase to Pj, from atmospheric
pressure, respectively. In the present paper, the rise time ¢,
is set to a constant value of 10 ms.

3. RESULTS AND DISCUSSION

In order to gain insight into the effects of the FVFs on
sound generation induced by unsteady glottal jets, the jets
based on the two-dimensional model of the larynx with and
without FVFs are numerically simulated by varying the
lung pressure Pro. We first show the effects of the FVFs on
the amplitude of the sound caused by the unsteady glottal
jet, and then show the effects on the spectrum thereof.
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Fig.2 Time sequences of instantaneous streamline patterns of the glottal flow at Ppy = 800 Pa.

3.1. Glottal Jet Distribution in the Larynx
Figure 2 shows the time sequences of instantaneous
streamline patterns of two-dimensional glottal flows based
on the models with and without the FVFs at every 5 ms.
The lung pressure Py is set at 800 Pa, which corresponds
to the value for an ordinary conversation level. In both
models, symmetric jets about the z axis are first ejected
from the glottis, and the symmetries of the jets are then
broken for each jet front. Finally, the flow changes into an
unsteady pattern with several vortices.

The flows at + = 40ms in Fig. 2 near the glottis are

406

shown in Fig. 3 with expanded coordinates. In the model
with the FVFs, the impingement of the glottal jet on the
FVFs and small vortices within the ventricle of the larynx
are observed.

3.2. Sound Generation Induced by Unsteady Glottal
Flow
Figure 4 shows the instantaneous pressure p(f) =
P(t) — Py at different distances from the glottis. These
sound waves are directly obtained by numerical simula-
tions without any acoustic analogy.



H. NOMURA and T. FUNADA: EFFECTS OF THE FALSE VOCAL FOLDS ON SOUND GENERATION

20 @ \/

X axis (mm)
(a) With FVFs

X axis (mm)
(b) Without FVFs

Fig.3 Instantaneous streamline of the glottal flow near the glottis for Pry = 800 Pa at r = 40 ms. The flow is identical to
that shown in Fig. 2 at + = 40 ms (shown with expanded coordinates).
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Fig.4 Instantaneous pressure p(t) = P(t) — Pun in the glottal flow for Pry = 800 Pa.

At z = O0mm, the amplitude (peak-to-peak) of pressure
variation in the model with the FVFs is approximately 1
in Fig. 4(al), and that in the model without the FVFs is
approximately 0.4 in Fig. 4(b1). The pressure amplitude in
the model without the FVFs is in rough agreement that
according to the measured data based on a rigid model
having a lip like glottis without FVFs reported by Hofmans
et al. [5].

In the region downstream of the FVFs, both amplitudes
(peak-to-peak) of the pressure variation are approximately
2 in Figs. 4(a2) and (b2).

It is difficult to obtain radiated sounds from the mouth,
since the effects of acoustic loading of the vocal tract and
the mouth in the present simulation are ignored. Instead,
the sound within the vocal tract at a distance faraway from
the glottis z = 160 mm are shown in Figs. 4(a3) and (b3).
The amplitude in the model with the FVFs is about twice
that in the model without the FVFs.

The unsteady glottal flow causes pressure fluctuation
within the larynx. The pressure wave p(f) shows a
fluctuation, p/'(f), around the average component (p),
where the notation ( ) denotes a time averaging operator.
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Fig.5 Frequency spectra of pressure in the unsteady glottal flow at Pry = 800 Pa. These results correspond to the pressure
in Fig. 4. The dashed curves are fitting curves using a function |P(f)| o« f~* with « ranging from 1kHz to 10 kHz.

We can write an expression for the instantaneous pressure
as

p®) = (p) + p'®. 12)

The average pressure (p) at the glottis corresponds to
Bernoulli’s pressure, which indicates negative pressure due
to high-speed flow through a constriction. Theoretical and
measured Bernoulli’s pressures (the maximum average
pressure drops in the glottis) are of the order of —0.1Pr in
the model without the FVFs based on a steady flow
assumption [1,5,19]. In the present simulation, Bernoulli’s
pressures at z=0mm in the models with and without
the FVFs are —0.4Pry and —0.05PL, respectively. The
reasons why the Bernoulli’s pressure in the model without
the FVFs is somewhat lower than the pressures in the
theory and measurements are that the value of intraglottal
pressure depends on the measured location within the
glottis [19], and that the pressure measured at z = 0 mm in
this model is not the maximum value. On the other hand,
the Bernoulli’s pressure of this simulation in the model
with the FVFs is four times higher than the theoretical and
measured pressures. This large Bernoulli’s pressure is most
likely due to an effect of vortex motions within the
ventricle of the larynx. This effect will be discussed in
Sect. 3.3.

Figure 5 shows the normalized pressure spectra
P(f)/PLo, where f is the frequency. The spectra are
obtained by performing an FFT analysis on the pressure
fluctuation sampled at 100kHz in the range of 60 to 100
ms. The dashed curves indicate the fitting curves obtained
using a function of the frequency f with exponent o:
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in the frequency range of 1kHz to 10 kHz.

