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vector containing:

U horizontal displacement
m

v vertical displacement
m

¢ rotation
radians

axial coordinate
m

lateral coordinate
m

vertical coordinate
m

kinematic viscosity (with ve; = 1.33-107% 77)
m2

S

density (with pgr = 1.2 %)
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Introduction

During speech and singing, people make sound by using their vocal folds, which are located
in the larynx. When exhaling, air passes the vocal folds. This interaction causes the vocal
folds to vibrate, by which vibrating air is created, which is later converted to the sounds we
hear in speech and singing. If these vocal folds are removed by a surgical procedure, such as a
total laryngectomy, the natural way of voice production, laryngeal voice, is no longer possible
(figure 1) [27].
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Figure 1: Before a laryngectomy (left) and after a total laryngectomy (right)

To restore audible speech (with a tracheo-esophageal voice) after a laryngectomy, a voice-
producing element has been developed. This device consists of a flexible lip of silicone rubber
placed in a metal housing, which is placed in a shunt valve (figure 2).

The voice-producing element has already been tested in in vitro and in vivo experiments. From
these experiments it turned out that the voice-producing element still has some deficiencies.
Numerical experiments might be very useful to improve the behavior of the voice-producing
element.
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Figure 2: Tracheo-esophageal voice (left) and a schematic representation of a voice-producing
element (right)

At the moment there already exist two-dimensional numerical models. However, there are
several disadvantages of a two-dimensional numerical model, because this model contains no
width. For example, no air is allowed to flow along the sides of the lip and no torsion of the lip
is possible. These disadvantages can be solved by developing a three-dimensional numerical
model, where the third dimension represents the width of the lip.

In this thesis we will first enlarge upon the surgical procedure of a laryngectomy and the usage
of a voice-producing element in chapter 1. Second, attention will be paid to the development
of a computational model of a voice-producing element in chapter 2 and in chapter 3 the
developed computational model will be analyzed in more detail. After the development of
the computational model, the results obtained with this model will be verified in chapter 4.
In chapter 5 more investigation of these obtained results will be done by a parameter study
and the necessity of a three-dimensional numerical model will be examined. In chapter 6
the results will be validated. Finally, the conclusions and future work about the developed
computational model and the obtained results are presented in chapter 7.



Chapter 1

Laryngectomy

The surgical procedure of a laryngectomy is most often carried out as a treatment for cancer
of the larynx. There are two types of laryngectomy [3]. A partial laryngectomy is possible
if a tumour is small. With this procedure only a part of the larynx, for example one vocal
fold, is removed, which means that the voice is not fully lost. In a total laryngectomy the
entire larynx, i.e. including both vocal folds, is removed, so that natural sound generation is
no longer possible. The upper part of the trachea is lead to a permanent opening in the front
of the neck, called a tracheostoma or simply stoma, so that the esophagus and the trachea are
completely separated. Consequently, airflow from the lungs can no longer pass the mouth and
nose. The esophagus, however, is usually not affected and is still connected to the pharynx
[3, 27].

1.1 Alaryngeal voice

There are three main types of voice production possible after a laryngectomy, called alaryngeal
voice [3, 15, 18, 23, 27]:

e clectrolaryngeal voice;
e injection esophageal voice;

e tracheo-esophageal voice.

1.1.1 Electrolaryngeal voice

In electrolaryngeal voice (figure 1.1) the patients, called laryngectomees, make use of an
electrolarynx, an electro-mechanical hand-held device that produces vibrations. If the device
is held to the right spot on the neck it causes vibrations in the throat, so that voiced speech
is possible.

The main disadvantage of an electrolarynx is the mechanical and monotonous tone during
speech that does not sound natural. The advantages of speaking with an electrolarynx are
the ability of learning it in a short time and the production of a respectively loud voice.
Furthermore, most devices have functions that can set the fundamental frequency of the
vibrations, depending on the age and gender of the speaker [15, 18, 27]. The mean fundamental
frequency (F0) of laryngeal voice, is 210 Hz for women and 110 Hz for men [18, 23].
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Figure 1.1: Electrolaryngeal voice

1.1.2 Injection esophageal voice

In general, injection esophageal voice (figure 1.2) is simply called esophageal voice. It is
produced when air is “swallowed”, i.e. injected in the esophagus, and escapes in a controlled
fashion, so that vibrations arise in the esophagus entrance and in the pharynx and generation
of sounds is possible. It is difficult and may take a long time to learn how to use an esophageal
voice. Other disadvantages are the rough sound and the difficulty of speaking long sentences
without taking breaks to bring in more air [18, 27]. But the advantage of esophageal voice
are the small costs, compared to the other substitute voice methods [15].

LW Gviman

Figure 1.2: Injection esophageal voice

Different F'0 of esophageal voice are found. Mitchell and Moretz [23] mention a range from
60 to 80 Hz. De Vries [8] cites a range from 60 to 90 Hz. Van der Torn et al. [33] mention
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a range from 60 to 120 Hz. Finally Hocevar-Boltezar and Zargi [18] found results that range
from 57 to 136 Hz, which usually are lower than the average laryngeal F'0. The conclusion
of all these findings is that esophageal voice might be acceptable for men, but simply gives a
too low voice for women.

1.1.3 Tracheo-esophageal voice

The last type of voice, tracheo-esophageal voice (TE voice), is also the most effective one. It
resembles injection esophageal voice, except that TE voice uses a different source for the air.

With TE voice (figure 1.3) a small opening, called a shunt, fistula or tracheoesophageal
puncture, is created in the esophageal wall and a small one-way shunt valve, usually called
a voice prosthesis (although this device does not actually produce sound) is placed into the
shunt so that the trachea and the esophagus are connected. The TE shunt valve makes sure
no fluid or food enters the trachea and causes lung problems. In order to speak, the stoma
has to be occluded during exhalation, so that the airflow from the lungs goes via the trachea
and the shunt valve into the esophagus where it interacts with the esophageal wall and causes
vibrating air. These sounds produced by the vibrating air are converted by adjustments made
by the lips, tongue and jaw opening into speech. Occlusion of the stoma can be done by hand
or by a tracheostoma valve. The latter is a device placed in the tracheostoma to control the
air passage and allows hands free operation of the stoma [12].

Figure 1.3: Tracheo-esophageal voice (Left: occlusion by hand. Right: occlusion by a tra-
cheostoma valve.)

Advantages of TE voice [15, 18, 27]:

e The voice quality is relatively good compared to the other voice rehabilitation tech-
niques. It most closely resembles normal laryngeal voice, although the frequencies do
not differ much from the frequencies of the injection esophageal voice.

e Since the air for speaking comes from the lungs, one can speak for a considerably long
time without breaks.
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However, there are also a lot of disadvantages [15, 18, 27]:

e The F0 might be acceptable for men, but is still too low for women.

e Not everyone can use TE voice. In some cases the walls of the esophagus are too tight
to vibrate.

e The shunt valve must be removed and cleaned periodically. This requires a moderate
amount of proficiency, especially in putting it back in the right spot.

e The stoma must be tightly covered during exhalation in order to get air into the esoph-
agus. This requires good arm and hand movement. Tracheostoma valves (lower right
image in figure 1.3) exist that can be placed over the stoma to control the air passage
into the esophagus, but they do not always work in daily practice and they are difficult
to adhere to the skin.

e Fluid or food may leak into the trachea.

e QOccasionally the prosthesis can fall out and the shunt will close in about 24 hours. If it
does get closed, a second operation must be done to make a new shunt.

The FO0 of TE voice is the same or a little higher than the F0 for esophageal voice. De Vries
[8] mentions a FO of 60 - 90 Hz. Searl and Small [31] establish a F'0 of 154 Hz for women
and 94 Hz for men. The F0 found by Hocevar-Boltezar and Zargi [18] ranges from 72 Hz to
134 Hz, but unfortunately these F'0 are still too low for women.

Of these three substitute voice methods, TE voice is currently the option most often used
after a laryngectomy, since it is the best. For instance, the sound quality of TE voice is
relatively good, in contrast with electrolaryngeal voice, which has a very mechanical sound.
The second reason for the better quality of TE voice is based on the fact that air comes from
the lungs, while with injection esophageal voice air is injected and therefore returns from the
esophagus. Since the esophagus has a smaller volume, the speech segments with injection
esophageal voice are usually shorter. Finally with TE voice there is better control of the
airflow [27].

1.2 Voice-producing element

To improve speech quality after a laryngectomy an artificial vocal fold is developed and placed
in a TE shunt valve [8, 14, 16, 33, 34]. This device is called a voice-producing element (vpe)
and is depicted in figure 1.4. It consists of a flexible lip of silicone rubber, which is placed in
a rectangular hole in a cylindrical metal housing (figure 1.5). In the initial situation the lip is
in neutral position, i.e. the lip is pressed against the wall opposite to the wall where the lip is
inserted. When airflow passes the lip, the lip starts to vibrate and produces sound. This idea
of a flexible lip is derived from the vibrating lips of a musician playing a brass instrument,
but instead of a vpe consisting of 2 lips, the current vpe has a single lip, mainly because it is
easier to fabricate [8, 34].

