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A B S T R A C T

OSAS (Obstructive Sleep Apnoe Syndrome) is a sleep related
breathing disorder caused by repetitive collapses of the pharyn-
geal walls [Figure 1] during sleep. The objective of this project
is to supply experimental data to validate CFD simulations of
fluid-structure Interaction (FSI), used in the prognosis of surg-
eries for OSAS.

A testrig to investigate the FSI of flow over a rigid plate with
an attached elastic plate was designed, built and tested. Veloc-
ity profiles (derived from pitot tube pressure measurements)
normal to the elastic plate and behind the elastic plate were
measured as air flows by, and the motion of the elastic plate was
recorded with a highspeed camera. Furthermore the recordings
were analyzed and the movement of the flexible plate was de-
termined. The experiments were realized with pitot-tube mea-
surements and high-speed camera recordings.
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Part I

I N T R O D U C T I O N

The first part of the project will give an little intro-
duction to OSAS, the main research project and the
range of this project.





1
O S A S

1.1 the disease

1.1.1 Background and status of knowledge

"OSAS is a sleep related breathing disorder caused by Nasal cavity
repetitive collapses of the pharyngeal walls [Figure 1] during sleep,
resulting in reduced breathing, oxygen desaturation and sleep distur-
bances. It is well documented that OSAS [Figure 1] has a huge im-
pact on global health [5, 9, 11, 3]. OSAS is one of the most important
contributive factors that lead to cardiovascular diseases including hy-
pertension, stroke and ischemic heart disease." - [15]

Figure 1: OSAS, [8]

"Nasal surgery, by e.g. modifying the concha or the soft palate, is
relatively easy to perform and has been reported to have an effect on
OSAS. However, no accepted guidelines exist on what type of nasal
surgery to perform or in which subgroup of patients a positive out-
come can be expected. There is a clear demand for reliable ways of
predicting the success of treatment options.
To obtain realistic FSI models, measuring the mechanical properties
of the soft tissue found in the pharynx is crucial. In vivo measure-
ments are not feasible, so models can either be based on in vitro mea-
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4 osas

surements or on tuning of mechanical properties to match modeling
results with experimental measurements. Since clinical flow measure-
ments in the upper airways are difficult to perform on patients, flow
experiments have frequently been performed on mechanical models of
the human airways [13]."- [15]

1.1.2 Treatments

Continuous positive airway pressure (CPAP)

A common treatment for people with OSAS is the use of a
continuous positive airway pressure (CPAP) device, this is a
small pump continuously supplying compressed air. Normally
the patients are wearing a mask that covers their nose and or
mouth[Figure 2].

Figure 2: CPAP, [10]

Mandibular advancement device (MAD)

Generally used to treat mild OSAS, mandibular advancement
device (MAD) [Figure 3] is a dental appliance.

Surgery

As explained in the section above surgery is not always effective
and their is a risk of complications. However it gets used when
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Figure 3: MAD, [4]

no other possibilities are available. Different kinds of surgeries
are used.

Soft palate implants

To make the soft palate stiffer, soft pallate implants are inserted
into the soft palate.[14]

Figure 4: Soft Palate Implants, [12]



6 osas

1.2 fsi

"Fluid-structure interaction (FSI) is the interaction of some movable
or deformable structure with an internal or surrounding fluid flow.[1]
Fluid-structure interactions can be stable or oscillatory. In oscillatory
interactions, the strain induced in the solid structure causes it to move
such that the source of strain is reduced, and the structure returns to
its former state only for the process to repeat.
Fluid-structure interaction problems and multiphysics problems in
general are often too complex to solve analytically and so they have
to be analyzed by means of experiments or numerical simulation. Re-
search in the fields of computational fluid dynamics and computa-
tional structural dynamics is still ongoing but the maturity of these
fields enables numerical simulation of fluid-structure interaction. Two
main approaches exist for the simulation of fluid-structure interaction
problems:" - [1]

• Monolithic approach: the equations governing the flow
and the displacement of the structure are solved simulta-
neously, with a single solver

