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Summary: Human phonation is based on the interaction between tracheal airflow and laryngeal dynamics. This
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fluid-structure interaction is based on the energy exchange between airflow and vocal folds. Major challenges in
analyzing the phonatory process in-vivo are the small dimensions and the poor accessibility of the region of inter-
est. For improved analysis of the phonatory process, numerical simulations of the airflow and the vocal fold
dynamics have been suggested. Even though most of the models reproduced the phonatory process fairly well,
development of comprehensive larynx models is still a subject of research. In the context of clinical application,
physiological accuracy and computational model efficiency are of great interest. In this study, a simple numerical
larynx model is introduced that incorporates the laryngeal fluid flow. It is based on a synthetic experimental
model with silicone vocal folds. The degree of realism was successively increased in separate computational mod-
els and each model was simulated for 10 oscillation cycles. Results show that relevant features of the laryngeal
flow field, such as glottal jet deflection, develop even when applying rather simple static models with oscillating
flow rates. Including further phonatory components such as vocal fold motion, mucosal wave propagation, and
ventricular folds, the simulations show phonatory key features like intraglottal flow separation and increased
flow rate in presence of ventricular folds. The simulation time on 100 CPU cores ranged between 25 and
290 hours, currently restricting clinical application of these models. Nevertheless, results show high potential of
numerical simulations for better understanding of phonatory process.
Key Words: Human phonation−Numerical larynx model−Glottal aerodynamics−Large eddy simulation−Compu-
tational cost.
INTRODUCTION phonosurgery with the aim of estimating postsurgical out-

In engineering disciplines, computational software packages
for simulating fluid flow and structural dynamics have been
established as standard tools in the development process of
innovative products. These software tools provide great
advantages: fast and cheap analysis of prototypes or innova-
tive processes without the construction of physical models,
separate analysis of influencing aspects, and high spatial
and temporal resolutions of the results with almost uncon-
fined access to the simulated region.

Voice research with a focus on the physical process of
sound generation suffers from the highly restricted region of
interest (ROI).1 The ROI contains the subglottal region, the
glottal region with the vocal folds, and the supraglottal
region. Moreover, the vocal tract, consisting of the pharynx
and the upper airways, is also highly restricted for position-
ing sensors to analyze the fluid flow and the acoustic field.
Therefore, computational models based on continuum
mechanics possess high potential regarding the analysis of
the phonatory process. In addition to basic research, the
ultimate goal is the development of numerical tools in
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come in advance.2

Computational larynx models can be categorized in two
general groups: (1) static vocal fold models and (2) moving
vocal fold models. The second group is further subdivided
into those with externally forced or flow-induced self-sus-
tained oscillating vocal folds. Among all of the studies men-
tioned here, 23 (31.5%) used static models of vocal folds,3−25

19 (26%) employed forced oscillation,26−44 and 31 (42.5%)
produced self-sustained oscillations of vocal folds by consid-
ering the coupled fluid-structure interaction.45−75

Static models exhibit fixed and rigid vocal folds forming a
glottal duct shape corresponding to specific instances in the
oscillation cycle: convergent shape for the glottis opening
and divergent shape for its closing motion. This approach is
based on the quasi-steady assumption of the glottal flow.76

It describes the dynamic glottal flow field as a series of
steady and fully developed flow fields between rigid vocal
folds with geometric and aerodynamic conditions of corre-
sponding instances during the oscillation cycle of elastic
vocal folds. The major aim of static vocal fold models is the
investigation of glottal aerodynamics. Previous studies
focused on the influence of different glottal shapes7−10 and
the presence of ventricular folds (VeFs)17−22 on the glottal
and especially the supraglottal flow field downstream of the
vocal folds that exhibits the glottal jet.13−16 Furthermore,
first attempts to simulate sound generation on the basis of
acoustic analogies have been made.23−25

In the group of dynamic models with externally driven
vocal folds, the shape of the glottal duct is varied according
to the ideal patterns of vocal fold motion26−28 adapted from
experiments29,40 or simulations with elastic vocal folds.30
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The great advantage of this approach is the reduction of the
physical problem to a pure simulation of the fluid dynamics
with moving boundary walls forming the glottal duct.
Beside relatively simple one-dimensional dynamics of the
vocal folds with only transversal motion,31 more complex
two-dimensional (2D) and three-dimensional (3D) dynam-
ics32,33 have been applied, mimicking convergent-divergent
shape changes of the glottal duct and a realistic elliptical
(ELL) glottis shape. This type of numerical larynx models
was mostly used to study the aerodynamics as a result of
varying geometric conditions due to the vocal fold motions.
These models successfully reproduced glottal flow character-
istics such as the location of the separation point of the glot-
tal jet, the pressure distribution along the glottal duct, the
asymmetric glottal jet location in the supraglottal region,
and the flow resistance.26,28,32,34 With the application of
dynamic vocal fold models, the analysis of the sound genera-
tion came into focus because of the periodical characteristics
of the flow field.35,36 In this context, the main concern was
with the basic mechanisms of sound production during pho-
nation and the influence of different vocal fold oscillation
patterns37−41 and the choice of compressible or incompress-
ible flow models for the glottal flow simulation.42−44 With
those larynx models, acoustic source distribution in glottal
and supraglottal flow fields was determined, which coincided
with experimental findings.77,78

However, besides all of the advances, larynx models with
externally driven vocal folds do not include the interaction
between flow and vocal fold tissue. As a consequence, the
response of the vocal folds on the flow and the resulting ten-
sion distribution in the tissue are not reproduced and there-
fore cannot be evaluated. Nevertheless, on the condition
that the vocal fold motion is explicitly known in detail, these
models with externally driven vocal folds are able to repro-
duce the entire process of sound generation.

