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Introduction

Human phonation is based on periodic constriction and
interruption of the air flow through the larynx (see
Fig. 1). Due to the self excited oscillation of the vocal
folds, turbulent flow structures are present downstream
the larynx and flow induced sound is generated and prop-
agated towards the vocal tract. The project simVoice
aims at predicting this phonation process via numerical
simulation of the flow and acoustics using a hybrid ap-
proach.
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Figure 1: 2D view of a human head (left) with an enlarge-
ment of the larynx (right) and its embedded structures that
are important for the phonatory process. The vocal folds
(VF) and the above arranged ventricular folds (VeF) are in-
dicated. [1]

Figure 2 shows the overall workflow starting at static
and dynamic measurements in order to establish a pa-
tient specific simulation model and generate validation
data. In a next step, the following hybrid workflow is
performed: A 3D incompressible, turbulent flow simula-
tion using STARCCM+, source term computation and
interpolation, and a 3D acoustic wave propagation simu-
lation based on the perturbed convective wave equation
(PCWE) using openCFS!. The resulting acoustic pres-
sure field is then post-processed and can be used to esti-
mate effects of planned treatment of voice disorders and
to perform a voice quality assessment.

This work focuses on analysis of the source terms, that
are computed from the incompressible flow field accord-
ing to the PCWE which is described below. An in-depth
analysis of the flow field and sound source characteriza-
tion can be found in [2].

Phonation Model

The phonation model is based on a simplified synthetic
larynx model, published in [3, 4]. The model consists of
2 rectangular channels with a cross-section of 18 by 15
mm and a length of 190 mm each. In between, the syn-
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Figure 2: Overview over the sim Voice workflow.
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thetic larynx including the vocal folds (VF) and the rigid
ventricular folds (VeF), also false vocal folds, is located.
The vocal folds replicate the geometry of the M5 model
introduced in [5, 6].

Simulation Model

The simulation follows a hybrid aeroacoustic approach as
presented in e.g. [7]. For this low Mach number prob-
lem, the incompressible flow dynamics are simulated sep-
arately and the resulting incompressible flow field is used
to compute acoustic sources following the PCWE formu-
lation.

Starting from the acoustic perturbation equations
(APEs) for low Mach numbers [8], the acoustic vector
potential ® is used to express the acoustic particle ve-
locity v* = =V,

This allows to rewrite the APEs by one scalar equation,
known as perturbed convective wave equation [9]
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with speed of sound ¢, mean density p, the incompress-
ible flow pressure p'® and the operator % = % +v-V.
Thereby, v denotes the mean velocity of the incompress-
ible flow field.

Figure 3 shows the used hybrid aeroacoustic workflow.
Once the CFD is done and the acoustic sources ob-
tained, a conservative interpolation (as presented in [10])
is performed to interpolate the sources from the CFD to
the CA grid. Thereafter, the acoustic wave propagation
is computed with the open source finite element solver
openCFS?.
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Figure 3: Hybrid aeroacoustic workflow using PCWE. [11]

Flow Model

Figure 4 shows the computational domain used in the
CFD. It covers the described phonation model at all ar-
eas, where flow speed is high and turbulent structures
are expected. The inlet is therefore truncated in order to
reduce the computational effort. The incompressible flow
equations were solved with the commercial CFD solver
Star-CCM+ (Siemens PLM Software, Plano, TX/USA)
with a cell-centered non-staggered grid, while the turbu-
lence was modeled by LES (large eddy simulation) with a
WALE (wall-adapting local eddy-viscosity) [12] sub-grid
scale model [13]. Instead of simulating fluid structure in-
teraction, the VF movement was prescribed by means of
an overset mesh technique. Therefore, the glottal area
waveform (GAW) was extracted from the experimental
model by measuring the flow-induced motion of the sil-
icone vocal folds, as shown in Fig. 6. At the inlet and
outlet boundaries the fluid pressure was prescribed to
2450 Pa and 0 Pa respectively [13].
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Figure 4: Computational domain for flow simulation. ¥ on
the center plane shows the glottal jet.

Acoustic Model

Figure 5 shows a slice of the computational domain used
in the computational acoustics (CA), which was inher-
ited from [7]. Additionally to the CFD domain, the
CA domain covers the sound radiation from the outlet
of the vocal tract and therefore a cuboid-shaped propa-
gation domain is attached. This domain is surrounded
by a two-layer-thick perfectly matched layer (PML [14])
to sufficiently ensure free radiation, where the domain is
truncated. For the same reason, an absorbing boundary
condition (ABC) is applied at the inlet boundary. All
other boundaries are modeled sound hard, justified by
a sufficient jump of the specific impedance between the
larynx tissue and air. The speed of sound and mean fluid
density are given by ¢ = 343.4m/s and p = 1.138kg/m?,
respectively.

