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Abstract
This work presents a hybrid computational frame-
work for the simulation of human phonation, com-
bining prescribed vocal fold motion, computational
fluid dynamics, and aeroacoustic wave propagation.
The airflow through the glottis is computed using an
incompressible Navier–Stokes solver implemented in
OpenFOAM, while acoustic propagation is modeled by
the aeroacoustic wave equation (AWE). The approach
avoids the complexity of fluid–structure interaction by
prescribing physiologically relevant vocal fold kinemat-
ics, enabling controlled investigation of flow-induced
sound generation. The influence of flow dynamics
on acoustic source terms is analyzed, and numerical
simulations of sound propagation in a simplified vocal
tract geometry are presented.

Keywords: human phonation, kinematic model of motion,
AWE, FSI FSI.

1. Introduction
Human phonation is a multiphysics process involving
interaction between airflow, vocal fold motion, and
acoustic wave propagation. The dominant sound gen-
eration mechanism in normal speech is aerodynamic,
arising from the unsteady airflow through the glottis
[1].
Fully coupled fluid–structure–acoustic interaction
(FSAI) models remain computationally demanding.
Therefore, hybrid approaches are commonly employed,
in which the flow field is computed using an a priori
prescribed vocal fold motion rather than a fully cou-
pled fluid–structure interaction simulation [2]. Besides
significantly reducing computational cost, this simpli-
fication eliminates the need for structural modeling.
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The resulting flow field is subsequently used as input
to an acoustic analogy, particularly such approach
can be applied in the case of normal speech having
relatively low acoustic pressure.
In this work, we adopt such a hybrid strategy. In-
stead of solving a fully coupled FSI problem, the vocal
fold motion is prescribed using the kinematic model
developed by Prof. Švec [3]. This allows for system-
atic investigation of aeroacoustic source mechanisms
while reproducing physiologically realistic vocal fold
kinematics.

2. Mathematical Model
The computational domain of flow problem Ωf

t is based
on the M5 benchmark model [4], see Fig. 1. This
domain changes periodically in time to mimic vocal
folds motion, which is realized by prescribed motion
of interface boundary ΓWt , whereas the remaining
boundaries ∂Ωf

t \ ΓWt are static. Substantially larger
acoustic domain Ωa, see Fig. 2, is compoused of:
the domain Ωf

ref = Ωf
t=0, where the sound sources

are computed, the domain Ωa
air, which represents the

vocal tract model and the far field region (outside
of mouth), and the PML domain Ωa

pml, where the
perfectly matched layer (PML) technique is used to
damp the outgoing acoustic waves, see [5].

Figure 1: Schematic 2D cut in the middle of 3D geomet-
rical FSAI domain in the reference configuration.

12th Convention of the European Acoustics Association
Graz, Austria • 8th – 12th September 2026 •

P
re
lim

in
ar
y
do
cu
m
en
t

mailto:jan.valasek@fs.cvut.cz
https://euracoustics.org/
http://aaa-oega.org/


Figure 2: Acoustic 3D domain and its parts, which
correspond to notation of Fig. 1.

2.1. Flow model
In order to include effects of domain change in time the
ALE method is applied, [6]. Then airflow is described
by the incompressible viscous Navier–Stokes equations
in ALE formulation in Ωf

t and t ∈ (0, T)

DAv
Dt

+ ((v − wD) · ∇)v + ∇p = νf
eff∆v = 0, (1)

div v = 0, (2)

where vector v(x, t) denotes the velocity, p(x, t) the
kinematic pressure and νf the kinematic viscosity.
The symbol DA

Dt denotes the so called ALE deriva-
tive and vector wD(x, t) is the ALE domain velocity.
Further, νf

eff denotes the effective kinematic viscos-
ity. For laminar flow, νf

eff = νf , whereas in turbulent
simulations it is augmented by the eddy viscosity,

νf
eff = νf + νt,

where νt is obtained from the selected turbulence
model.
Here, we use the SST k–ω turbulence model as this
model combines the advantages of the k–ω formulation
in the near-wall region with the robustness of the k–ε
model in the free stream. Thus it provides reliable
prediction of separated flows and shear layers forming
in the glottal jet.
The no-slip boundary condition v(x, t) = 0 is given on
channel walls and the velocity profile v(x, t) = vin(x)
is prescribed at the inlet, zero reference pressure is
considered at the outlet and velocity continuity con-
dition v(x, t) = wD(x, t) is prescribed on the moving
interface Γf

Wt
according to known kinamtic motion.