The third and most complex type of simulation in this
field is the simulation of the complete fluid-structure interac-
tion, including computational structural mechanics. By this
approach, flow-induced self-sustained oscillations of vocal
folds have been achieved in 2D45−48 and 3D models.49−52 In
addition to the aim of gaining a fundamental understanding
of phonation, first attempts on simulating vocal fold pathol-
ogies such as tension imbalance between both vocal folds
due to unilateral paralysis53,54 or subglottal stenosis55 were
made. However, most studies focused on the development
of adequate numerical models and methods for the simulation
of the fully coupled process of fluid-structure interaction. A
special interest was in the morphologic structure of the vocal
folds. Vocal fold models consisting of one up to four layers
with different material properties have been applied.56−60 Fur-
thermore, the choice of an appropriate material model for the
tissue is critical because of the inhomogeneous and anisotropic
morphology of vocal fold tissue.79 Relatively simple material
models, such as the linear elasticity model following the Hooke
law, and also more complex nonlinear viscoelastic or hypere-
lastic models have been applied.58−61,80 As a consequence, a
clinical application of those fully coupled models is very
critical. For obtaining clinically relevant information on a
patient's phonation, these models would require not only an
extremely large amount of computational power but also the
exact determination of instantaneous material properties of
the vocal fold tissue during the patient's spontaneous phona-
tion. Only with this information could the computational
model reproduce the individual phonation process with
appropriate accuracy. Therefore, fully coupled vocal fold
models have large potentials in the scientific development
of material models for the vocal fold tissue. However, for
the acoustic analysis of phonation, models with externally
driven vocal fold motion exhibit the entire physical process
of sound generation.

To create numerical larynx models based on continuum
mechanics, the ROIs have to be discretized in space and
time. Depending on the type of model, these regions include
the flow region only (first and second types) or additionally
the volume of the vocal folds for simulating the fully cou-
pled fluid-structure interaction (third type). In principle,
three numerical methods are commonly applied in commer-
cial and scientific simulation tools:

� Finite difference method (FDM)
� Finite volume method (FVM)
� Finite element method (FEM)

Whereas the finite difference method and FVM are
mainly used in computational fluid dynamics, the finite ele-
ment method has been applied more in computational struc-
tural mechanics and aeroacoustics. In all three methods, the
region or volume of interest is divided into small control ele-
ments (finite 2D surface or 3D volume). Subsequently, the
governing equations for the particular physical problem
(fluid dynamics, structural dynamics, and acoustics) are dis-
cretized and solved for each control element in relation to
its boundary conditions according to the surrounding neigh-
boring elements. The governing equations are the Navier-
Stokes equations for fluid flow,81 the Navier-Lame equa-
tions for structural dynamics (mostly applied in combina-
tions with the linear elasticity material model), and the
wave equation for acoustics.82 For simulating the fully cou-
pled fluid-structure interaction between glottal flow and
vocal folds, two numerical methods have been applied in
voice research: (1) the arbitrary Lagrangian-Eulerian
(ALE)83 and (2) the immersed boundary method.84

Despite all the advantages that numerical models provide,
the computational costs for the simulations are high. In
principle, numerical costs represent the temporal and tech-
nical (hardware of computer system) effort that has to be
expended for performing meaningful simulations. Unfortu-
nately, only a small proportion (~25%) of published studies
provides detailed information on numerical costs. Table 1
presents a summary of studies that provided data on compu-
tational costs. The costs are represented by the CPU time
and the wall time that indicate the time summed over all
processors and the overall real time needed for performing
the simulation, respectively.