The pressure spectra roughly decrease with increasing
frequency. The slopes in the model with the FVFs are less
steep than those in the model without the FVFs. In
addition, both slopes in the region downstream of the FVFs
z=40mm in the model with and without the FVFs are
more tilted than those at the glottis. In the model with the
FVFs, the slope faraway from the glottis is less steep than
that at the glottis, whereas, in the model without the FVFs,
the slope faraway from the glottis is greater than that at the
glottis.

13)

3.3. Amplitude of Pressure Fluctuation
The lung pressure dependence of the amplitude of the
pressure fluctuation

Py = \% (P/z(t»,

is shown in Fig. 6. Both the amplitudes at the glottis
z=0mm and in the region downstream of the FVFs z =

14)

40mm exhibit a rapid increase, reaching a value of
O(107%) ~ 010" from @(10~3) above 100Pa in lung
pressure.

In the region downstream of the FVFs at z = 40 mm in
Fig. 6(b), both the amplitudes of pressure fluctuation in the
models with and without the FVFs have the same order of
magnitude. On the other hand, at the glottis (z = 0 mm) and
faraway from the glottis (z = 160 mm), the amplitude in
the model with the FVFs is one order of magnitude larger
than that in the model without the FVFs in Figs. 6(a) and
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(c). These results suggest that the addition of the FVFs
increases the amplitude of the pressure fluctuation within
the larynx and the vocal tract except in the region
downstream of the FVFs.

The impingement of the glottal jet on the FVFs and
small vortices within the ventricle of the larynx have been
observed in the model with the FVFs, although such
vortices are not generated in the model without the FVFs,
as shown in Fig. 3. Figure 7 shows the time sequence of
the instantaneous pressure distribution on the laryngeal
surface I'3 at 800 Pa. The pressure at the FVFs (z >~ 6 mm)
varies with time in the model with the FVFs, whereas the
pressure is almost uniform and shows no change in the
model without the FVFs.

In aeroacoustics, boundary layers are formed near the
surface of obstacles in a flow field, and the time variation
of pressure within the boundary layer causes sound sources
that are related to dipole sources [20]. Therefore, the
increase in the amplitude of the pressure fluctuation at
the glottis caused by the existence of the FVFs is due
principally to the interaction between the flow and the
edges of the FVFs. The fluctuations caused by the
interactions of the flow with the edges of the FVFs
propagate downstream of the glottis. The increase in the
pressure amplitude faraway from the glottis can be
explained in terms of these propagations.

The instantaneous negative pressure of —2 at z=
40mm and ¢ = 40ms in the model without the FVFs in
Fig. 4(b2) is a consequence of the motion of the vortex at
z~40mm and ¢ = 40 ms in Fig. 2(b). The large-amplitude
pressure fluctuations observed downstream of the FVFs are

T
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ok R l \/\ ]
| N

T
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——TLocation
of FVFs
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Fig.7 Instantaneous pressure distribution on the surface
of the larynx I'; at Pry = 800 Pa.

caused by the passages of vortices for a high Reynolds
number [11].

The Reynolds number determines an unsteady vortex
structure. We estimated the Reynolds number with the
maximum velocity within the glottis as the characteristic
velocity. The Reynolds numbers in the model with and
without the FVFs were nearly identical. The same
amplitude levels of the pressure fluctuation at z = 40 mm
in both of the models in Fig. 6(b) can be explained in terms
of agreement with the Reynolds numbers.

The propagation wave caused by the interaction
between the flow and the FVFs affects the amplitudes at
the glottis (z = Omm) and faraway from the glottis (z =
160 mm). However, the wave amplitude at z = 20 mm is
not greatly affected by the wave caused by the interaction
between the flow and the FVFs, since the magnitude of the
pressure due to the passages of vortices is larger than that
due to the interaction between the flow and the FVFs.

3.4. Broadband Spectrum of Pressure Fluctuation
The lung pressure dependence of the spectral slope,
20log2* (dB/oct), in the range of 1kHz to 10kHz based
on Eq. (13) is shown in Fig. 8. The spectral slopes tend to
increase as the lung pressure exceeds 100Pa, and then
decrease gradually with the lung pressure. The slopes in the
model with the FVFs are less steep than that in the model
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Fig. 8 Spectral slope, 201log 2, of pressure fluctuation
in the range of 1kHz to 10kHz based on Eq. (13).

without the FVFs. This indicates that the FVFs give rise to
the broadbanding of the pressure spectrum.

Sound pressure levels at a constriction in physical
models of speech production organs have been reported to
decrease at a rate of roughly 8 dB/oct [21]. The physically
measured slope is in reasonable agreement with that
obtained by the present numerical experiment at a lung
pressure of approximately 1,000 Pa with the FVFs.

We have indicated earlier that the interaction of the
glottal flow with the edges of the FVFs increased the level
of high frequency pressure fluctuation in Fig. 4. Therefore,
it seems reasonable to conclude that the broadbanding of
the pressure spectrum is also caused by the interaction
between the flow and the FVFs.