2.2. Prescribed vocal fold motion
We adopt the kinematic approach of [3], where the
vocal fold (VF) motion is prescribed so as to reproduce
essential features of phonation, including the mucosal
wave1. Let xi(t) = [x, y] denotes the position of i-th

1The kinematic description is derived from the M5 model.

mesh vertex. The motion is defined as

x(t) = x(t=0) + Ai sin(2πfit + ϕi),
y(t) = y(t=0) + Ai cos(2πfit + ϕi), (3)

where the displacement of each vertex xi is charac-
terized by an amplitude Ai, frequency fi, and phase
shift ϕi.
In the present study, a single frequency fi = 100 Hz
is prescribed for all vertices. The amplitude Ai varies
piecewise linearly along the VF interface, while the
phase ϕi is determined from experimentally measured
mucosal wave propagation (kymographic data), cf. [3].
This parametrization enables realistic representation
of the upward and lateral propagation of the mucosal
wave.

2.3. Aeroacoustic model
Since the characteristic Mach number of the glottal
flow is sufficiently low, the acoustic feedback on the
flow field is negligible. Therefore, the aeroacoustic
problem can be solved independently using a perturba-
tion approach, where the incompressible flow solution
acts solely as a source of sound. Here, we choose
AWE approach for aeroacoustic modelling neglecting
convective effects (justified in the low Mach number
regime), see [5], for unknown acoustic pressure pa

∂2pa

∂t2 − c2
0∆pa = −∂2p′

∂t2 , (4)

where p′ denotes hydrodynamic pressure fluctuations
extracted from the incompressible flow simulation,
which time derivatives represent the primar sound
source here. This equation is solved in the whole
acoustic domain Ωa, while the source term on the
right-hand side is nonzero only within the flow region
Ωf

ref .
On solid boundaries, acoustical sound hard (fully re-
flective) boundary conditions are imposed,

∂pa

∂n = 0, (5)

where n denotes the outward unit normal to Ωa. To
prevent artificial reflections at the inlet and outlet,
perfectly matched layers (PML) are employed.

3. Numerical Method
The proposed hybrid framework decomposes the fluid
dynamics and acoustic propagation into two consec-
utive numerical problems. The incompressible flow
is computed first, while the resulting hydrodynamic
pressure fluctuations are subsequently employed as
source terms for the acoustic simulation.

3.1. Flow simulation
The flow simulations are performed using the open-
source finite-volume package OpenFOAM. Although
the present contribution employs only prescribed
vocal-fold motion, the computations are carried out
within a general FSI framework developed by the au-
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thors, where OpenFOAM is coupled with an in-house
nonlinear finite-element solver through the preCICE
coupling library [7]. In the present study the structural
solver is omitted and the interface motion is prescribed
directly, allowing efficient parallel computation while
preserving the original mesh-motion strategy.
The governing equations are discretized by the fi-
nite volume method on polyhedral meshes with dy-
namic mesh motion based on the ALE formulation.
Pressure–velocity coupling is performed using the PIM-
PLE algorithm. Time integration is performed using
the first-order implicit Euler scheme with time step
∆t = 0.0001s. Convective terms are approximated
by bounded upwind discretization, whereas diffusive
terms and gradients are evaluated using second-order
Gauss linear schemes.

3.2. Coupling strategy
The hybrid computational workflow consists of four
consecutive steps:

1. transient incompressible flow simulation in
OpenFOAM,

2. extraction of the hydrodynamic pressure fluctu-
ations and computation its time derivatives,

3. interpolation of the source term from the flow
mesh onto the static acoustic mesh,

4. solution of the AWE in the acoustic domain.

The evaluation of ∂2p′

∂t2 is done on the fluid domain
using central difference scheme. Then the conservative
interpolation of sound sources from the CFD on the
acoustic mesh is subsequently performed once per time
step with the help of package openCFS, [8]. Since the
acoustic problem is solved independently from the flow
simulation, no feedback of the acoustic field to the
flow is considered. The interpolation further permits
the use of much coarser acoustic mesh than the flow
mesh which leads to additional computational time
reduction. In the current approach we omit effects of
time-dependent acoustic domain, see [1].

3.3. Aeroacoustic simulation
The aeroacoustic wave equation (4) is discretized in
space using conforming finite elements implemented
in openCFS in the whole acoustic domain Ωa, while
the computed sound sources is used only on the right
hand side in the domain Ωa

src being a part of bigger Ωa.
Temporal discretization is performed by a second-order
implicit time-integration scheme. PML technique is
used in order to suppress unwanted artificial reflections
at acoustically open boundaries.