The F0 of the vpe depends on the geometry and material properties of the lip. For example,
a longer lip produces a sound with a lower frequency. Thus by changing the geometry or
material different F'0 can be achieved [8, 16, 34].
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Figure 1.4: A schematic representation of a cross-section of a voice-producing element

Figure 1.5: A picture of a voice-producing element placed in a shunt valve (airflow from the
right) and a schematic representation of the front view of a voice-producing element (airflow
from the front)

With the developing of a vpe there are several requirements concerning the sound [8, 34]:
e F0 of about 110 Hz for males and about 210 Hz for females;

e sound pressure level between 65 dB and 80 dB, measured at 30 ¢m distance from the
mouth;

e sound pressure level variation of 5 - 10 dB [38];
e frequency variation of about 3 - 4 semitones (like a normal intonation pattern);
e flow as in normal voice production, between 0.18 and 0.32 L/s;

e pressure as in normal voice production, between 0.4 and 1.5 kPa.

1.2.1 1In vitro and in vivo experiments

Several vpe’s have already been tested in in vitro and in vivo experiments. Unfortunately not
all requirements are met, but the results are acceptable [8, 34]. The required F'0 for females
(210 Hz) is realized, but the required F0 for males (110 Hz) is still not reached. The sound
pressure level (SPL) rises with increasing flow, nevertheless it is still a little too low. As for
the frequency variation, at least 3 semitones are gained, which is sufficient, but the change of
frequency per pressure change is a little low.

Furthermore, it has to be taken into account that the lungs provide the flow and pressure for
the vpe, meaning that the flow and pressure ranges must occur as in normal voice production.
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Fortunately, the prototypes tested all operate within the limits set by the physical capabilities
of the laryngectomees.

A disadvantage of the vpe is the established U-shaped relation between the FQ and the flow
[8, 33, 34], i.e. an unexpected decrease of the frequency of the vpe by increasing flow, but
when the flow is increased further the frequency rises again. This phenomenon is also seen
during in vivo experiments of a vpe inserted in a shunt valve by laryngectomees [33]. An
explanation might be the variance of the modes of vibration of the silicone rubber lip at
specific flow levels, i.e. at some flow levels the lip starts to vibrate differently [29].

Finally, it has to be mentioned that during the in vitro and in vivo experiments little or no
attention has been paid to important issues like durability, clogging of the device and cleaning
procedures of the vpe. During in vivo experiments Van der Torn et al. observed that the lip
sometimes sticks to the interior of the cylindrical housing [37], but besides these observations
no research has been done concerning these subjects, therefore no further conclusions can be
drawn [8, 33].

As mentioned above, in vitro and in vivo experiments show us that we need to improve the
behavior of the vpe, therefore numerical experiments might be very useful. The results of
the numerical methods will be used to find the optimal geometry of the vpe. To validate
these results in vitro and in vivo experiments can be used. When numerical and experimental
methods are combined, the results of the experiments can help to guide and improve the
numerical model, while in the numerical model several improvements can be investigated,
without the trial and error approach using all sorts of prototypes [8].



Chapter 2

Development of the computational
model

The computational models of the voice-producing element considered, consist of a single lip
in a rectangular housing and an airflow along the top of this lip (figure 1.4). This field of
science, involving problems with interactions between fluid (the airflow) and structure (the
silicone rubber lip), is called fluid-structure interaction. In fluid-structure interaction fluid
mechanics are coupled to structural mechanics (figure 2.1). Such a problem is called a coupled
problem. More information about coupled problems can be found in appendix A.

fluid forces
fluid structural
mechanics mechanics

\/

displacement and velocity
of the structure

Figure 2.1: Interaction between fluid mechanics and structural mechanics

2.1 Two-dimensional computational model

At the moment there exist two working two-dimensional (2D) computational models of the
vpe. The first working computational model was introduced by Hamburg and De Vries [16].
To realize the initial position of the lip Hamburg and De Vries used initial loads, which
consisted of a force F;, and a moment M, acting on the free end of the lip (figure 2.2).

De Vries tried to improve this computational model, by using a different damping of the
silicone rubber lip, resulting in a different damping matrix C'*¥® in the mathematical equations
(3.5). Furthermore, he tried to improve the model by using a different initial situation. Instead
of initial loads acting on the free end of the lip, he used initial loads which are divided over
the nodes (section 3.2.1) of the lip (figure 2.3).

13
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Figure 2.2: Lip in upright position and bent lip with initial loads on the free end of the lip

Figure 2.3: Bent lip with initial loads uniformly divided over the entire length of the lip
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Unfortunately, there are many disadvantages of the 2D computational model of Hamburg and
De Vries [8, 34]:

e In reality air flows along the sides of the lip. In the 2D model no simulation of this
leakage along the lip is possible, because this model of the vpe contains no width.

o If the lip in the 2D model collides with the lower wall, air is enclosed. This results in
the origination of extra forces. In reality these extra forces are limited, because air can
flow along the sides of the lip to escape.

e To prevent breakdown of the computational model a precaution is taken, so that there
is no collision possible with the lower wall, the wall in which the lip is inserted.

e During vibrations the silicone rubber lip can get twisted, which influences the sounds
produced. Since the numerical model has only two dimensions, no torsion is allowed.

The second working 2D computational model is developed by Gérska [14]. First, she improved
the model of Hamburg and De Vries by inserting a pipe in the lower wall to prevent enclosure
of air (figure 2.4). This way a solution had been found to realize collision of the silicone
rubber lip with the lower wall in a 2D computational model, without breakdown of the
model. Secondly, she inserted another pipe in the lower wall to simulate the airflow along the
sides of the lip (figure 2.5).

£L——

Figure 2.4: A pipe (pipe2) applied in the model of Gérska to prevent the enclosure of air

-L

Figure 2.5: A pipe (pipel) applied in the model of Gérska to model leakage along the lip

The introduction of the pipes in the lower wall solved most of the flaws of the 2D model of
Hamburg. The next step is to develop a three-dimensional (3D) computational model. In the
3D model width is added to allow airflow along the sides of the lip, so that examination of
the influence of this airflow is possible.

2.1.1 The vocal tract, the subglottal tract and the shunt valve

Both existing 2D computational models only model the vpe. They both lack the representa-
tion of a vocal tract, a subglottal tract and a shunt valve.
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The vocal tract consists of those areas of the vocal system above the larynx, comprising the
pharynx, the oral cavity and the nasal cavity [8]. Unfortunately only little information could
be found concerning the consequences of the neglect of the vocal tract in the computational
models. The principal function of the vocal tract is transforming voice in voiced speech.
During these transformations the vocal tract is a resonator, i.e. instead of a decrease of the
sound pressure level due to the longer distance the sound has to travel, the overall SPL will
increase because of the amplification of specific frequencies [30]. Both existing computational
models neglect an acoustic resonator function and the SPL is calculated by the flow on the
end of the housing of the vpe alone.

In vitro experiments showed that the influence of the subglottal tract, i.e. the trachea and
the lungs, on the functioning of the vpe is negligible. It has no significant effect on any of the
relations between flow, pressure, frequency and sound pressure level [8, 34].

Placing the vpe in a shunt valve lowers the F0 and results in a higher airflow resistance [8, 34].

Because we are still at the beginning of the development of a good computational model of a
vpe, we will not include a representation of a vocal tract, a subglottal tract or a shunt valve.
In future these representations might be included in the computational model. Although, we
must be aware that when the results of the computational models are validated by experi-
mental methods, the results of both models may differ from the results of in vitro and in vivo
experiments [8, 33, 34], if the experiments involve a vocal tract, a subglottal tract or a shunt
valve.

2.2 Three-dimensional computational model

When developing a computational model, such as our 3D computational model, there are
several aspects to deal with [6]:

e numerical stability of the model;

e accuracy of the calculations;

e growing complexity of the problems;

e limited computing time and computer memory;

e limited development time, so try to make use of existing code.

To develop our 3D computational model, we will make use of two existing models. For the
structural part we will use the 2D computational model of Gérska, but instead of the pipes
in the bottom of the housing to simulate the flow along the sides of the lip, we will add a
third dimension, namely the width. For the fluid part we will use the 3D simulation method
Comflo [13].

We will use a different initial situation then used by Gérska and De Vries. Like De Vries we
will use initial loads which are divided over the nodes of the lip, but instead of forces we will
use moments (figure 2.6). When a beam is bent moments originate that are proportional to
the local deflection of the beam. Therefore, we choose an initial load existing of moments.
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Figure 2.6: Lip in upright position and bent lip with initial moments uniformly divided over
the entire length of the lip

This way every node of the beam knows directly how much it is bent and how much it likes
to stretch [36].

The disadvantage of our 3D computational model is that there is still no torsion of the silicone
rubber lip allowed. As can be read in the next chapter, the silicone rubber lip is described by
2D equations (3.5). By adding a constant width to the lip, we obtain a 3D lip. Due to the
2D equations, it will not be possible to calculate torsion of the lip. If we want to calculate
torsion, we have to develop new 3D equations for the lip.

More information about the developed 3D computational model lip3D of the vpe can be found
in the corresponding guide [17].