• Partitioned approach: the equations governing the flow
and the displacement of the structure are solved sepa-
rately, with two distinct solvers



2
T H E R E S E A R C H P R O J E C T

2.1 the main research

"OSAS is caused by the failure of the muscular tissue to keep the air-
way open. The detailed mechanisms behind this are still unexplained,
but it is clear that OSAS is caused by a complex two-way interaction
between the flowing air and the soft tissue found in the upper air-
ways. To fully appreciate the complexity of the problem it is required
to employ numerical models where the air-flow is coupled to the de-
formations of the soft tissue. This can be done by employing Fluid
Structure Interaction (FSI) modeling.
To obtain realistic FSI models, measuring the mechanical properties
of the soft tissue found in the pharynx is crucial. In vivo measure-
ments are not feasible, so models can either be based on in vitro mea-
surements or on tuning of mechanical properties to match modeling
results with experimental measurements. Since clinical flow measure-
ments in the upper airways are difficult to perform on patients, flow
experiments have frequently been performed on mechanical models of
the human airways [13].
Thus, considerable challenges are associated with setting up patient
specific CFD models and calibrating the FSI models. In addition, the
computational costs in terms of processor-time are significant in mod-
eling the two-way coupling between transient fluid and structural
stresses in the upper airways. The current project is limited to demon-
strating that this can be done by a team of experts in the relevant
fields. For the extended research activity, however, in the continuation
of the current project, the vision is that the current challenges can
be overcome by new modeling procedures and technological advance-
ment and that the surgeon can run patient specific simulations prior
to performing surgery." - [15]

Please for more information visit the project web page [2]
and the SINTEF article [16].

2.1.1 Approaches, hypotheses and choice of method, Main Proyect

"The proposed project lays out a challenging multidisciplinary re-
search task that aims at bridging the gap between physiology, medical

7



8 the research project

research and technological state-of-art. To meet the multidisciplinary
demands, the research team consists of specialist from St. Olavs hospi-
tal; the Faculty of Medicine (DMF), NTNU; the Faculty of Engineer-
ing Science and Technology (IVT), NTNU; and SINTEF Materials
and Chemistry. The proposed project consists of four work packages:

• WP1 Clinical Research

• WP2 Soft Tissue Modeling

• WP3 Mathematical Modeling of Fluid-Structure Interac-
tion

• WP4 CFD Modeling for Prediction of Success of OSAS
Surgery

The combined effort of the work packages will result in math-
ematical models that can be use to predict the airflow changes
in OSAS patients due to surgery to relieve nasal stenosis. The
modeling results will be jointly analyzed. The medical experts
will judge the model predictions by comparison with clinical
facts. Thus, the potential of the developed models and the re-
quirements of improved tools can be assessed." - [15]

2.2 our part of the research (wp4)

"The objective of the master project is to provide experimental
support to validate a CFD benchmark model for the develop-
ment of advanced fluid-structure interaction (FSI) models in the
main project. The experimental work will consist of planning
and building a simplified model of the human upper airways
(nose, mouth, hard and soft palate, pharynx), and performing
air-flow experiments in the established geometry. Experimen-
tal recordings will include, pressure and velocity field measure-
ments as well as high-speed video recordings of the movement
of the soft palate as air flows by. The experimental results will
be documented to be used for the validation of CFD models
of FSI. The simplified model will act as a calibration standard
for models developed in both WP3 and WP4 The experimental
results will be discussed with the developers of CFD models of
FSI in another master project and in the main project." - [15]



Part II

D E S I G N A N D C O N S T R U C T I O N

This part treats the process from the first idea to the
finished testrig.





3
D E S I G N

3.1 ideas and research

Based on the sketch [Figure 5] provided by our co-supervisor
the design process started.

Figure 5: OSAS Experiment Sketch

The principal idea was to create a testrig in which a flexible
flag interacts with an air inflow. To make this possible the flexi-
ble part was attached to a rigid part which was situated in the
testrig. With this constellation an flow input should provoke
an fluid-structure interaction with the flexible part producing
an oscillation. The main part of the project was to measure the
dynamics of the flexible part and the velocity fields.