TABLE1.
Computational Costs of Previous Studies Including simulated Motion of Vocal Folds, Dimensionality of the Problem,
Method of Discretization, and Mesh Population

Motion D Method Cells Cycles Cores/clock rate CPU Time (h) Wall Time (h)

Iijima et al4 Static 2D FEM 4k — 1/- 3−4 —
Guo and Scherer5 Static 2D FEM 630 — 1/11.12MHz 3 —
Alipour et al26 Forced motion 2D FVM 6k 1 1/174MHz — 4.5

Renotte et al85 Forced motion 3D FVM 72.8k 1 1/- — 3−4
Zheng et al31 Forced motion 2D IBM 131k 20 4/3GHz 2,000 —
�Sidlof and Z€orner39 Forced motion 3D FVM 2.1M 20 16/- — 245
�Sidlof et al36 Forced motion 3D FVM 2.1M 20 16/- — 245
�Sidlof et al38 Forced motion 3D FVM 2.4M 20 3,900 core-h
�Sidlof et al41 Forced motion 3D FVM 2.4M 20 4,600 core-h

Z€orner et al37 Forced motion 3D FVM 0.5−1.5 20 24/- — 384

Duncan et al56 Self-sustained 2D PBI 1M, 34k 4.6 — — O(wk)

Luo et al45 Self-sustained 2D IBM 73k, 5k 1 1/1.8GHz 15 —
Link et al47 Self-sustained 2D FEM 22.8k, 3k 1 8/3GHz — 10

Pickup and Thomson59 Self-sustained 2D FEM 19k, 3k 3.5 4/2.8GHz — 19

Xue et al62 Self-sustained 2D IBM 83k, 200 10 1/2GHz 300−500 —
Zheng et al63 Self-sustained 3D IBM 2.1M, 58k 1 128/2.66GHz — 45

Zheng et al64 Self-sustained 3D IBM 2.1M, 58.4k 21 128/3GHz 90,000 720

Xue et al53 Self-sustained 3D IBM 2.1M, 126.2k 30 128/3GHz — 1,200

Xue et al54 Self-sustained 3D IBM 2.1M, 126.2k 30 128/3GHz — 1,200

Xue et al50 Self-sustained 3D IBM 2.1M, 47.9k 8 512/3GHz 30,720 240

Jo et al52 Self-sustained 3D FDM 427.9k — 8/- — O(wk)

Abbreviation: D, dimensional.
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The computational cost usually increased with the com-
plexity of the simulations and the size of the mesh. It ranges
from some hours in early studies with static vocal folds and
low mesh resolutions to several weeks employing very pow-
erful supercomputers for fully coupled simulations with
high mesh resolutions. However, most studies did not pro-
vide all information on the numerical effort. As a conse-
quence, it is difficult to examine the potential of these tools,
especially in clinical application.

Hence, the aim of the present study was to simulate the
aerodynamics of the human phonation process with the com-
mercial software package STAR-CCM+ (Siemens PLM soft-
ware, Plano, TX/USA) and to evaluate the computational
costs as a function of the degree of realism. With regard to
the potential clinical application of computational models,
flow simulations were carried out with static or externally
driven vocal fold oscillations. Models with flow-induced vocal
fold oscillations were excluded because of the large require-
ment of computational power and the lack of diagnostic
FIGURE1. (A) Geometry of the numerical larynx model: subglottal,
coronal cut according to the M5 model.58,92
techniques for determining the material properties of the
vocal fold tissue during a patient's phonation. For presenting
the total extent of the numerical modeling approach, the
mesh independence study is described in detail additionally to
the aerodynamic results and the numerical costs. The compu-
tational larynx model is based on a synthetic experimental lar-
ynx model being described in the literature77,86−89 and being
similar to synthetic models applied elsewhere.58,90,91
LARYNX MODEL AND NUMERICAL METHODS

Geometric dimensions
The numerical larynx model is based on an experimental
synthetic larynx model.77,86−88 The geometric dimensions of
the numerical flow domain and the vocal fold models are on
the human length scale. A schematic of the numerical model
is displayed in Figure 1.

The numerical model is divided into the subglottal part
upstream of the vocal folds, the glottal duct with the vocal
glottal, and supraglottal regions. (B) Geometry of vocal folds in a



FIGURE2. Glottal area and motion of the vocal folds as derived
from the experimental model.77,93

FIGURE3. Rigid part of the vocal fold in addition to the transla-
tional and rotational motions. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web ver-
sion of this article.)

388 Journal of Voice, Vol. 33, No. 4, 2019
folds, and the supraglottal part downstream of the vocal
folds. The sub- and supraglottal parts have a rectangular
cross section of 18£ 15mm and a length of 13.55 and
60.0mm, respectively. For capturing the whole glottal jet,
the length of the supraglottal part was selected based on
experimental results.77,87 The shape of the vocal folds corre-
sponds to the simplified M5 model proposed by Thomson
et al and Scherer et al.58,92

In our work, the vocal folds were static or externally
driven to model the periodic oscillations of the vocal folds.
The motion of the vocal folds was prescribed by moving the
wall boundaries that form the glottal duct by the vocal
folds. In the case of static vocal folds, the rectangular glottis
area is defined as the mean glottal area obtained from the
experimental model93 with a glottal gap diameter of
1.5mm. For the externally driven vocal fold motion, the
time-varying glottal gap has either a rectangular or an ELL
shape. The glottal gap diameter was derived from the corre-
sponding glottal area as measured in the experimental
model. Figure 2 shows the glottal area waveform for one
oscillation cycle of the vocal folds and its average adapted
from the experimental model.93