2.3 Numerical solution algorithm

Our 3D computational model of the voice-producing element will be solved numerically with
a loose coupling algorithm (section A.2.4). A loose coupling algorithm indicates that only
once per time step an interaction between the fluid part and the structure part occurs. A
schematic representation of solving our problem can be found in figure 2.7.

We have chosen this algorithm since it is rather easy to program and practical to start solving a
coupled problem with. Unfortunately, the algorithm has several disadvantages. For example,
a loose coupling method does not make use of internal iterations, meaning that it does not
wait for the fluid-structure interaction to converge. Therefore errors arise and loss of order of
accuracy occurs. Consequently no big time steps are possible, so there is a limitation of the
feasible time step.

If we would use a predictor-corrector algorithm (section A.2.4) instead of a loose coupling
algorithm our results would be more accurate and we would need less computing time. But
since we are still in the beginning of developing a good 3D computational model, it is more
practical to start with the plain loose coupling algorithm and improve the model later with
the more complicated predictor-corrector algorithm.
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Figure 2.7: A schematic representation of solving the coupled problem of the vpe



Chapter 3

Detailed computational model

Our problem, a silicone rubber lip oscillating in an airflow, can also be called a three-field
coupled problem [39], because it consists of three fields. Two physical fields represent the
fluid and the structure, and one computational field represents the grid. The two physical
fields are also discussed earlier (chapter 2).

3.1 The fluid

The fluid, i.e. the airflow, is described by the incompressible 3D Navier-Stokes equations,
i.e. the conservation of mass and the conservation of moment [8, 14, 16], with the density p
constant and p/p replaced by the pressure p.

e Conservation of mass (or continuity equation):

divu =0 (3.1)
with u = (u,v,w) the velocity vector.
e Conservation of moment:
ou .
51 + (u - grad)u = — grad p+ v div grad u + F (3.2)

with p the pressure, v the kinematic viscosity and F = (Fy, Fy, F,) the vector repre-
senting the external forces on the fluid.

3.1.1 Computational grid

To solve the Navier-Stokes equations we first want to discretize (3.1) en (3.2). For the spatial
discretization we will use a Cartesian grid, with the horizontal velocity u, the transverse
velocity v and the vertical velocity w set in the middle of the cell faces (i.e. the boundary
between two cells) and the pressure p set in the cell centres [8, 16]. This arrangement of the
velocities and the pressure is called a staggered grid [35]. In figure 3.1 a 2D example is shown.
Extension to a 3D staggered grid is straightforward.

19
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Figure 3.1: Location of the pressure and velocity components (2D)

3.1.2 Discretization in time

For the discretization in time (time integration method) the forward Euler method will be
used. This results in rewriting the Navier-Stokes equations in the Poisson equation [8, 16]:

u™

div grad p™*) = div( 5

+R™) (3.3)

with R™ = —(u(™ . grad)u™ + v div grad u(™ + F™ and (n + 1), (n) denoting the new
and old time level respectively.

3.1.3 Discretization in space

To solve partial differential equations numerically, discretization methods are used [2, 13]. We
will solve our Poisson equation by a finite volume method [25, 35]. Therefore, we will have
to rewrite (3.3) in conservation form (integral form). In this thesis we will not pay attention
to this, but refer to Gerrits [13].

Discretizing the Poisson equation (3.3) results in the following [4]:

Co PtV (4, 4,k) + Cxr POV(i —1,5,k) + Cxg P™H(i + 1,5, k)
+ CVYL P(n+1)(2,.7 - l,k) + CYR P(n+1) (7',.7 + l’k)

+ Cyp, POTD (i, .k — 1) + Czg POk +1) = £E
with -
n
fé") — div(u(st + R(")) (3.4)
P is the approximation for the pressure and C¢, Cxpr, ... represent the coefficients of the

difference molecule [4]. A 2D example of the difference molecule is shown in figure 3.2.
Extension to a 3D difference molecule is straightforward.
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Figure 3.2: The points which belong to the coefficients of the difference molecule (2D)

For the discretization of the convective term
(u - grad)u
and the diffusive term
v div grad u

of R in (3.4) we will use upwind discretization and central discretization respectively [4, 35].
For more information about these discretizations we refer to Gerrits [13].

3.1.4 Solution method

To solve the discretized equation (3.1.3) numerically we will use an iterative solution method,
namely the conjugate gradient (CG) method. To accelerate the solution process we will
make use of preconditioning by using a Modified Incomplete LU (MILU) factorization. More
information about these solution methods can be found in [4, 32].

3.2 The structure

In our numerical model the structure, i.e. the silicone rubber lip, is described by the following
elastic equation [8, 14, 16]:

[MSyS] A “‘/—sys + [CsyS] i Vsys + [KsyS] . Vsys — Qq,sys + Qa,sys (35)

with [M*¥%] the mass matrix, [C*Y*] the damping matrix and [K*Y*] the stiffness matrix. V'
is the vector containing the displacements and rotations of the nodes of the lip. We will
pay more attention to this vector in section 3.2.1. Finally Q%%Y® and Q°*¥® are the vectors
containing the nodal forces due to the air pressure and initial loads respectively.

As mentioned before (section 2.2), these elastic equation are 2D. By adding a third dimension,
namely a constant width, we obtain a 3D lip.
3.2.1 Discretization in space

To solve the elastic equation we first want to discretize (3.5) by a finite element method [5].
L.e. the structure has to be divided in several elements. To describe the silicone rubber lip of
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the vpe, several 2D-beam elements are used, connected to each other in nodes (figure 3.3).
Instead of six elements in the past [16], we will use twelve elements to make sure the lip
is slender and to obtain more realistic results, while the amount of computing time is still
acceptable.

Each element has three degrees of freedom at each node concerning the movement of an
element: the horizontal displacement v in the z-direction !, the vertical displacement v in the
z-direction and the rotation ¢ [8, 14, 16].

node 13
v
led ()
L] u
node 2 [+
node1l L

Figure 3.3: Lip in upright position consisting of 12 beam elements

In figure 3.4 the position of the lip, which is calculated by the ANSYS package and simulated
by our computational model, is depicted.

In the elastic equation (3.5) the vector V' will look like:

( U1 3

U1

1

U13
V13

\¢13;

with u;, v; and ¢; denoting respectively the horizontal displacement, the vertical displacement
and the rotation at node s.

3.2.2 Solution method

To solve the elastic equation numerically, we will use the Newmark-3 method, a direct solution
method. More information about this method can be found in [16].

'The displacements u and v should not be confused with the velocity w = (u,v) in the Navier-Stokes
equations (3.1) and (3.2).
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Figure 3.4: Lip in upright position and bent lip calculated by ANSYS

3.3 The grid

Most about the grid has already been mentioned in subsection 3.1.1. To make distinction
between the structure, the fluid and the boundary, the cells are labeled. In this report we
will pay no attention to the way this labeling occurs, since it is rather complex. For more
information we refer to Gerrits [13] or Fekken [11]. This labeling has to be updated every
time step.

3.4 The flow of information

Now that we have explained the three fields of our coupled problem of the vpe, we can tell
more about the exchange of data between the fluid, the structure and the grid in our numerical
model. A schematic overview can be seen in figure 3.5. This exchange of data occurs in the
same way as with a block Gauss-Seidel scheme (A.2.3), i.e. the fields are solved alternately
and in between the data is exchanged. For example, the fluid forces have to be passed on
to the structure, so that the new position and velocity of the structure can be computed.
According to this new position and velocity of the structure, the labeling of the grid can be
updated and the fluid forces at the next time step can be computed [39].
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t n 2 t n+l
fluid e _ ;
e 1 update of the grid
s
o 1 2 old values of the fluid
| .
structure _ _ 4 B 3 fluid forces
| 4 old values of the structure
} . 5 new position and velocity of the structure
grid e 6 T 6 old values of the grid
Figure 3.5: The flow of information between fluid, structure and grid
3.5 Data

An overview of variables used in our computational model, which correspond to the values
used in the in vitro experiments (chapter 6):

length lip 8.61 mm
width lip 4.75 mm
height lip 0.266 mm
elasticity lip between 1.3 - 10° and 4.0 - 10° Pa
density lip 1.13 - 10 kg
number of elements 12

origin clamping 8.167 mm
length housing 4.738 cm
width housing 4.93 mm
height housing 3.01 mm

Vair 1.33-107% ™

Pair 1.2 %



Chapter 4

Verification

To verify the numerical stability of the 3D computational model lip3D, the influences of
different numerical quantities will be investigated. These influences will affect the numerically
accuracy of the computational model. Examples are different compilers (section 4.1), different
values for epsilon € (section 4.2), different time steps by influencing the Courant-Friedrichs-
Levy number (section 4.3) and different grids (section 4.4).

A standard simulation is needed to investigate the influences of these different quantities on
the results of the model. This way the results can be compared with another. Notice that only
one influence can be examined at a time, i.e. the corresponding value in the computational
model may vary, while all other values have to maintain constant. The standard simulation
has a run time of 36 minutes if it is performed on a Celeron@1GHz. This simulation has the
following values.

€ 1.0-1077

CFL-max 0.5

CFL-min 0.2

grid 96 x 1 x 30 cells (2D); 0.95 stretch in z-direction
dimension 2D

Cmass 89.5 1

Cstiff 8.0-107* s

E 6.0-10° Pa

P 500 Pa

More information about these quantities can be found in the following sections and in chapter
5.