To be able to design the "testrig" it was crucial to know which
aspects of the experiments were important and which ones
were secondary. In cooperation with the supervisors a list of
must-have points were elaborated:

• uniform and homogeneous inflow.

• possibility to measure pressure and velocity field.

• 2-Dimensional oscillation of the flexible part

With this list in mind first layouts were drawn [Figure 6].
During the design process different suggestions and ideas, like
dimension and inflow speed, helped to improve the testrig. Im-
portant aspects which have been taken in count are:

11



12 design

• removable and changeable flexible- and rigid part.

• possibility to extend the testrig in X-axes, to measure the
field behind the flexible part.

• ability to rotate the whole construction around the Y-axis
to simulate different angles.

• possibility to put the rigid- and flexible parts in horizontal
and vertical position.

• adjustable input speed.

• use of material with similar properties of human tissue
for the flexible part.

• the testrig needs visible access for the high-speed camera.

Figure 6: First Layout

After the first design we observed that the basis would be too
filigree for our needs and the construction would be too time
consuming. So a new design was made with a more stable and
easier to build base.
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3.2 final design

After including all important aspects of the experiment the
main design process starts. The following drawings and plans
show the final design used in the experiments.

Figure 7: Final Design

Figure 8: Overview

As shown in the figure [Figure 8], the final version consists
of a stable wooden base where the cube, extension and all the



14 design

other parts are fixed. During the design process we assumed
the following fluid characteristics.

v = 6m/s (1)

ν = 1.5× 10−5m2/s (2)
d = 0.2m (3)

Re = 80000 (4)
(5)

Detailed plans are attached in the appendix[Section A.2, Sec-
tion A.3, Section A.4, Section A.5].



4
C O N S T R U C T I O N

4.1 testrig

The testrig [Figure 10] is the main part for the experiment. It
is build out of the base which sustains the whole construction,
the cube, in which the rigid and flexible parts are fixed and
where the experiments were realized. The last part of the testrig
is the fan and the conduct which connects cube and blower.
The base is made out of 15mm OSB plates, the cube out of
8mm plexiglass. For the connection of fan and cube a �200mm
PVC tube and a 4m flexible conduct have been used. A detailed
explanation and a figure [Figure 9] describing each part of the
testrig are listed below:

Figure 9: Overview of all parts

4.1.1 Base

The base, build out of 15mm OSB, and connected by standard
screws, is used to maintain the whole construction. The second
function is to tilt the cube about the lateral axis.

15



16 construction

Figure 10: Finished testrig

4.1.2 Cube

The cube is one of the most important part [Figure 11] of the
testrig, It consists of 3 individual elements:

Figure 11: Cube

• Reduction: The reduction is used as a adapter between
the rectangular cube and the round conducts. It is made
out of 1.5 mm galvanized sheet [Figure 11].

• Middle cube: The middle part is the main element used to
fix the rigid and flexible part. Its permanently connected
to the reduction on one side and has connectors for the
extension on outflow side. It is made out of 8mm plexi-
glass[Figure 11].

• Extension: The extension has the same dimensions as the
middle cube and is build out of the same material, the
main function is to prolong the measurable space of the
area behind the flexible part (evolution of the velocity pro-
fil)[Figure 11].
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4.1.3 Conducts

The conducts are made out of �200mm PVC tube and a �200mm
and 4m long flexible conduct. The flexible pipe is used to en-
sure a vibration free connection to the fan. The reason for using
a 4m long tube was simple, it is the longest possible distance
from the fan to the reduction with the space available to en-
sure a complete developed velocity profile. For the last meter
a smooth PVC duct with honeycomb (after different tests it re-
sults that there is no need for the honeycomb) has been installed
to guarantee a laminar and uniform flow. Between fan and flex-
ible tube a mesh was inserted, to improve the flow characteris-
tics.