Five different cases of vocal fold dynamics were simu-
lated with an increasing degree of realism. With this
approach, we want to evaluate the potentials of numerical
simulations regarding scientific and clinical relevant infor-
mation. Also, the present study will show which model
TABLE2.
Simulation Cases and Their Properties

Case Inlet Glottal Duct Sha

Static Periodic flow rate Convergent

1DOF Constant pressure Convergent

2DOF Constant pressure Convergent-div

2DOF+VeF Constant pressure Convergent-div

2DOF+VeF-Ell Constant pressure Convergent-div
details might be negligible or important for studying certain
phonatory aspects. Further, the computational costs will be
discussed. In addition to the static vocal fold case, four cases
with externally driven vocal fold motions were applied: one
case with one degree of freedom (1DOF) motion and three
cases with two degrees of freedom (2DOF) motion. Except
for the last case, which had an ELL glottis shape, all cases
possessed a rectangular glottal area. A summary of all cases
with the relevant parameters is given in Table 2.

For the 1DOF motion, the vocal folds moved only trans-
versally in a medial-lateral direction, whereas in the 2DOF
cases, an additional rotational component was included,
reproducing the characteristic convergent-divergent muco-
sal wavelike motion as displayed in Figure 3. Therefore, the
medial surfaces of the vocal folds (red boundary in Figure 3)
were considered to be rigid, and the translational and rota-
tional motions were applied on that part. The inferior (left)
and superior walls (right) of the vocal folds move freely
according to the position of the medial surface with a float-
ing boundary condition, so that the mesh vertices on these
boundaries were not constrained. The anterior and posterior
walls were also permitted to move in-plane because of the
medial surface motion. To construct the ELL glottis con-
striction for the last case 2DOF+VeF-Ell, a sinusoidal
function in the anterior-posterior direction was applied to
the translational motion of the vocal folds, so that the time-
dependent glottal area was the same as before. This function
is

DYELL ¼ sin 2p Z
L
�1

4

� �� �þ 1
2

DY ; ð1Þ
pe Glottis Shape Minimum Glottal Width

Rectangular 1.5mm

Rectangular 0.2−2.3mm

ergent Rectangular 0.2−2.3mm

ergent Rectangular 0.2−2.3mm

ergent Elliptical 0.2−4.6mm



FIGURE4. Oscillation pattern of the vocal fold dynamics for all simulation cases and their properties.
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where DY is the translational motion, Z is the anterior-pos-
terior direction, and L is the length of vocal folds in the
same direction.

The frequency of the mass flow variation in the static case
and the frequency of the vocal fold oscillation in the
dynamic cases were selected as f0 = 148Hz.

For the cases 2DOF+VeF and 2DOF+VeF-Ell, the
VeFs were inserted. Because VeFs rarely vibrate in normal
phonation,18,20 they were designed on the basis of the static
vocal fold geometry (M5 model) with a straight passage fol-
lowed by a divergent expansion. The VeFs were positioned
7.5mm downstream of the true vocal folds. The ventricular
gap and the duct length were 5 and 10mm, respectively.

The vocal fold dynamics from superior and coronal perspec-
tives are given in Figure 4. The displayed instances are related
to the beginning of the cycle (t=0), the maximum glottal con-
vergent angle (t=0.12T), the straight glottis and the instance
of changing to a divergent shape (t=0.32T), the maximum
glottal opening (t=0.44T), the maximum glottal divergent
angle (t=0.58T), and the time to change again to a convergent
shape (t=0.9T). These time points are also shown in Figure 2.

All cases with vocal fold motion have an open quotient of
0.93 and a speed quotient of 0.67 (physiological range:
OQ=0.4−1.0 and SQ=0.6−1.658−61,80). In that context,
the closed phase was defined when the glottal diameter
reached its minimum of 0.2mm.

Boundary conditions
At the inlet boundary of the model, a periodic inlet mass
flow as shown in Figure 5 was set for the static case with



FIGURE5. Periodic mass flow rate during one cycle of vocal fold
oscillations obtained from the experiments.77,87 The fundamental
frequency of the vocal fold oscillation was f0 = 148Hz.
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rigid vocal folds. The mass flow was approximated on the
basis of the glottal jet velocity and the glottal area wave-
form, both obtained from experiments with the synthetic
larynx model.77,87 For the cases with moving vocal folds, a
constant pressure was set at the inlet that corresponds to
the mean subglottal pressure obtained from the static
FIGURE6. Stream line at t=50ms for (A) SST (shear s
simulation case. At the outlet boundary, the pressure was
set to be constant at 0 kPa for all five simulation cases.

For the remaining boundary walls, no-slip and no-injec-
tion boundary conditions were imposed. The density and the
kinematic viscosity of air were specified as r=1.18415kg/m3

and n=1.5666£ 10�5m2/s, respectively. Owing to the Mach
number being lower than 0.3 as found in experiments,1 the
density was assumed to be constant, resulting in an incom-
pressible fluid flow.