The flow @, the fundamental frequency F'0 and the sound pressure level SPL will be calculated
to compare the results of the different simulations. The computation of these quantities is
described by Goérska [14]. The flow plots of the different simulations belonging to the same
quantity investigation will be plotted in one picture. The legend of the picture will show the
number of flow plots depicted, since it might be possible that some plots will coincide.

The calculated flow of our standard simulatié)n can be seen in figure 4.1. This graph corre-
sponds to the amount of fluid per second (™-) that passes the end of the vpe. Clearly, this
amount of fluid depends on the oscillations of the lip. If the lip is pressed to the top of the
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housing, no fluid is able to pass the lip (the standard simulation is 2D, so there are no slits
along the sides of the lip). Consequently, the flow will be zero. If the lip reaches its lowest
position in the housing, the flow will become maximal.

x 107 Flow plot

Flow (m3/s)
IS
T
1

w
T

0 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05

Time (s)
Figure 4.1: Flow plot comprising the standard simulation

In the standard simulation the lip needs five oscillations to become stable, as can be seen in
figure 4.1. For the calculation of the F'0 and the SPL only the stable oscillations will be used.

Standard simulation
| FO =290 Hz | SPL =59 dB |

In the following sections the flow, the F'0 and the SPL will be calculated for different sim-
ulations. To compare the results of these different simulations all flow plots will be plotted
in the same figure and percentages will indicate the deviation of the calculated F0 and SPL
from the F0 and SPL of the standard simulation. To loose as little information as possible
these percentages will be calculated by using F'0 and SPL values in four decimals to result
in a percentage in one decimal.

4.1 Compiler

A compiler is required to make a computational model executable. Compiler options can
be used, for example, to influence the level of optimization, vectorization or parallelization.
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Normally compiler options have little or no influence on the results of a computational model.
However, when different compiler options for the compiler f77 are used, the results of the
computational model 1lip3D appear to differ. To verify the obtained results, the model was
tested in the Centre for High Performance Computing & Visualization (HPC&V) on the
vector supercomputer Cray SV1e with the compiler f90 [1].

The flow plots, which belong to the results of the compilers f77 and f90, can be found in
figure 4.2. The compiler options -O and -O2 for the compiler f77 are used to increase the
optimization level of the compilation, whereas -Ovector3 for the compiler f90 is used to
increase the vectorization of the code.
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Figure 4.2: Flow plot comprising different compilers

The values of the FO0 and SPL which belong to the compilers f77, f90 and their compiler
options are mentioned below.

Compiler: 77
| FO=294 Hz | SPL =59 dB |

Compiler: {77 -O (standard simulation)
| FO =290 Hz | SPL =59 dB |

Compiler: {77 -0O2
| FO =290 Hz | SPL =59 dB \
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Compiler: 90 -Ovector3
| FO =290 Hz | SPL =59 dB |

The flow plots and calculated values of the F0 and the SPL show that using optimization
during the compilation affects the flow and the F'0. Moreover, it can be seen that the results of
f77 -O most closely resemble the results acquired by the Cray. Since two completely different
compilers give approximately the same results, the compiler f77 with the compiler option -O
will be used for further compilation of the computational model lip3D. An attractive side
effect is the decrease of the computation time with almost a factor seven if optimization is
used during the compilation.

4.2 Epsilon

In section 3.1 is described how the Poisson equation (3.3) in the computational model lip3D
is solved by using the CG method and MILU factorization. The quantity epsilon € is used to
determine the accuracy with which the Poisson equation will be solved. The smaller the value
for €, the more iterations will be used to solve the Poisson equation and the more numerically
accurate the results will become. More precise, ¢ is the iteration error that is allowed to solve
the Poisson equation.

If different values for € have no or only little influence on the standard simulation, the compu-
tation of the pressure in the standard simulation is accurate. The flow plots of these different

simulations can be found in figure 4.3.

The values of the F'0 and the SPL belonging to the different simulations are presented below.

e=1.0-10"5

[ F0O =291 Hz [0.1 %] [ SPL =59dB [0.0 %] \
€=1.0-10"" (standard simulation)

| FO =290 Hz | SPL =59 dB \
e=1.0-10"8

[ FO =290 Hz [0.0 %] | SPL=59dB [0.0 %] |

As can be seen in the flow plots and by the values of F'0 and SPL, the different values for
€ have no significant influence on the standard simulation. Therefore, the Poisson equation
(3.3) is solved precisely, i.e. that the computation of the pressure is accurate.

4.3 Courant-Friedrichs-Levy number

During its computations the model lip3D uses adaptive time steps [11, 16]. If the fluid or
structure is moving very wildly, time steps have to be smaller than when the fluid is moving
calmly. It is useful to adjust the time steps to these changes to achieve a more numerically
accurate computation (smaller time steps) and an improvement of the computation time
(bigger time steps). Therefore, the Courant-Friedrichs-Levy (CFL) number is introduced.
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Figure 4.3: Flow plot comprising different values for epsilon
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|u|dt n lv|dt n |w|dt
hg hy h,

with u = (u,v,w) the velocity, hy, hy and h, the distances between the cell centers in z-, y-
and z-direction respectively and dt the time step.

CFL =

If the movement of the fluid or structure becomes wilder (high values for |u|, |v| or |w|) or if
the computation is done on a very fine grid (small values for hy, hy or h;), the CFL-number
increases. If the CFL-number increases above a prescribed value CFL-max, the time step will
be halved. If the CFL-number decreases under a prescribed value CFL-min, the time step
will be doubled. At the end of every time step the model calculates this CFL-number and
determines whether the time step is correct, needs to be halved or can be doubled.

The integration of time in the standard simulation is accurate if different values for CFL-max
and CFL-min have a negligible influence on the results of the standard simulation. In figure
4.4 the flow plots of different values for CFL-max and CFL-min are depicted.

5 Flow plot
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Figure 4.4: Flow plot comprising different values for the CFL number

The various simulations concerning CFL-max and CFL-min have the following values for the
F0 and the SPL.

CFL-max = 0.75, CFL-min = 0.3
[ F0O =291 Hz [0.4 %] | SPL =59dB [0.5 %] |
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CFL-max = 0.5, CFL-min = 0.2 (standard simulation)
| FO =290 Hz | SPL =59 dB |

CFL-max = 0.3333, CFL-min = 0.1333
[ FO =290 Hz [0.1 %] | SPL=59dB [0.2 %] |

The obtained results indicate that different values of CFL-max and CFL-min have a negligible
influence on the results of the standard simulation. Therefore it can be concluded that the
time integration in the standard simulation is accurate.

4.4 Grid research

Because the numerically accuracy and computation time of a simulation depend largely on the
grid, a lot of attention has been paid to grid research. In general, a finer grid will result in more
numerically accurate results, while a coarser grid will result in a smaller computation time.
Consequently, a rather fine grid is preferred, so that the results are numerically accurate,
but with still as less computation time as possible. The results of a simulation are called
numerically accurate if grid refinement has no significant influence on the results.

First, attention will be paid to coarse grids. In figure 4.5 the standard simulation and simu-
lations with grids consisting of less than 96 by 1 by 30 cells are depicted. The corresponding
values for the F'0 and SPL can be found below.

grid = 96 x 1 x 30 cells (2D); 0.95 stretch in z-direction (standard simulation)
| FO =290 Hz | SPL =59 dB |

grid = 72 x 1 x 23 cells (2D); 0.9333 stretch in z-direction
| FO =268 Hz [7.6 %] [ SPL =62dB [5.0 %] |

grid = 64 x 1 x 20 cells (2D); 0.925 stretch in z-direction
[ FO =238 Hz [18.0 %] | SPL =63dB_[6.3 %] |

grid = 48 x 1 x 15 cells (2D); 0.9 stretch in z-direction
[ F0 =222 Hz [23.7 %] [ SPL =63 dB [6.8 %] |

The results differ significantly. The coarse grids result in dissimilar amounts of fluid per
second (figure 4.5), F0 values which differ more than 5 procent from the standard simulation
and SPL values which differ 3 dB or more. Therefore, it can be concluded that the results
of the grids consisting of 72 by 1 by 23 cells, 64 by 1 by 20 cells and 48 by 1 by 15 cells are
numerically inaccurate.

Second, attention will be paid to grid refinement. In figure 4.6 the standard simulation
and simulations with grids consisting of more than 96 by 1 by 30 cells are depicted. The
corresponding values for the F'0 and SPL can be found below.

grid = 144 x 1 x 45 cells (2D); 0.9667 stretch in z-direction
[ FO =293 Hz [1.0 %] [ SPL =61dB [3.5 %] |
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Figure 4.5: Flow plot comprising the standard grid and different coarse grids
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Figure 4.6: Flow plot comprising the standard grid and different fine grids
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grid = 128 x 1 x 40 cells (2D); 0.9625 stretch in z-direction
| FO =281 Hz [3.2 %] | SPL =60 dB_[1.9 %] |

grid = 120 x 1 x 38 cells (2D); 0.96 stretch in z-direction
| FO =283 Hz [2.5 %] | SPL =60 dB [2.3 %] |

grid = 96 x 1 x 30 cells (2D); 0.95 stretch in z-direction (standard simulation)
| FO =290 Hz | SPL =59 dB |

The flow plots, F0 values and SPL values indicate that grid refinement has an insignificant
influence on the results of the standard simulation. I.e. the flow plots correspond to each
other, the FO values differ less than 5 percent and the SPL values differ less than 3 dB.
Consequently, the results obtained by a grid consisting of 96 by 1 by 30 cells are numerically
accurate.