4.1.4 Blower

1st Blower

(a) Main Part of the blower (b) Top part of the blower

(c) First Blower

Figure 12: First Blower with improvements
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From the beginning the experiment was designed to use an
fan with an low input flow velocity (1-7m/s) [Figure 12,Figure 15].
For this purpose a normal radial blower with an nominal output-
speed of approximately 7-9m/s was used. Due to the centripetal-
effect no homogeneous flow was achieved[Figure 15]. Different
corrections like guiding-blades could improve the input-flow
profile[Figure 12]. Even though after first FSI tests the input-
velocity was too small as to provoke real oscillations in the flex-
ible part[Table 1].

Figure 13: Coordinate-system

Figure 14: Section for the first Tests
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To find out if a homogenous input velocity has been achieved,
a first test with 9 different input-velocities were measured at 4

equal distanced points from the center of section T1 (The mea-
surement were taken parallel to theY-axis, Z=0 and X=100mm)
[Figure 13, Figure 14] horizontal over the half cross-section of
the cube.

Table 1: Input flow 1st blower: radius(m)vsvelocity(m/s)

radio(mm) S1(m/s) S2(m/s) S3(m/s) S4(m/s) S5(m/s) S6(m/s) S7(m/s) S8(m/s) S9(m/s)

0 2,74 3,10 3,30 3,65 3,86 4,30 4,60 4,90 4,98

30 2,40 2,55 2,76 3,05 3,23 3,50 3,75 4,00 4,05

60 3,50 3,80 4,25 4,66 4,95 5,40 5,75 6,05 6,30

90 3,10 3,09 3,40 3,70 4,10 4,50 4,95 5,16 5,40

2.5 3 3.5 4 4.5 5 5.5 6
0

20

40

60

80

vel(m/s)

Y
(m
m
)

Vel.1

Vel.2

Vel.3

Vel.4

Vel.5

Vel.6

Vel.7

Vel.8

Vel.9

Figure 15: 1st Blower Speed-profile, radius vs velocity

Observing Figure 15 we observe a strong velocity variation
over the half cross-section of the cube, even after different im-
provements [Figure 12] no homogeneous flow could be granted.
For this reason a stronger blower substituted the first one.
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2nd Blower

The second and definitive blower [Figure 16] generates a flow
velocity of over 11m/s ideal for the experiments. Due to the dif-
ferent method of construction this blower showed from the be-
ginning an homogeneous flow. After first tests, using the same
process and points as for the first test [Figure 13,Figure 14], a
uniform flow at the input section could be confirmed.
The velocity of the input flow was controlled by varying the
air-inlet opening. Three different velocities were used in the ex-
periment:

• V1 = 50%open.

• V2 = 75%open.

• V3 = 100%open.

Figure 16: 2nd blower
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4.1.5 Rigid- and Flexible Plates

The "heart" of the testrig is without any doubt the flexible- and
rigid-plate [Figure 17]. The flexible part is made out of silas-
tic3481 a 2 component silicone. To create different plates, a neg-
ative mold [Figure 18] was built with a CNC machine. With
this mold different exact copies were reproduced. The first tests
showed that the silicone used had a high density (1200kg/m3̂)
making it difficult to get it flap. So different models with differ-
ent thicknesses were made. One of the models was reinforced
every 2cm with 0.8mm thick steel wires parallel to the Y direc-
tion to avoid three-dimensional movement.

Typical properties of the silicon (Silastic 3481) are:

• Hardness (ShoreA) 21

• Tensile strength 4.9Mpa

• Elongationat break 560%

• Tear strength 26kN/m

• Density 1213kg/m3

• E = 1× 106Pa (estimate)

• ν = 0.03 (estimate)

Figure 17: Flexible- and rigid plates
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Figure 18: Negative Mold

In total 4 flexible part were build [Figure 19]:

1. equal thickness, very heavy, not enough oscillation for
tests.

2. slight thickness variation (connection point > end point),
good results.

3. strong thickness vriation (connection point > > end point),
silicone not hardening, not usable.