Numerical methods
The commercial software package STAR-CCM+ (Siemens
PLM software, Plano, TX/USA) was applied to simulate
the fluid flow through the larynx model. A cell-centered
nonstaggered FVM was used to solve the incompressible
Navier-Stokes equations. The convective and diffusive
terms of the Navier-Stokes equations were discretized using
central difference schemes with second-order accuracy. For
the pressure-velocity coupling, the PISO (Pressure-Implicit
with Splitting of Operators) algorithm94 was applied within
a predictor-corrector scheme. The resulting linear system
was solved iteratively by an algebraic multigrid method
with a Gauss-Seidel relaxation scheme.

For turbulence modeling, large eddy simulation was per-
formed with the WALE (wall-adapting local eddy-viscosity)
subgrid-scale model95 to resolve typical turbulent character-
istics such as shear layer instabilities of the glottal jet as
tress transport) k-v and (B) LES turbulence models.



FIGURE7. Temporal devolution of pressure 8 mm downstream
in the supraglottal channel for SST (shear stress transport) k-v and
LES calculations.
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shown representatively in Figure 6. The near-wall flow
was modeled by the all� y+ wall treatment provided by
STAR-CCM+, which is a hybrid model of high� y+ and low
� y+ wall treatments for coarse and fine meshes, respectively.

In comparison, much cheaper simulations on the basis of
the unsteady Reynolds-averaged Navier-Stokes (URANS)
equations for turbulence modeling reproduce the asymmet-
ric glottal jet location as depicted in Figure 6A. However,
the typical shear layer instabilities of the glottal jet are aver-
aged out by the URANS methodology.

The reproduction of those instabilities is mandatory with
regard to the correct determination of the acoustic sources.
Common aeroacoustic analogies such as the Lighthill anal-
ogy96,97 or the acoustic perturbed equation98 are based on
acoustic source formulations representing velocity and pres-
sure fluctuations of the underlying fluid flow. These fluctua-
tions of the flow variables are almost totally attenuated
when using URANS, as illustrated in Figure 7.
Numerical mesh motion approach
Critical problems with the numerical grid quality arise from
large deformations of the mesh, especially during intervals
of a small glottal gap within each oscillation cycle of the
vocal folds. These problems limit the application of the
numerically expensive ALE strategy for handling the
numerical mesh deformation. In this approach, the total
FIGURE8. (A) Background and (B) overset meshes. Color legend: red
interface. (For interpretation of the references to color in this figure legen
number of cells remains constant, but the cells were
deformed according to the deformation of the boundary
walls. Especially during phases with narrow glottal duct or
contact between both vocal folds, extremely distorted cells
with a zero or even negative volume impair the numerical
simulation and lead to a break-off in the worst case.

To overcome these problems, the overset mesh approach
provided by STAR-CCM+ was used in this work, which is
based on the idea of fixed grid approaches in combination
with overlapping domain decomposition and Chimera
schemes.99 In this method, a fixed Eulerian background
mesh is assigned to the whole numerical domain
(Figure 8A) and deformable overset meshes wrapped
around both vocal folds (Figure 8B). Between the back-
ground and overset meshes, a small interface layer of cells
indicated in blue in Figure 8 is included for interpolating the
flow variables from the background to the overset mesh and
vice versa. Wherever the overset and background meshes
overlap, the occluded cells of the background mesh become
inactive and the overset cells become active. At large glottis
diameters, the overset mesh moves almost freely with only
small deformations that occur owing to the stretching or
compression of the vocal fold surface during their motion.
At small glottis diameters, only the overset mesh exists in
the glottal gap and is deformed according to the position
and the shape of the vocal folds. With this approach, the
ALE domain is closely limited to regions around the
deformable walls of the vocal folds whereas the background
mesh remains unchanged. To avoid elements with zero or
even negative volume directly in the glottis, at least four
cells remain between the vocal folds during glottis closure
corresponding to a minimum glottal gap of 0.2mm. This
results in a small, negligible flow leakage. With regard to
the numerical mesh size, the total number of cells is not con-
stant during the simulation but depends on the distance
between the vocal folds.
RESULTS AND DISCUSSION

Mesh independence study
The numerical mesh used in the present study is the result of
a mesh independence study that analyzed the dependence of
for inactive cells, yellow for active cells, and blue for the cells at the
d, the reader is referred to the Web version of this article.)



TABLE3.
Summary of Meshes Used for the Mesh Independence Study and Their Properties

Mesh

Base Size

(mm)

Basic Refinement

(mm)

Glottis Refinement

(mm)

Supraglottal

Refinement (mm)

Total Number

of Cells

M1 0.5 0.25 — — 782,458

M2 0.5 0.25 0.125 — 862,565

M3 0.5 0.25 0.0625 — 1,464,075

M4 0.5 0.25 0.03125 — 6,222,014

M5 0.5 0.25 0.0625 0.125 2,274,647

Basic refinement applied to the base mesh refers to halving the mesh size in the glottal and near-supraglottal regions.
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the flow field on the spatial resolution of the mesh and in the
case of unsteady fluid flows on the temporal resolution (ie,
the time step size). For the presented flow case of phonation,
five different meshes were evaluated with their properties as
shown in Table 3. The table includes the respective base size
of the mesh and the target values for cell sizes after a refine-
ment in the ROI (basic refinement), in the glottis region
(glottis refinement), and in the supraglottal region (supra-
glottal refinement). The ROI starts at the glottal inlet and
ends up 36mm downstream of the glottal exit. As result, the
total number of cells of each mesh is displayed.