If more grid refinement is applied, different results are acquired. In figure 4.7 the flow plots
of these simulations are depicted. Below the figure the corresponding F0 values and SPL
values are mentioned.
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Figure 4.7: Flow plot comprising the standard grid and different finer grids

grid = 192 x 1 x 60 cells (2D); 0.975 stretch in z-direction
| FO =275 Hz [5.2 %] | SPL =60dB [1.7 %] |
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grid = 168 x 1 x 53 cells (2D); 0.9714 stretch in z-direction
| FO =264 Hz [9.0 %] | SPL =59dB [0.9 %] |

grid = 160 x 1 x 50 cells (2D); 0.97 stretch in z-direction
| FO =271 Hz [6.7 %] | SPL =60 dB [1.4 %] |

grid = 96 x 1 x 30 cells (2D); 0.95 stretch in z-direction (standard simulation)
| FO =290 Hz | SPL =59 dB |

The results, especially the F'0 values which differ more than 5 percent, show that strong grid
refinement has too much influence on the results of the standard simulation to be neglected.
Normally, more grid refinement would produce more numerically accurate results. However,
in our case the lip is a restrictive factor because, in spite of grid refinement, the lip will always
be represented by one cell. With strong grid refinement, this will influence the results more
than with normal grid refinement. Therefore, it is questionable whether the obtained results
are numerically accurate.

Since the results of coarse grids are numerically inaccurate and because it is questioned
whether the results of strong grid refinement are numerically accurate, normal grid refinement
shows that the grid consisting of 96 by 1 by 30 cells produces numerically accurate results
with as less computation time as possible.

Of the investigated quantities of this chapter and the next, grid research has the biggest
influence on the run time of the simulations. To give an impression of the influence of the
number of grid cells on the run time of the simulations: a standard simulation, with a grid of
96 x 1 x 30 cells, has a run time of 36 minutes on a Celeron@1GHz, while a grid consisting
of half the number of cells, i.e. 48 x 1 x 15 cells, has a run time of 4 minutes and a grid
consisting of double the number of cells, i.e. 192 x 1 x 60 cells, has a run time of 9 houres and
52 minutes.

4.5 Conclusions

To verify the numerical stability of the 3D computational model 1ip3D, the influences of
different numerical quantities are investigated. The investigation of the influence of ¢ shows
that the computation of the pressure in the standard simulation is accurate. The investigation
of different time steps by influencing the CFL-number indicates that the time integration in
the standard simulation is accurate. Finally, based on gaining approximately the same results
with different compilers and based on grid research it may be concluded that the results
obtained by the standard simulation are numerically accurate.

Because the model 1ip3D is only little affected by small changes to ¢, CFL-max, CFL-min
and the grid, the model is called numerically stable. Moreover, the 2D results obtained by
the computational model lip3D are similar to the results obtained by the 2D computational
model lip of Gérska, even though the models use different grids, different iterative solvers and
different lengths of the housing. Consequently, the model lip3D is considered to be reliable.
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Chapter 5

Parameter study

To examine the performance of the computational model lip3D, the influence of different
parameters will be investigated. First, parameters will be investigated that will alter the
properties of the silicone rubber lip. Examples are the damping coefficients c;qss and csppf
(section 5.1) and the elasticity modulus E (section 5.2). Second, a parameter will be inves-
tigated that will affect the flow, namely the prescribed entrance pressure P (section 5.3).
Finally, the influence of different numbers of dimensions will be investigated (section 5.4).

In section 5.4.1 it is investigated whether a 3D computational model is necessary or whether
a 2D computational model is sufficient.

For the parameter study the same standard simulation will be used as mentioned in chapter
4. Notice again that only one parameter can be examined at a time, i.e. the corresponding
value in the computational model may vary, while all other values have to maintain constant.

5.1 Damping coefficients

The damping matrix [C*¥*] of the elastic equation (3.5) is calculated by [14]
[Csys] = Cmass * [Msys] + Cstiff * [Ksys]
with ¢pess and cgipp the damping coefficients depending only on the material properties.

To determine the values for the damping coefficients cmqss and cg5¢ of the silicone rubber,
De Vries and Hamburg could find no useful information in the literature. As a result, they
adjusted the values to match the results of their in vitro experiments.

In the following sections the results of different values for ¢;;,45s and ¢ 75 Will be investigated.
Since it is questioned whether the dampings coefficients should be scaled with the elasticity
modulus (section 5.2), ¢ass and cg;pp will be scaled by the factor % = 1.4333, i.e.
the value used by Hamburg and De Vries divided by the current value.

5.1.1  Cimass

The damping coefficient c¢nqss is a parameter that damps the low frequencies of the silicone
rubber lip. If ¢pqss increases, there will be more damping of the lip. For more information
reference should be made to Clough and Penzien [7].
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The flow plots corresponding to different values of cyqss can be found in figure 5.1. The
values for the F'0 an SPL belonging to these different simulations are mentioned below.

o x 107 Flow plot
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Figure 5.1: Flow plot comprising different values for ¢;qss

Cmass = 114.533 1
[ FO =287 Hz [1.0 %] [ SPL =59dB [0.0 %] \

Crnass = 89.0 % (standard simulation)
| FO =290 Hz | SPL =59 dB |

Cmass = 64.425 1
[ FO =293 Hz [0.8 %] [ SPL =59dB [0.1 %] \

From the flow plot, the F'0 values and the SPL values it may be concluded that the influence
of cmass on the results of the standard simulation is negligible.

5.1.2 Cstiff

The damping coefficient cg; sy is a parameter that damps the high frequencies of the silicone
rubber lip. An increase of ¢4 ¢y will result in more damping of the lip. For more information
reference should be made to Clough and Penzien [7].
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In figure 5.2 the flow plots of different values for cg;f; are depicted. The values for the F0
and the SPL of the various simulations can be found below.
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Figure 5.2: Flow plot comprising different values for cg; s

cstiff = 10.667 - 107 s
[ FO =274 Hz [5.5 %] [ SPL =61dB [3.0 %] \

cstiff = 8.0 - 10~* s (standard simulation)
| FO =290 Hz | SPL =59 dB |

Cstiff = 6.0 - 1074 s
[ FO =296 Hz [1.9 %] | SPL =61dB [3.0 %] \

The results for different values for the damping coefficient cg;7r show that ce;rp has little
influence on the results of the standard simulation. I.e. the flow plots differ only a little, the
F0 values differ about 5 percent and the SPL values differ less than 3 dB.

Finally, since the damping coefficients ;455 and cs; 75 are scaled by the same factor for this
research, it can be concluded that cs;r; has more influence on the results of the standard
simulation than ¢y,,ss. Consequently, more attention has to be paid to the damping coefficient
Cstiff than to crpass-
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5.2 Elasticity modulus

The silicone rubber lip of the vpe has an elasticity modulus between 1.3-10% and 4.0-10% Pa
according to the manufacturer. However, in the computational model 1ip3D a lip with an
elasticity modulus of 6.0 - 10° Pa is used.

A flexible lip (small elasticity modulus) is able to move over a greater distance in the same
amount of time than a stiff lip (high elasticity modulus). However, our model is very sensitive
to large movements of the lip, i.e. movements that skip one or more cells. Therefore, lip3D
uses large elasticity moduli to make sure that the movements of the lip are small and the
model is stable.

To investigate the influence of the elasticity of the silicone rubber lip, the effects of different
values for the elasticity modulus are examined. In figure 5.3 the flow plots of different elasticity
moduli are plotted. The F0 values and SPL values belonging to the different elasticity moduli
are mentioned below the figure.
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Figure 5.3: Flow plot comprising different values for the elasticity modulus

E=72-10% Pa
[ FO =311 Hz [7.0 %] [ SPL =58 dB [2.3 %] \

E =6.0-10% Pa (standard simulation)
| FO =290 Hz | SPL =59 dB \
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E =5.0-10% Pa
| FO =281 Hz [3.2 %] | SPL =61dB [3.3 %] |

Figure 5.3 shows various flow plots. A stiff lip (high elasticity modulus) results in smaller
oscillations of the lip, i.e. a smaller maximum flow and a large minimum flow. A flexible lip
(small elasticity modulus) results in larger oscillations of the lip, thus a larger maximum flow
and a smaller minimum flow. Because of these larger movements of the lip, a refinement of the
grid is necessary to assure a stable model. This can be seen in figure 5.3 by an oscillating flow
which shows values below zero, which is remarkebly. Simulations which are performed with
a lip with an elasticity modulus of 4.0 - 106 Pa or smaller will crash, because the movements
of the lip will become too wild.

The elasticity modulus has a considerable influence on the F0 (percentages of about five
percent). From the results it follows that the F'0 decreases with the diminution of the elasticity
modulus.