4. like 2 but with 0.5mm wire to guarantee 2-dimensional
oscillation, good results.
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(a) (b)

(c) (d)

Figure 19: Flexible Plates

The rigid plate [Figure 20] was build of 8mm plexiglass. The
main function is to sustain the flexible part on one side . It was
designed as a symmetrical airfoil [Figure 21, Table 2] to ensure
a uniform flow over the rigid-plate, reducing the influence over
the flexible plate (possible turbulence). At the trailing edge a
connection mechanism for the flapping part was designed. The
rigid plate was build completely with a CNC machine to ensure
perfect symmetrical flow over the airfoil.

Figure 20: Rigid plate
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Figure 21: Upper Surface Rigid Plate

Table 2: Rigid plate surface f(x)

X(mm) f(X)(mm)

0,00 0,00

0,39 0,73

1,79 1,56

6,16 2,75

24,55 4,00

31,16 4,00

85,00 1,96

100,00 1,96

100,00 0,00

4.2 instrumentation

For the measurements different kind of pitot-tubes (standart
and special Boundary Layer pitot tubes) and a highspeed-camera
[Figure 24] were used. To be able to position the pitot-tubes ex-
actly in the testrig a 2-D positioning system [Figure 22] was
used.
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Figure 22: 2-D Positioning System

The pitot-tube is connected to a transducer and a amplifier,
from the amplifier the signal goes to a DAQ [Figure 23] and
from their the values are stored and used in the computer.

(a) Transducer and amplifier (b) DAQ

Figure 23: Instruments

Figure 24: Fastcam sa1.1





Part III

E X P E R I M E N T S A N D R E S U LT S

The third part gives insight into the experimenta-
tion and the results obtained during the experimen-
tation.





5
T H E E X P E R I M E N T S

5.1 calibrations

To ensure high-quality experimental data, it is crucial to pro-
vide a uniform and homogeneous inlet flow to the test-rig. A
homogeneous flow is important to obtain constant and repeat-
able measurements and to obtain well defined flow over the
flexible part. Pitot-tubes were used to measure the pressure
field .

5.1.1 How to calibrate the instruments

To get valuable pressure measurements, a pitot-tube has been
connected to a transducer, which is connected itself to an ampli-
fier and then to a data acquisition card (DAQ)[Figure 23]. The
DAQ gives continuous output information which can than be
transformed to pressure and velocity information.

To ensure a correct correlation between pressure and volt-
age, a first calibration is of need. Using a manual Manometer
switched in parallel to the pitot-tube and the transducer [Fig-
ure 25] different velocities were measured at a random point
insight the cube, obtaining a linear regression. This correlation
is than used to get pressure information from the voltage input
of the DAQ.

Figure 25: Sketch Manometer Transducer

29
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Figure 26: Calibration Transducer

5.1.2 The endless way to calibrate the testrig

After calibrating the pressure sensors, the next step is to verify
a homogeneous and uniform input-flow. For this, several test-
measurements are needed. Using the coordinate-system shown
in the figure [Figure 27, Figure 28], the first measurements were
done in the horizontal middle plan in section 3. Observing the
first result, it is clear that improvements are necessary. First in-
tents were improving the output flow of the fan reducing the
vortex created by the own radial movement of the blower [Fig-
ure 12]. After decreasing the vortex effect using guiding blades
and a honeycomb the output speed decreases to a value where
the flexible part didn’t interact with the input flow. A stronger
blower with higher end-speed was needed. To ensure a com-
plete development of the speed-profile a 4m flexible pipe has
been connected between the blower and the testrig. Between
blower and the conduct a fine grid mesh helps to get a more uni-
form profile over the whole conduct area. It is of high important
to align the blower, pipes and testrig to ensure a uniform flow.
After calibrating the testrig a standard FSI test should show if
the measurements taken in the testrig are useable or not. Af-
ter days of research, no standard/benchmark FSI test-case was
found in the literature. In agreement with the supervisor the
decision that no standard FSI test for our testrig is of need.