All meshes are assembled of hexahedral cells as displayed
in Figure 9. The first mesh, M1, represents the starting mesh
with the coarsest spatial resolution. It is structured in the inlet
region, the outlet region, and the ROI. Whereas the numeri-
cal mesh in the inlet and outlet regions is coarse, the ROI has
a higher resolution by halving the reference size of the mesh
FIGURE9. Numerical meshes (A−E) M1−M5 with different sp
cells. For meshes M2−M4, the spatial resolution in the
immediate glottal region between the vocal folds is systemati-
cally increased, as shown in Figure 9B−E. This results in an
increase in the total number of cells, rising by a factor of
approximately 8 from 782,458 to 6,222,014. In contrast, the
mesh M5 represents a special case of M3 with an additional
increase in resolution along the center line of the supraglottal
channel to account for the glottal jet dynamics (Figure 9E).

To judge the quality of the proposed numerical meshes,
an LES was performed for all five meshes with a constant
pressure difference of 1 kPa and static vocal folds. The
results were analyzed at discrete positions in the flow region.
Figure 10 shows the time-averaged velocity profile at the
minimum glottal area and 10mm further downstream in the
supraglottal region.

Within the glottis, the coarsest mesh M1 produces an
overestimated velocity magnitude profile with a visible
atial resolutions for performing a mesh independence study.



FIGURE10. Time-averaged axial velocity profile in the midcoronal plane at (A) the minimum glottis area and (B) 10mm upstream in the
supraglottal region for different grids.
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asymmetric distribution along the glottal diameter. Further
downstream at the point 10mm, M1 produces an underesti-
mated velocity magnitude with a high degree of asymmetry.
By increasing the mesh resolution, the degree of asymmetry
decreases (see Figure 10A) and the maximum velocity
FIGURE11. Time-averaged static pressure at some probes at the
center line of the midcoronal plane for different grids.

FIGURE12. Grid resolution in the y-x midplane and the boundary lay
without prism layer and (B) with five prism layers.
magnitude increases (see Figure 10B), converging to the
mesh-independent flow field represented by M3 and M4.
The same behavior can be seen for the static pressure distri-
bution along the center line of the whole simulation region
as depicted in Figure 11. The additional refinement along
the center line in the supraglottal region does not show a vis-
ible effect. Comparison of the time-averaged flow rates also
showed an overestimation of 25% and 8% by the M1 and
M2 meshes, respectively, but less than a 1% discrepancy for
the other meshes with higher spatial resolutions.

In summary, meshes M3−M5 produce comparable
results. Hence, the mesh M3 was chosen for the simulation
because it exhibits the least control volumes.

As flow separation in the glottis is of great interest,100,101

five additional prism layers are inserted along the glottal
duct. In contrast to the basic mesh structure of M3 in the
duct shown in Figure 12A, the prism layers produce a struc-
ture that exhibits layers parallel to the wall surface as dis-
played in Figure 12B. This parallelity is necessary to resolve
properly the velocity gradient in the boundary layer with
the aim of correctly simulating flow separation in the glottal
er velocity vectors along an axis 1.5mm upstream in the glottis: (A)



FIGURE13. Flow rate for one oscillation cycle and all simula-
tion cases.
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duct. As a criterion for an appropriate orthogonal spacing
of the prism layers, the nondimensional wall-normal coordi-
nate y+ of the first cells is equal to 1, satisfying a common
condition in numerical simulation of turbulent flows.102

Based on mesh M3, inserting the prism layers increases
the number of elements in the numerical grid to 1,787,758,
being still lower than that for M4 (Table 3). For the simula-
tion cases with oscillating vocal folds, the mesh properties
obtained from the mesh independence study were equally
selected for generating the background and overset mesh.

Finally, the time step size was selected as 1£ 10�6 s,
which satisfies the Courant-Friedrichs-Lewy (CFL) condi-
tion CFL=1 in the ROI.103 The CFL number describes the
number of mesh cells that are transited by a fluid element
during one time step.

Glottal aerodynamics
As described earlier, a varying flow rate according to the
experiments was set as the inlet boundary condition to drive
the flow through the static vocal folds (static case), which
resulted in a mean pressure difference of DP=775 Pa across
the whole numerical domain, which is in the typical range
during human phonation.79 For the other cases with
driven vocal fold motion, the flow was generated by a mean
pressure difference between inlet and outlet also equal to
DP=775 Pa.