Aeroacoustic source term analysis
The source term analysis in the following section is per-
formed on the CFD-grid to mitigate any possible inter-
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Figure 5: Computational domain for acoustic simulation.

polation error. The acoustic source represented by the
right-hand-side term of Eq. 1 is defined as
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The constant factor —1/pc? is neglected for the source
term analysis as it has just a scaling effect. Thereby, the
source term consists of two components, the local time
derivative of the incompressible flow pressure 9p'° /0t and
the convective source term ¥ - Vpi°.

Time domain

For analysis in the time domain, 4 characteristic
timesteps are selected to represent the VF at closed (min-
imum opening), opening, opened (maximum opening)
and closing states during an oscillation cycle. These
timesteps are indicated in Fig. 6 and refer to relative time
instances t/T = 0.23,0.46,0.83, 1.0, with the oscillation
period T =1/ fo.
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Figure 6: Glottal area waveform (GAW) with indicated
characteristic time steps.

Figures 7 and 8 show each source term component plotted
over the center line of the vocal tract in flow direction.
x = 0 marks the position of the vocal folds.

In Figure 7, we can observe, that the source term is
mainly present during opened and closing phases of vocal
fold movement. This can be connected to the glottal jet
which is indicated by the mean velocity in Fig. 4. The
glottal jet is fully developed at the fully opened and clos-
ing time instances, whereas it is weak or not present at
the instances of opening and closed VFs. On the other
hand, the convective source term depicted in Fig. 8 shows
a peak at the VF location. This peak has a locally dom-
inant impact on the overall source and is most notable
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at the closed instance, thus is highly dependent on fully
closing vocal folds. For the far field acoustics, only the in-
tegral contribution of the sources are of interest. There-
fore, the local time derivative represents the dominant
component as it spans over the whole computational do-
main, while the convective term is localized to the VFs.
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Figure 7: Op'°/0t source term on the center line in flow
direction.
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Figure 8: ¥ - Vp'° source term on the center line in flow
direction.

Frequency domain

For investigation of the sources in the frequency domain,
a fast Fourier transformation is performed for each nodal
value on the computational grid in MATLAB. Figures 9
to 12 show instances of the oscillation modes of the re-
spective parts of the PCWE source term. Figure 9 de-
picts the oscillation mode at the VF oscillation frequency
fo = 148 Hz. The source is distributed over the whole
computational domain, caused by the global pressure os-
cillation due to constriction of the flow by the vocal fold
movement. The convective source term in Fig. 10 shows
large pulsating structures which are confined to the glot-
tal jet area and comparably small to the time derivative
part of the source term.

Figure 9: F (6pic/8t) at f = fo = 148 Hz.

Figures 11 and 12 give the oscillation modes for the non-
harmonic frequency f = 3589 Hz. While the sources at fj
show pulsating character, both figures show small source
structures that are propagating downstream. This indi-
cates, that the source structures are caused by vortical
structures which are generated in the turbulent region
downstream the VFs.
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Figure 11: F (8pi°/8t) at f = 3589 Hz.

Validation

During the source term analysis, it was stated that the
convective part is localized around the VFs and there-
fore should have a small impact on the far field acous-
tics. In order to validate this observation, acoustic simu-
lations were performed in openCFS using the previously
presented simulation setup. The resulting acoustic pres-
sure field was evaluated in the microphone point. The
amplitude spectrum was calculated as the root of the
power spectrum estimated using Welch’s method and is
depicted in Fig. 13. Three simulations were performed
using the overall source term and each component in-
dividually. As expected, the simulations using the local
time derivative component matches well with the simula-
tion using the overall source term. The convective source
component yields a negligible spectrum in the far field.
Furthermore, Fig. 13 includes the amplitude spectrum of
a measurement of the validation experiment. The pre-
sented simulation setup shows good agreement with the
experiment for frequencies f > 2fj.

Conclusion

Based on a validated hybrid aeroacoustic simulation
setup of the human phonation process that is developed
for the simVoice project, the RHS source term of the
perturbed convective wave equation was analyzed. Visu-
alizing each component both in time and frequency do-
main shows, that the convective part of the source term
is localized to the vocal folds and heavily dependent on
fully closing VFs. Furthermore, analysis of the oscilla-
tion modes reveals, that high frequency components are
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Figure 12: ]-'(V-

Vp'©) at f = 3589 Hz.
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Figure 13: Amplitude spectral density of simulations using
p'°/ot, ¥ - Vp'© and the overall PCWE source term as RHS
source in comparison with experimental measurement data
the microphone point.

caused by vortical structures that are present mainly in-
side the glottal jet region while low frequency compo-
nents are directly due to the vocal fold movement and
span over the whole vocal tract. The acoustic wave prop-
agation simulation shows a dominant contribution of the
local time derivative part to the radiated sound. Ne-
glecting the convective part of the source term reduces
the validation error by only 0.6 % in the far field and is
therefore applied in order to reduce computational effort
of the source computation.
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