As shown in the next topic, different sections in transverse
(horizontal) and vertical planes were measured, confirming a
homogeneous and uniform input-flow. Section 1 is at the Lead-
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Figure 27: Coordinate-system

Figure 28: Sections for calibration

ing edge,the distances between Section 1 - 5 is 50mm, the dis-
tances between Section 5 - 7 is 100mm. All measurements were
taken parallel to the Z-axis and Y = 0 for vertical and paral-
lel to the Y-axis and Z=0 for the horizontal measurements.The
first point of each measurement was taken 10 mm from the bot-
tom (vertical measurements) and 10 mm from the right surface
watching in x direction (horizontal measurements). All results
obtained are listed and explained in the next section.
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5.1.3 Static pressure

Using pitot tubes in a turbulent system can produce errors in
the measurements due to the fact that the velocity field has
some vortices, these vortices have an huge influence on the
static pressure. To guarantee good results the static pressure
has been taken outside of the testrig. Comparing static pres-
sure and atmospheric pressure at different points taken in a
transverse plane to the X-axis, with a linear velocity field sys-
tem and a turbulent system(FSI), both measured with the static
pressure taken inside the cube and the atmospheric pressure
taken outside, we can confirm that in a linear system the static
pressure inside the cube is almost equal (no influence for mea-
surement results) to the atmospheric pressure outside. With tur-
bulent flow we observe a big difference between static- and
atmospheric pressure measurement [Table 3,Table 4]. The mea-
surement points inside the cube for the laminar and turbulent
tests were the same, the measurement point outside was the
same for all measurements. The following tables represent the
pressure difference between in-and outside of each measure-
ment point in the YZ plane inside the cube with the random
measurement point outside the cube (the calmest place were
under the table where the testrig stands). The coordinates of
the 9 points are:

• First row(Z = −87) : Mp1(Y = −87), Mp2(Y = 0), Mp3(Y =

87).

• Second row(Z = 0) : Mp4(Y = −87), Mp5(Y = 0), Mp6(Y =

87).

• Third row(Z = 87) : Mp7(Y = −87), Mp8(Y = 0), Mp9(Y =

87).

Table 3: Difference between static pressure inside the test-rig and
atmospheric pressure outside at different points at the YZ
plane in section 3 [Figure 28], laminar flow. "∆Pressure(Pa)",
errorp = 1.8Pa

−0,71 −0,26 0,31

3,28 · 10−2 9,54 · 10−2 0,33

0,43 −3,52 · 10−2 0,61
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Table 4: Difference between static pressure inside the test-rig and
atmospheric pressure outside at different points at the
YZ plane in section 3 [Figure 28], turbulent system
"∆Pressure(Pa)", errorp = 5.7Pa"

−2,21 7,53 −0,35

7,73 · 10−2 5,54 −0,52

2,45 3,61 1,11

5.2 the experiments

5.2.1 Flow Experiments

After initial testing and calibration, the first experiments con-
sists in measuring the pressure and velocity fields with only
the rigid-plate inserted. Assuming uniform input flow, the mea-
surements were done along the vertical center-line of each cross
section. In total 7 sections are measured[Figure 27]. Each sec-
tion has 11 points with a distance of 17.5mm between each
other in vertical direction. Figure 28 shows the position and dis-
tances of the sections. To complete the flow experiment bound-
ary layer measurements were realized. Each one of the measure-
ments were realized at 3 different velocities. Section 1 is at the
Leading edge,the distances between Section 1 - 5 is 50mm,the
distances between Section 5 - 7 is 100mm. All measurements
have been taken parallel to the Z-axis and Y = 0 for vertical
and parallel to the Y-axis and Z=0 for the horizontal measure-
ments.The first point of each measurement were taken 10 mm
from the bottom

Profile

Pressure and velocity profiles where generated by recording ve-
locity and pressure with 2000 samples/second, for 20 seconds
and taking the time-average, to obtain an average value and a
standard deviation. The procedure was repeated for all points
of all sections with three different inlet flow velocities[Figure 28].