Figure 13 shows the flow rate through the larynx model
for one oscillation cycle for all cases. The peak flow rate
increases with increasing degree of realism from the 1DOF
FIGURE14. Velocity magnitude with streamlines in the midcoronal pla
cycle. The six instances of the cycle correspond to those shown in Figure
to the 2DOF+VeF case. Therein, the increase between
1DOF and 2DOF is mainly attributed to the divergent glot-
tal duct shape that operates as a diffuser decreasing the flow
resistance of the glottal constriction.23,24,43 Furthermore,
the peak is delayed in the oscillation cycle compared with
1DOF owing to the occurrence of the divergent duct shape
in the second half of an oscillation cycle. The further
increase in mass flow in the 2DOF+VeF case is caused by
the presence of the VeFs. This was similarly reported by
ne of the static, 1DOF, and 2DOF cases at six instances of the 10th
2. The arrows show the flow direction.



FIGURE15. Velocity magnitude with streamlines in the midcoronal plane for the 2DOF+VeF and 2DOF+VeF-Ell cases at six instances
of the 10th cycle. The six instances of the cycle correspond to those shown in Figure 2. The arrows show the flow direction.
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Zheng et al,69 who also found an increase in mass flow
caused by a decrease in laryngeal resistance in the presence
of the VeFs.

By further involving the ELL glottis shape, the peak flow
rate declines compared with the rectangular glottis. By
maintaining the same glottal area function of rectangular
glottis shape in 2DOF+VeF, the maximum glottal diame-
ter is increased. Furthermore, an increasing transversal
expansion of the glottal jet downstream of the vocal folds
could be observed, which originated from the axis-switching
process that was attributed to the ELL glottis shape by
Triep and Br€ucker.104 By this expansion, the interaction of
the glottal jet with the VeFs is increased, as shown in
Figure 15 for the 2DOF+VeF-Ell case, which may result in
flow rate decay.

The supraglottal flow field for all simulation cases with-
out VeFs is depicted in Figure 14 at six instances during an
oscillation cycle related to Figure 4. Accordingly, the flow
fields for the cases with VeFs are depicted in Figure 15. All
cases except those including VeFs show the typical glottal
jet deflection that has often been described in experimen-
tal105−108 and numerical larynx models.24,31 The jet deflec-
tion is caused by the interaction of the glottal jet with large
vortex structures in the supraglottal region.31,77,87 Thereby,
the direction of jet deflection is determined by the rotation
direction of the large vortex that extends across the whole
height of the channel as indicated in Figure 14. A clockwise
rotating vortex forces the jet to deflect in the upward direc-
tion as shown for the 2DOF case and a counterclockwise
rotating vortex causes a deflection in the downward direc-
tion shown for the 1DOF and static cases. The maximum
angle between the jet and the center axis of the supraglottal
channel is larger for cases with moving vocal folds (1DOF
and 2DOF) owing to smaller absolute velocities in the jet
core. The direction and the angle of deflection could also
change from cycle to cycle depending on the position and
the direction of the recirculation area. This change of deflec-
tion direction happens less frequently by increasing the



FIGURE16. Intraglottal pressure distribution of the case 2DOF
at the time point 0.58 T. The intraglottal vortices can be seen as
the areas with drastically lower pressures relative to their surround-
ings. The arrow shows the flow direction.

TABLE4.
Mesh Resolution and Computational Cost for 10 Cycles
of Simulation

Case Resolution

(Cells)

Total CPU

Time (h)

Wall

Time (h)

Static 1.78M 4,970 25

1DOF 1.68−2.39M 42,180 212

2DOF 1.68−2.37M 56,156 282

2DOF+VeF 1.58−2.24M 57,152 289

2DOF+VeF-Ell 1.57−2.25M 55,919 281
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degree of realism of the model, so that for the 2DOF case, it
did not occur during 10 cycles (see Supplementary Videos
S1−S3). This behavior was also reported by Lou et al.45 In
addition to the interaction of the jet with the large recircula-
tion area, shear layer instabilities occur that additionally
deviate the tail of the jet. By including the VeFs, the jet
deflection is drastically reduced. As consequence, the glottal
jet is straightened and elongated compared with cases with-
out VeFs, as depicted in Figure 15. The same phenomenon
was also observed in numerical larynx models.69,109

Regarding the flow within the glottal duct, the glottal jet
remains almost completely attached to both vocal folds in
the static and 1DOF cases. In contrast, by introducing the
mucosal wave motion in the 2DOF cases, the jet separates
from one vocal fold and reattaches to the other during the
closing motion. This flow separation occurs within the
divergently shaped glottal duct. The resulting small vortices
are shown in Figure 16 for the case 2DOF and were simi-
larly found by Khosla et al and Oren et al100,101 in excised
larynx studies.