4. Numerical Results
Simulations are performed for a symmetric glottal
configuration with a prescribed vocal fold oscillation
frequency of 100 Hz, corresponding to a typical phona-
tion frequency. A uniform inlet velocity of 1.85 m s−1

is considered. After the initial transient, the flow

reaches a periodic state and the subsequent 20 vibra-
tion cycles are evaluated, corresponding to a total
simulated time of 0.2 s.

4.1. Airflow simulation
The airflow through the oscillating glottis forms a
pulsating jet accompanied by strong pressure gradients
and vortex shedding downstream of the constriction.
These unsteady flow structures represent the primary
sources of aerodynamic sound.
Two representative time instants are selected for de-
tailed analysis. The first instant, t = 0.1055 s, corre-
sponds to the phase of nearly complete glottal closure,
while the second instant, t = 0.1073 s, is shortly af-
ter the glottis reaches its maximum opening, see also
pressure signal measured at microphone B outside the
mouth in Fig. 3.
Fig. 4 at t = 0.1055 s shows that the narrow glottal
gap produces a significant pressure drop and only a
weak jet develops downstream. The acoustic source
terms are spread along decaying jet at supraglottal
spaces, where the temporal pressure variations attain
their highest values.
In contrast, Fig. 5 shows the flow field at t = 0.1073, s,
shortly after the maximum glottal opening. At this
stage, the glottal jet is rapidly accelerating into the
supraglottal tract. The acoustic source term is con-
centrated primarily near the tip of the developing jet,
where the strongest vortical structures are present.

Figure 3: Pressure signal at microphone B outside the
mouth. The red and purple markers indicate the time
instants t = 0.1055 s and t = 0.1073 s analysed in Figs. 4
and 5.

4.2. Acoustic simulation
The acoustic pressure recorded at microphone B is
analysed in the frequency domain. The resulting spec-
trum is shown in Fig. 6. As expected, the dominant
spectral component corresponds to the prescribed
vocal fold oscillation frequency of 100 Hz, while a
sequence of higher harmonics is generated by the
strongly nonlinear airflow through the oscillating glot-
tis.
The frequency bands within ±50 Hz around the first
three theoretical formants of the vowel [u:], located at
389 Hz, 987 Hz and 2299 Hz – see [9], are highlighted
in Fig. 6. Although increased SPLs can be observed
in these frequency bands, their amplitudes remain rel-
atively small compared with the dominant harmonics
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Figure 4: Pressure, velocity magnitude and interpolated
acoustic source term at t = 0.1055 s.

Figure 5: Pressure, velocity magnitude and interpolated
acoustic source term at t = 0.1073 s.

associated with the prescribed vocal fold oscillation.
The simulated spectrum exhibits the expected har-
monic structure of voiced phonation together with
indications of vocal tract resonance. In its current
state, the proposed hybrid approach demonstrates the
capability to couple aerodynamic sound generation
with acoustic wave propagation in the vocal tract, pro-
viding a promising basis for future validation against
experimental data and more realistic vocal fold mod-
els.

5. Conclusion
A hybrid computational framework for phonation
based on prescribed vocal fold motion and the Acoustic
Wave Equation (AWE) has been presented. Instead
of fully coupled fluid–structure interaction, the pre-
scribed vocal fold kinematics provide a simplified yet
physically meaningful representation of the glottal dy-
namics. This approach allows controlled investigation
of the aeroacoustic mechanisms involved in phonation

Figure 6: Power spectral density of the acoustic pressure
at microphone B. Black vertical lines denote the first six
harmonics of the prescribed vocal fold oscillation, while
the gray shaded regions indicate the first three formants
of the vowel [u:].

while avoiding numerical difficulties associated with
vocal fold contact and strongly coupled fluid–structure
interaction.
The numerical results demonstrate the formation of
the glottal jet, the associated pressure drop across the
glottis, and the resulting distribution of the acoustic
source term. The computed acoustic spectra exhibit
the expected harmonic structure and indicate the
influence of vocal tract resonances.
Future work will focus on physiologically more repre-
sentative vocal fold kinematics together incorporat-
ing more realistic vocal tract geometries. The pro-
posed framework will be validated against experimen-
tal measurements, with the long-term objective of
extending the current methodology to fully coupled
fluid–structure–acoustic interaction simulations.
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