The influence of the elasticity modulus on the SPL is not really worth mentioning, since the
SPL varies only less than 3 dB.

5.3 Pressure

In our computational model lip3D a silicone rubber lip moving in a rectangular housing is
simulated (figure 1.4). To obtain oscillations of the lip a constant pressure, for example 500
Pa, is imposed at the beginning of the housing and a constant pressure of 0 Pa at the end
of the housing. An increase of the prescribed pressure will result in bigger movements of the
lip, i.e. the lip will reach a lower position in the housing so that the mean flow will increase.

To examine the exact influence of the pressure on the oscillations of the lip, simulations
with different values for the prescribed pressure have been performed. In figure 5.4 the flow
plots belonging to these simulations are shown. The corresponding F'0 and SPL values are
presented below.

P =1125 Pa
| FO =251 Hz [13.7 %] | SPL =69dB [17.0 %] |
P =750 Pa

| FO =233 Hz [19.7 %] | SPL =66 dB  [12.8 %] |
P =500 Pa (standard simulation)

| FO =290 Hz | SPL =59 dB |
P = 333.33 Pa

| FO = 285 Hz [1.9 %] | SPL =49 dB [16.5 %] |

In figure 5.4 various flow plots can be seen. A high pressure results in a larger movement of
the lip, i.e. a higher maximum flow, thus a higher mean flow, because the lip reaches a lower
position in the housing. Similarly, a low pressure results in a smaller movement of the lip,
i.e. a lower maximum flow, thus a lower mean flow. Because the model 1lip3D is very sensitive
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Figure 5.4: Flow plot comprising different values for the pressure
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to large movements of the lip, grid refinement is necessary to assure a stable model if high
pressure values are used. This can be seen in figure 5.4 by an oscillating flow which shows
values below zero, which is remarkebly.

The pressure has a significant influence on the F0, since pressure values of 750 Pa and 1125
Pa result in an increase of the F'0 of more than 10 percent. The relation between the pressure
and the F0 is not very explicit. According to the values found in the simulation and since
De Vries found an U-shaped relation between the pressure and the FO (section 6.2), i.e. an
unexpected decrease of the F'0 by an increasing pressure, but when the pressure is increased
further the F0 rises again, it is presumed that there is an U-shaped relation between the
pressure and the F0.

The influence of the prescribed pressure on the SPL is big, since the SPL varies 7 dB and
more. An increase of the pressure results in an increase of the SPL.

5.4 Number of dimensions

To achieve more realistic results and to investigate the influence of airflow along the sides of
the silicone rubber lip a 3D numerical model is required. In the 2D standard simulation air
was not able to flow along the sides of the lip. In a similar 3D simulation slits originate along
the sides of the lip. As a result, the calculated minimal flow will become higher, because air
is always able to flow along the sides of the lip.

In figure 5.5 the flow plots of the standard 2D simulation together with the similar 3D simu-
lation are depicted. The values for the F'0 and SPL belonging to the 2D and 3D simulation
are mentioned below the figure.

grid = 96 x 1 x 30 cells (2D); 0.95 stretch in z-direction (standard simulation)

| FO =290 Hz | SPL =59 dB |

grid = 96 x 26 x 30 cells (3D); 0.79846 stretch in y-direction, 0.95 stretch in z-direction
| FO =289 Hz [0.6 %] | SPL=59dB [0.9 %] |

The values for the F'0 and SPL of the 2D and 3D simulation are approximately the same. As
a result, the 2D and 3D simulations produce similar results, except for the flow, which differs
significantly. Because of the slits along the side of the lip, air is always allowed to pass the
lip. Therefore, the minimal flow becomes higher.

If the 3D simulation is run by the compiler {77 without optimization (section 4.1), incorrect
results are produced, which can be seen in figure 5.6. This supports the usage of the compiler
f77 with the compilation option -O.

5.4.1 Necessity of a 3D computational model

A 3D computational model has been developed, but we are still dealing with the question
whether a third dimension is necessary, or that a 2D computational model would be sufficient.

In the previous section (section 5.4) it can be seen that adding a third dimension, so that air
can flow along the sides of the lip, only influences the flow. But this possibility of flow along
the sides of the lip has a negligible influence on the FQ or SPL.
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Figure 5.5: Flow plot comprising different dimensions
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Figure 5.6: Flow plot comprising 3D simulations with different compiler options
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To investigate the influence of the flow along the sides of the lip better, a closer look shall be
taken to the lateral flow in front of the lip and behind the lip. Besides of the place of the lip,
where the air can flow along the sides of the lip, there is no air flow in the lateral direction
in front of the lip, as can be seen in figure 5.7. Behind the lip there is air flow in the lateral
direction, but the velocities of this lateral flow are very small and since they apparently have
a negligible influence on the F0 or SPL (section 5.4) they are insignificant.

So it can be concluded that in our situation, i.e. with simple movements of the lip in which
the lowest position of the lip in the housing is halfway, there is no need for a third dimension.
Therefore, a 2D computational model is sufficient. However, with bigger or wilder movements
of the lip it first has to be checked whether the flow along the sides of the lip has a negligible
influences the F'0 or SPL, so that a 2D computational model can be used.

time is 4.9998e-03

z-axis

y-axis

Figure 5.7: The air flow in the 3D computational model

5.5 Conclusions

To examine the performance of the computational model lip3D, the influence of different
parameters have been investigated. The investigation of the influence of the damping coeffi-
cients cpass and cgpp showed that the influence of ¢445 is negligible and that the influence
of ¢ 5 is bigger, but still hardly worth mentioning. The elasticity modulus and the pressure
both have a big influence on the behavior of the silicone rubber lip, especially on the flow
and the F'0. However, the pressure is the only parameter which has an enormous influence
on the SPL. The investigation of the number of dimensions shows that the behavior of a 2D
and 3D simulation are approximately the same, except that in a 3D model air is allowed to
pass along the sides of the lip.

Except for the required grid refinement in simulations with a very flexible lip or with high
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prescribed pressures, it can be concluded from the obtained results that the behavior of the
model lip3D is reliable and seems to be realistic.

From the investigation in section 5.4.1 it is concluded that with simple movements of the lip,
movements in which the lowest position of the lip is halfway the housing, a 2D computational
model is sufficient. However, with bigger or wilder movements of the lip it first has to be
verified whether air flow along the sides of the lip influences the F0 or SPL, so that a 3D
computational model is necessary.
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Chapter 6

Validation

6.1 In vitro experiments

To validate the results of the computational model lip3D in vitro experiments have been
performed. In these experiments the pressure p, the fundamental frequency F0 and the
sound pressure level SPL of a voice-producing element (figure 6.1) were measured at different
airflows, ranging from 8- 10> till 30105 mTS Thus instead of imposing a constant pressure
at the beginning of the housing as in the computational model, a constant airflow was used.

Because of the movement of the silicone rubber lip, the pressure and flow in front of the lip
oscillate. To realize a constant airflow at the beginning of the housing, the vpe was connected
on top of a pressure vessel (figure 6.2). The function of the vessel was to neutralize the
oscillations of the flow, originated by the oscillations of the lip. More information about the
in vitro experiments can be found in the guide of the model lip3D [17].

Figure 6.1: The vpe used in the in vitro experiments

There are a lot of differences between the setup of the in vitro experiments and the modelling
of the vpe in the computational model lip3D. For example the width, height and elasticity
modulus of the silicone rubber lip differ and in the computational model a constant pressure
was imposed at the beginning of the housing of the vpe, instead of a realistic oscillating
pressure. These differences will be discussed extensively in section 7.1. Because of these
differences the results of the model lip3D and the in vitro experiments cannot be compared
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Figure 6.2: The setup of the in vitro experiments

Pmean (Pa) Qme(m (de) Fo (Hz) SPL (dB)
400 8-107° 217 62
440 10-107° 213 63
570 15-1075 233 69
790 20-107° 243 73
1160 25.107° 292 76
1380 30-107° 314 80

Table 6.1: In vitro results of 30/08/04
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in detail. Therefore only attention will be paid to the results in general. The results of the
in vitro experiments can be found in table 6.1.

The results of the in vitro experiments show the same general behavior of the silicone rubber
lip as the results of the computational model lip3D (section 5.3). In both situations an increase
of the pressure results in an increasing mean flow (and vice versa), and an increasing SPL.
Moreover, both results show a presumed U-shaped relation between the pressure and the F0,
i.e. an unexpected decrease of the F0 by an increasing pressure, but when the pressure is
increased further the F0 rises again.

6.2 FEarlier results

The results acquired by De Vries et al [8] showed the same general behavior of the voice-
producing element. Numerical simulations of a vpe showed an increase of the mean flow as
a result of an increasing pressure (and vice versa) and an U-shaped relation between the
pressure and the F0. Also in their in vitro measurements an increase of the pressure resulted
in an increasing mean flow (and vice versa) and an increasing SPL. Again an U-shaped
relation between the pressure and F'0 was found.
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Chapter 7

Conclusions

After the development of the computational model lip3D, the results of the model have been
verified and validated. Moreover, investigation has been done to the influence of different
parameters. The verification, parameter study, including the necessity of a 3D computational
model, and validation of the model lip3D are described in the previous three chapters.