By introducing the ELL glottis shape, the jet flow
becomes totally 3D in the sagittal plane represented by a
decreasing jet diameter in the longitudinal direction of the
glottis, as shown in Figure 17. This was similarly reported
by Triep and Br€ucker,104 who used a synthetic, experimental
larynx model operating with water. The constriction of the
glottal jet in the sagittal plane was due to the axis-switching
process of the glottal jet induced by the ELL glottis shape.
This three dimensionality of the glottal jet was also con-
firmed in computational larynx models.29,33,64
Computational cost
The simulations in the present study were performed on five
computer nodes of RRZE's Emmy cluster of the University
of Erlangen-N€urnberg,110 with 20 Intel Xeon 2660v2 cores
each (25M Cache, 2.2 GHz, 40 threads per node owing to
hyperthreading). Therefore, the simulation is decomposed
into 200 threads, with each two of these threads allocated to
one physical processor for execution. Table 4 summarizes
the mesh size and the computational cost of each simulation
case for 10 oscillation cycles, resulting in 67,500 time steps.

The elapsed simulation time increased with the complexity
of the modeling and the flow field. The elapsed simulation
time increased by a factor of approximately 11 from the
static case to the convergent-divergent motion of vocal folds,
although the average number of cells had a growth of only
20%. There are several reasons that account for this increase:

� The mesh has to be updated in each time step for
dynamic cases. In particular, updating the interfaces
between the oversets and background meshes increases
the computational time severely in each time step.

� An increase in complexity of the flow field affects both
the convergence rate and the complexity of the coarser
level matrices in the algebraic multigrid solver, which
increases both run-time and memory requirements.
Intraglottal flow separation, glottal jet interaction with
VeFs, and 3D development of glottal jet are examples
of such complexities.

� Recalculation of the wall distance within the boundary
layer flow model for LES in each time step due to the
movements of the boundary nodes also increases the
calculation time.

The results show that for an effective application of
computational larynx models in clinical environments, the
computational effort is too large. However, in voice
research, especially for the investigation of voice patholo-
gies, these models have great potential in developing new
therapy strategies.
SUMMARY AND CONCLUSION
The 3D laryngeal airflow was numerically simulated with
the commercial FVM solver STAR-CCM+ for different



FIGURE17. Velocity contours in the midsagittal plane of the 2DOF+VeF and 2DOF+VeF-Ell cases at the six instances of the cycle.
The arrows show the flow direction.
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models of vocal fold dynamics. In addition to a simulation
case with static vocal folds and oscillating inlet flow rate
condition, the vocal fold motion was externally driven by
prescribing the motion of glottal walls that shaped the vocal
folds. Thus, for all cases, a pure simulation of the fluid
dynamics was performed. The size and the structure of the
numerical mesh for all cases were determined by a mesh
independence study. To evaluate the numerical effort, the
vocal fold motion was modeled with increasing degree of
realism; that is, single characteristic features of the physio-
logical phonation process were added in different simulation
cases: (1) static vocal folds, (2) transversal oscillation of
vocal folds, (3) mucosal wave motion of vocal folds, (4)
inclusion of VeFs (all with rectangular glottis shape), and
finally, (5) with the ELL glottis shape. The geometric and
dynamic data for the different models were taken from
experimental data obtained from a synthetic larynx model
with synthetic vocal folds made of silicone being based on
the M5 model.

The numerical meshes contain between 1.58 and 2.39 mil-
lion cells depending on the glottis diameter and the particu-
lar simulation case. LES was performed for each case to
simulate 10 oscillation cycles. Even though none of the
numerical models included the direct fluid-structure interac-
tion that is characteristic for the phonation process, the
resulting flow fields reproduced characteristic features of the
laryngeal airflow as reported in the literature. Whereas glot-
tal jet deflection was found for all cases without VeFs, intra-
glottal flow separation was most distinct for the case with
mucosal wave motion. The inclusion of the VeFs resulted in



398 Journal of Voice, Vol. 33, No. 4, 2019
an increase in flow rate owing to the decrease in laryngeal
flow resistance. By introducing an ELL glottis shape, the
glottal jet became 3D, showing a constriction in the sagittal
plane and a slight increase in the midcoronal plane similar
to the axis-switching mechanism found in experiments.

The numerical effort was measured by the CPU time as
the time for one physical core summed over all cores. Each
simulation was computed on the compute cluster of the Uni-
versity of Erlangen using 100 physical cores. The CPU time
increased drastically with increasing degree of realism. The
associated wall time (CPU time divided by the number of
cores plus communication processes) of a simulation ranges
between 25 hours for static vocal folds and 281 hours for
forced motion with a mucosal wave, ELL glottis shape, and
VeFs. This increase by a factor of more than 11 is attributed
to several reasons, such as the adaption of the numerical
mesh during the oscillation to maintain suitable mesh condi-
tions. Other reasons are the increase in complex flow struc-
tures such as the supraglottal vortex field and the
interaction of the glottal jet with the VeFs, resulting in large
velocity gradients.

Owing to the large wall time and the highly parallel com-
pute cluster needed, such numerical models are hardly able
to fulfill the requirements of daily clinical application. How-
ever, numerical models are very important in research. Only
by a hybrid strategy of equal usage of experimental and
numerical models will the complex process of fluid-struc-
ture-acoustic interactions be completely understood.
Finally, numerical models in daily clinical use are highly
important and the development of such clinical models
should be continued.
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