3.5. Distribution of Pressure Amplitude

As mentioned above, there are two types of mecha-
nisms for the generation of pressure fluctuation induced by
unsteady flow within the rigid larynx model. One is the
interaction of the flow with the FVFs, which causes
broadband pressure fluctuations, and the other is the
passages of vortices which cause negative large-amplitude
pressure.

The distributions of the amplitude of the composite
pressure fluctuation caused by these mechanisms along the
z axis at Prg = 800Pa are shown in Fig. 9. The pressure
amplitude first increases, and then decreases with the
distance from the glottis. The passages of vortices cause
large negative pressure. A peak at z >~ 40 mm is caused by
this mechanism. Since the vortices dissipate rapidly with
the distance from the glottis [11], the amplitude decreases
faraway from the glottis.
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Fig.9 Pressure distribution along the z axis at Pry = 800 Pa.

The broadband pressure fluctuation caused by the
interaction of the flow with the edges of the FVFs
propagates downstream and upstream of the glottis. The
increases in pressure amplitude caused by the addition of
the FVFs in the region for z > 80 mm and z < O mm can be
explained in terms of these propagations.

We note that, with the existence of the FVFs, the
amplitudes of pressure fluctuation increased, but the energy
within the larynx was not amplified. In fact, both energies
in the models with and without the FVFs, which are
estimated by the integral of squared pressure amplitude
along the z axis, were in agreement with each other.

3.6. Effect of Two-dimensional Assumption on Glottal
Flow

In the present study based on the two-dimensional
flow model, large-scale vortices tend to remain in the field,
since the energy cascade is restricted [13]. Relatively large
scale vortices downstream of the FVFs as shown in Fig. 2
are probably related to this artifact. The large pressure
amplitudes in the region downstream of the FVFs, as
shown in Figs. 4, 6, and 9, are affected by this fluid motion.
In a three-dimensional model and a real larynx, smaller
amplitudes of pressure fluctuation will probably be
observed.

Pressure fluctuations with a small amplitude and a high
frequency component are not greatly affected by this
artifact, since similar fluctuations were measured in a
physical model [5].

4. CONCLUSION

In the present study, we have performed numerical
experiments on the glottal flow on the basis of two-
dimensional rigid wall models of the larynx with and
without the FVFs in order to examine the effects of the
FVFs on the sound generation induced by an unsteady
glottal flow. The nonlinear hydrodynamic equations for
a compressible viscous fluid were integrated using
MacCormack’s difference scheme.



H. NOMURA and T. FUNADA: EFFECTS OF THE FALSE VOCAL FOLDS ON SOUND GENERATION

The existence of the FVFs increases the amplitude of
pressure fluctuation at the glottis and faraway from the
glottis. These increases are due to the interaction of the
flow with the edges of the FVFs. Furthermore, the FVFs
give rise to the broadbanding of the pressure spectrum
throughout the fluid domain. In conclusion, the FVFs have
a profound effect on the generation of broadband noise
components in a speech wave.

It is difficult to correctly estimate the transition of a
turbulent glottal flow, because our computational grid
numbers, which are determined from a trade-off between
numerical accuracy and computation time (approximately
two weeks of CPU time for a workstation with an 2.8-GHz
Intel Xeon processor), are insufficient to capture very small
scale vortices [11]. In addition, under the assumption of a
two-dimensional flow field, large-scale vortices of turbu-
lent flow tend to remain in the field, since the vortex
stretching mechanism, which causes the energy cascade
from larger to smaller scale vortices, is restricted. There-
fore, it is possible that large pressure amplitudes in the
region downstream of the FVFs are affected by this fluid
motion. A more accurate simulation of the three-dimen-
sional turbulent glottal flow could be obtained if the
computing power is increased.
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APPENDIX

The width of the larynx is described by the function
wr.(z). On the basis of the models of Zhang et al. [12] and
Scherer et al. [14], the larynx shape function of a model
with FVFs is written as

w(2) = wr1(2) + wr2(2), (A-1)
1
wr1(z) = 3 {A1 + Ay + (A — Ay) tanh s(2)}, (A-2)
0 for z < Hpyr — AHpvri,
wi2(z) = § wioi(z) for Hpvg — AHpve < 2 < Hpvr,
wro(z) for z > Heyr,
(A-3)
where
Al = Wsub’ A2 = GTVF7
b_ for z < Omm,

s(z) =a_|z+c_| — Tt
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Ay = Wy, Az = Grvr,

by for z > O mm, (A-4)
s(z) = aylzl — —,
|zl
7 — H;
wy21(2) = (Gpvr — WVL){I + cos(n ﬁ) } (A-5)
AHgvr;

wr(z) = Wyr — Wy

—|—(G — W )exp _l<@)2 (A6)
FVF VT ) AHFVF2 B
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AHgpyp; = 3.8mm, AHpygp, = 3.0mm, a_ = 0.15 mm_l,

b_=6.0mm, c. =04mm, a, =0.85mm™!, and b, =
2.0 mm.

The larynx shape function of the model without the
FVFs is written as

wL(z) = wii(2), (A7)

where A} = Wyr for z> Omm, and a, = 0.35 mm~ !,

Other equations and parameters are the same as those of the
model with the FVFs.