In chapter 4 it is concluded after grid research and investigating the influence of ¢, CFL-max,
CFL-min and different compilers and additional options, that the computational model lip3D
is numerically stable and that the results are numerically accurate.

In chapter 5 the influence of the damping coefficients cpqss, Cstiff, the elasticity modulus,
the pressure and the number of dimensions were examined. From this parameter study and
because the results obtained by the 2D computational model lip of Gérska are similar to
the 2D results obtaind by the 3D computational model lip3D (chapter 4), it follows that the
results of the model 1ip3D are reliable and moreover, seem realistic.

Furthermore, in chapter 5 it is concluded that with simple movements of the lip, movements
in which the lowest position of the lip is halfway the housing, a 2D computational model is suf-
ficient. However, with bigger or wilder movements of the lip it first has to be verified whether
air flow along the sides of the lip influences the F0 or SPL, so that a 3D computational model
is necessary.

Finally, in chapter 6 in vitro experiments and earlier results confirm the reliability and the
realism of the results, since both the in vitro experiments and the earlier results show the
same general behavior of the voice-producing element.

It may be noticed that in this thesis no attention has been paid to the realization of the
requirements concerning the sound of a vpe mentioned in section 1.2. This is, because in this
stage of development of the computational model lip3D the main interest is the stability and
realibility of the obtained results.

As a conclusion, our computational model lip3D is operational and the results are reliable
and seem to be realistic. Still the model needs several improvements. In the next section
these improvements will be discussed extensively.
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7.1 Future work

The possible improvements of the model are numerous and of quite diverse nature. To keep
a better overview they will be divided into two classes, namely numerical adjustments and
physical adjustments. In the next sections we will discuss the deficiencies of our model and
the adjustments that can be made to improve our model.

7.1.1 Numerical adjustments
Adaptive timesteps

As mentioned before (section 4.3), the computational model lip3D uses adaptive timesteps.
If the fluid or structure is moving too wildly, i.e. the CFL number is too high, the current
time step will be halved and the computation continues.

The model can be improved if, besides of the reduction of the current time step, the computa-
tions during this last time step would be recalculated by using this smaller time step instead
of continuing the computation. As a result, the displacement of the lip would be restricted
to at most one grid cell, and the computation error would become smaller.

Grid research

In this stage of development we are mainly interested in the stability and reliability of the
obtained results (chapter 4) and the influence of several parameters (chapter 5). Therefore,
the biggest priority is working with a stable grid. As a consequence, only little attention will
be paid to smaller issues like the correct width of the lip, the precise position of the lip and
the correct height of the fluid. The model lip3D can be improved after more grid research
and removal of the flaws mentioned in the next paragraphs.

The actual width of the silicone rubber lip is 4.75 mm, whereas the lip in our computational
model has a width of 4.77 mm, because of inattention during the search for a stable grid.

In standard position the silicone rubber lip of the vpe is pressed to the top of the housing.
In our model there is a slit of one cell or more between the lip and the housing in the initial
situation. After a few time steps the lip is pressed to the top of the housing.

In the model lip3D the height of the lip is represented by one cell. Therefore, the height of
the housing has no meaning and we will instead look at the amount of fluid over which the lip
is able to move. It may be noticed that this amount of fluid changes during the computation
since the lip oscillates and a nonuniform grid is used, namely a grid with stretch in the z-
direction. In the initial situation the amount of fluid in our model is 2.803 mm instead of the
actual amount of 2.744 mm (not including the cases of grid refinement).

As mentioned above, our model uses a grid with stretch in the z-direction, i.e. a fine grid at
the top of the housing and consequently a coarse grid at the bottom of the housing. If during
its oscillations the lip starts colliding with the lower wall, it might be important that there is
a fine grid at both the top and bottom of the housing. Because of the computation time the
grid only has a fine grid at the top of the housing. To improve the model more research has
to be done to collisions with the lower wall.
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Post-processing

The post-processing part of lip3D is primarily used to visualize the obtained results. At the
moment the post-processing part in lip3D is placed between the fluid and structure part. The
model can be improved by moving the post-processing part to the end of the cycle, namely
below the fluid part. This way the post-processing data will contain fluid and structure
information of the same time step, instead of structure information of the previous time step.

Spectra

If the elasticity modulus of the silicone rubber lip or the prescribed pressure at the beginning
of the housing of the vpe increases, the movements of the lip become larger. Because the
model is very sensitive to large movements of the lip, refinement of the grid is necessary to
assure a stable model. This can be seen in figure 5.3 and 5.4 by an oscillating flow which
shows values below zero (which is physically rather unlikely).

In this thesis no attention has been paid to spectrum plots. The reason is that first more
research has to be done to the cause of the origin of harmonics in the spectrum plots. For
example, if the prescribed pressure is increased more harmonics originate in the spectrum
plot. This is realistic, but these harmonics may also arise because of the flow values below
zero, which are a result of insufficient grid refinement.

Since examining the spectrum plots is desirable, so that the results of the computational
model can be investigated better and more detailed, first more research has to be done to the
cause of the origin of harmonics in the spectrum plots.

7.1.2 Physical adjustments
Elasticity modulus

In section 5.2 is explained that the computation model lip3D uses a silicone rubber lip with an
elasticity modulus of 6.0- 108 Pa, instead of a realistic value between 1.3-10% and 4.0-10° Pa,
to assure the stability of the model. The model can be improved by taking care that the
model can handle lips with lower elasticity moduli, such as 4.0 - 10° Pa, as well.

Moreover, our computational model with a silicone rubber lip of E = 6.0 - 10 Pa uses an
inputfile bendflap.txt corresponding to E = 3.5+ 10% Pa. As a result, the initial load on the
lip will be too low. This is physically not correct, but it results in a stable model, which is our
main purpose, so that the stability and reliability of the obtained results and the influence
of several parameters can be investigated. It would be an improvement if the model and the
inputfiles would use the same elasticity modulus.

Damping coeflicients

As mentioned in section 5.1, De Vries and Hamburg adjusted the values for the damping coef-
ficients cpass and g5 ¢ of the silicone rubber to match the results of the in vitro experiments,
because they could find no information in the literature.

As aresult, the obtained results are not very reliable. It would be an improvement of the model
if the values of the damping coefficients would be determined by a damping experiment, so
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that the results of our computational model can be better tested by the in vitro experiments.
In our case the damping experiment is the investigation of the degree of damping of a vibrating
lip of silicone rubber that is held on both ends. Comparable experiments are done for the
determination of the damping coefficients of wings by the National Aerospace Laboratory
NLR.

Pressure

In the computational model lip3D oscillations of the lip are obtained by imposing a constant
pressure, for example 500 Pa, at the beginning of the housing and a constant pressure of 0 Pa
at the end of the housing. However, in vitro experiments showed that at the beginning of the
housing the pressure was not constant as claimed, but fluctuated because of the movement of
the lip.

Therefore, the determination of a place with a constant pressure was preferred. In vitro
experiments showed that 3.25 mm in front of the housing, the pressure fluctuated only 5%
(thus a pressure of 500 Pa was allowed to vary from 475 till 525 Pa) [17].

To obtain a physically correct computational model the same oscillating pressure, as found
in the in vitro experiments, has to be imposed at the beginning of the housing or this extra
3.25 mm has to be implemented in the geometry.

The development of a second computational model lip3D_chamber, in which this extra 3.25
mm is implemented, has started, but more grid research is necessary to obtain a stable model.
Moreover, it has to be investigated whether the model uses the values of the top and bottom
of the housing given by the user or the corresponding values of the grid, since in this new
model these values differ [17].

Modelling of the lip

As mentioned before, the height of the silicone rubber lip in our model is represented by one
cell instead of the actual height of 0.266 mm. Since a nonuniform grid is used, the height of
the lip varies during the simulation of our model, because of the oscillations of the lip.

The model lip3D can be improved if the lip is represented by more cells and has a practically
constant height corresponding to the actual height of the lip. Consequently, the results would
become more realistic and a better grid research (section 4.4) and research to the influence
of the height of the lip could be done.

7.1.3 Lower priority adjustments

More adjustments can be made to improve the performance of the model. The deficiencies
and adjustments of the model mentioned below have a lower priority than the one mentioned
in the previous sections.
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Number of lip elements

At the moment the model lip3D uses a lip consisting of twelve beam elements (figure 3.3).
The thirteen nodes are uniformly divided over the lip, independent of the curvature of the
lip. The model can be improved if locally more nodes are used at the positions of the lip with
the largest curvature. E.g. more elements are locally needed to simulate the curvature of the
lip around node 2 (figure 3.4).

3D elastic equation

In our model the silicone rubber lip is described by the 2D elastic equation (3.5). To obtain a
3D lip a third dimension, namely a constant width, is added. This means that still no torsion
of the lip is possible. Therefore, the model can be improved by developing a new 3D elastic
equation for the silicone rubber lip, so that torsion of the lip is possible.

Predictor-corrector algorithm

The 3D computational model of the vpe is solved numerically with a loose coupling algorithm
(section A.2.4). It would be an improvement of the model lip3D if, instead of the loose
coupling algorithm, the predictor-corrector algorithm (section A.2.4) would be used.

A disadvantage of using the predictor-corrector algorithm is that it will cost a lot of develop-
ment time. By using the predictor-corrector algorithm internal iterations are used, meaning
that it waits for the fluid-structure interaction to converge. Therefore, the advantage of us-
ing the predictor-corrector algorithm is that the results will become more accurate. As a
consequence bigger time steps are possible and less computing time is needed.

Extension to various geometries

As mentioned in section 7.1.2 the development of a second 3D computational model has
started to simulate a different geometry. It would be an improvement if only one 3D com-
putational model was developed that can handle different geometries. This way the model
would become more user-friendly.
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Appendix A

Coupled problems

The mathematical definition of a coupled problem according to Zienkiewicz [6] reads:

“A coupled problem is a problem with bidirectional interactions of (usually dif-
ferent) physical effects without any possiblilty of an independent solution of a
subproblem on its respective domain.”

In other words, a coupled problem is a problem consisting of different subproblems, defined
on different (possibly coinciding) domains, but which cannot be solved independently.

Coupled problems are applied in many fields of science, but in this paper we concentrate on
fluid-structure interaction (FSI) problems.

A.1 Classification of coupled problems

There are many coupled problems. To keep an overview, these problems can be divided in
different classes. There are several ways to classify the coupled problems. Classification may
be based on the following.

A.1.1 Strong and weak

To be precise, these terms indicate the strength of the interaction between the subproblems,
concerning the coupled problem. This classification is used often, but it is not a good one,
because of multiple reasons. For example there exists no clear boundary between the classes
strong and weak. Besides the degree of interaction is not known at the beginning [9].

A.1.2 Extent

According to this principle, the coupled problems can be divided in two classes, those with
totally or partially overlapping domains and those with non-overlapping domains [6, 9].

The problems with totally or partially overlapping domains are coupled via differential equa-
tions that, usually, refer to different underlying physical phenomena. Thermal-magnetic prob-
lems are an example of this class.

With non-overlapping domains coupling occurs at the domain interfaces, i.e. via boundary
conditions. This class can be divided further in two subclasses, problems with identical
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physics and variables, such as the interaction between a structure and another structure,
and problems with different underlying physics or different variables. Our problem, a FSI
problem, is an example of this latter class.

A.1.3 Discretization method

Partial differential equations are very important in applied mathematics and engineering, since
many real physical situations can be modelled by them. To solve these equations numerically,
discretization methods are used, such as the finite volume method, the finite element method,
the finite difference method or the boundary element method (also called boundary integral
method) [2, 25].

With this principle coupled problems can be divided in two groups. The first group is called
homogeneous, which means that all subproblems of the coupled problem use the same dis-
cretization method. The other group is called hybrid, i.e. the subproblems use different
discretization methods [9].

Our mathematical problem belongs to the hybrid group, that means we will use a different
discretization method for the silicone lip than the one used for the airflow. This is correct
since we will solve the lip by a finite element method and the airflow by a finite volume
method.

A.1.4 Global non-linear numerical solution algorithm

The fourth and most interesting division of the coupled problems is based on the way the
problems are solved. We distinguish two solution algorithms, namely a monolithic coupling
scheme and a partitioned coupling scheme [6, 9, 22]. These solution algorithms and other
methods to solve coupled problems will be explained in the next section.

A.2 Solving coupled problems

Because there are so many different coupled problems, there is no general approach to solve
coupled problems. There are many methods to solve a coupled problem. These methods
can be separated in different divisions and subdivisions, which all have their advantages and
disadvantages. In this section these methods will be discussed. It has to be mentioned that
this overview might not be complete, but it covers the main part.

A.2.1 Monolithic and partitioned coupling scheme

The first division of methods to solve coupled problems is based on the manner the subprob-
lems are coupled. As was mentioned in the previous section, there are two classes of coupling
schemes, the monolithic coupling scheme and the partitioned coupling scheme [6, 22].

Monolithic coupling scheme

Monolithic coupling schemes are also known as simultaneous coupling schemes or fully coupled
algorithms. With this coupling scheme the subproblems are coupled first, after which the
coupled problem is solved in one step.
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Figure A.1: Scheme of solving a coupled problem

The advantage of this method is that it is more robust than methods based on iterations, like
the partitioned coupling scheme. For instance it does not suffer the consequences of iterations,
such as the possibility of divergence. But this method also has many disadvantages [6, 26].
For example it requires a lot of memory and computational time. Moreover, a total new
single program has to be developed instead of making use of existing code. Furthermore, the
algebraic equations of the coupled problem can be too stiff, because the equations of the fluid
mechanics and structural mechanics often differ significantly from each other.

An example of a monolithic coupling scheme is found in the paper written by Iemma and
Pontrelli [19], in which they examine a blood-vessel system.

Partitioned coupling scheme

With a partitioned coupling scheme, also named a staggered scheme or internal cascade
algorithm, the subproblems are solved separately and an outer iteration is used for coupling
the subproblems.

The first advantage of this method is the possibility to make use of existing code to solve the
individual subproblems, with only minor adjustments necessary. Additionally this coupling
scheme is very flexible concerning the problems to be solved and code to be used. E.g. the link
of two different numerical discretization methods, such as the link of a finite element model
of the structure to a finite volume model of the surrounding fluid. So it allows independent
use of suitable discretization methods for the individual subproblems. And apart from that
it requires relatively small amounts of memory [6, 10, 26].

One should be aware that attention must be paid to the numerical stability and accuracy of
the model, since these may be affected by a partitioned treatment [10].
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A.2.2 Parameter and geometry coupling

Partitioned coupling schemes are subdivided in two coupling methods, parameter coupling
and geometry coupling [6].

Parameter coupling

With parameter coupling the coupling equations, which link the subproblems, combine the
subproblem variables and the coupling parameters. An application of this coupling method
is seen in thermo-mechanical problems.

Geometry coupling

In contrast, with geometry coupling the coupling equations combine the subproblems vari-
ables and changes in the underlying geometry. This principle is found in e.g. fluid-structure
interaction.

A.2.3 Block Jacobi and block Gauss-Seidel scheme

Geometry coupling can be divided further by investigating different iterative solvers. Two
methods will be mentioned here, the block Jacobi scheme and the block Gauss-Seidel scheme

[6].

Block Jacobi scheme

A block Jacobi scheme regards a concurrent solution of the subproblems. The subproblems
are first solved parallel, after which data can be exchanged (figure A.2).

This method requires a considerable amount of storage and does not make use of the newest
information available. Besides these disadvantages the convergence is not guaranteed or is
often too slow [20, 21].

Block Gauss-Seidel scheme

Unlike a block Jacobi scheme, a block Gauss-Seidel scheme concerns an alternate solution
of the subproblems, i.e. the subproblems are solved alternately and in between the data is
exchanged (figure A.3).

The drawbacks of this method are also seen with the block Jacobi scheme. There is no
guarantee that the method will converge and if it converges it is often too slow [21].

However the block Gauss-Seidel scheme does use the updated values as soon as they are
available. As a result of this the block Gauss-Seidel scheme uses half the storage the block
Jacobi method uses, because there is no need to maintain the old values. Finally this method
converges faster [20].

A.2.4 Loose coupling and predictor-corrector algorithm

As a last division the block Gauss-Seidel scheme can be divided into two groups, by the
difference in time stepping scheme [22].
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Loose coupling algorithm

The first time stepping scheme is the loose coupling of the subproblems, such as the structural
part and the fluid part. With this method only once per time step an interaction of the
subproblems occurs.

initialisation

solve
subproblem A

coupling equation 1

solve t=t+dt
subproblem B

coupling equation 2

solution of the
coupled problem

Figure A.4: A schematic representation of the loose coupling algorithm

Although this approach is rather easy to program and practical to start solving the coupled
problem with, it has several disadvantages [22]. To start with a loose coupling method does not
make use of internal iterations, meaning that it does not wait for the fluid-structure interaction
to converge. Therefore errors arise and loss of order of accuracy occurs. Consequently no big
time steps are possible, so there is a limitation of the feasible time step.

The loose coupling algorithm is used very often. Examples are the simulation of an artifical
aortic valve [24], the simulation of a micropump [6] and the interaction of a thin-walled
structure with a fluid [39]. Moreover, we will use a loose coupling algorithm to solve our FSI
problem.

Predictor-corrector algorithm

The second time stepping scheme is a predictor-corrector algorithm. After an initial predictor
step, corrector steps are taken until convergence of the FSI is reached, after which time
incrementation occurs and the process will be repeated. L.e. per time step the algorithm will
be repeated until convergence occurs.

Due to the internal iterations smaller errors are produced and the loss of order of accuracy
is reduced. This means that with the same time step better results are obtained, than when
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the predictor-corrector algorithm is used. Moreover, because of this reduction of the loss of
accuracy, bigger time steps are applicable. Another consequence of the internal iteration is
that a noticeable reduction of the overall computing time can be achieved [22].

The application of a predictor-corrector algorithm is found in the paper written by Riemslagh
et al. [28], concerning the interaction between a fluid and a flexible wall. In the paper written
by Meynen et al. [22], they compare the results of a simple FSI problem obtained by using a
loose coupling algorithm, with the results obtained by using a predictor-corrector algorithm.
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