Boundary Layers

Next step was measuring the evolution of the thickness of the
boundary layer. Using a special pitot-tube, 2 different sections
Figure 29 have been measured. Each section consist of 9 points.
To guarantee exact results, the distance between each point in
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z direction is 0.5mm. Section BL1 is 27 mm from the Leading
edge. Section BL2 is at the trailing edge of the rigid plate. All
measurements have been taken parallel to the Z-axis and Y =
0. The first point of each measurement have been taken on the
surface of the rigid plate (Z’=0) of each section

Figure 29: Sections for Boundary Layers

5.2.2 FSI Experiments

After measuring the pressure fields in the previous experiments,
in this study the flexible part is fixed to the rigid element. With
the testrig mounted velocity-field measurements and high-speed-
camera records are done.

Profile

Repeating the same process but this time with just 3 sections
[Figure 27, Figure 30] as in the studies before, new pressure
field measurements have been obtained. For the FSI test 2 dif-
ferent flexible parts are used. Due to the unstable flow each
measurement have been taken during 60 seconds to get a valu-
able average and Standard deviation (std) value.
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Figure 30: Sections for FSI

High-speed Camera

To complete the FSI study a high-speed camera analysis was
realized. Using the fastcam sa.1.2 with 1000 frames per second
the oscillating movement for Steady state [Figure 31] and tran-
sient state [Figure 32] are recorded. The recordings for steady
state movement were taken after the movement of the flexible
plate got stable (10 seconds after switching on the fan), and for
the transient state the recording started at the same time the
blower was turned on. The position of 5 points (10, 35, 50, 65

and 80mm from the leading edge of the flexible plate) on the
flexible part were analyzed to determine the dynamics of the
flexible plate. To get the movement of the 5 points a image pro-
cessing software recognized each of the points (black dots at the
flexible plates) and followed the movement for each frame. So
for each point the X- and Z- position at each frame was calcu-
lated. To get the positions in mm a special snapshot of a paper
in the cube with a reference length allowed to convert the pixel
measurements in mm. For the recordings just V2 and V3 were
used.
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(a) (b)

(c) (d)

Figure 31: Steady state movement of the flexible plate

(a) (b)

(c) (d)

Figure 32: Transient state movment of the flexible plate
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5.2.3 Mathematical Modelling

The industrial modelling tool COMSOL Multiphysics [Figure 33]
was used to make a mathematical model of the test-rig, with
the flexible part in place. A brief, qualitative comparison be-
tween experimental and modelling data was performed (See
Section 6.4).

The following values were used for the CFD study:

Inlet : U0 = 10m/s (6)
Outlet : P0 = 0Pa (7)

T = 293.15K (8)
Ft = −0.75N(Y − dir) (9)

Silastic3481 : (10)

ρs = 1213kg/m3 (11)

E = 1× 106Pa (12)
ν = 0.03 (13)

For the CFD study RANS was used to model the effects of tur-
bulence, free triangular mesh was used for the geometry. The
FSI interface uses the ALE method to combine the fluid flow
with the solid mechanics. For the numerical solution a fully
coupled configuration with Newton nonlinear method and a
once per time step jacobian update was used.

Figure 33: Comsol Graphic Example
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R E S U LT S

In this chapter all velocity profile graphics and tables are listed
and discussed.Related pressure tables are attached in Section A.6.

6.1 calibration

In this section all relevant graphics and tables from the cali-
bration are listed and discussed. The calibration measurements
were done without rigid- and without flexible plate.

6.1.1 Graphics

The first 3 graphics show the "horizontal" Velocity-profile for
3 different velocities with the associated error bars. Horizontal
means that the measurement points were taken parallel to the
Y-axis at section 1, 2 and 3. Due to some wall effects the first
and last measurement were taken 10mm from the walls.
As the flexible plate just measures 142mm in y-direction their
was no need to guaranty uniform flow at wall regions.

Comparing all 3 graphics [Figure 37] a stable flow for all 3

velocity can be observed. The velocity keeps constant +-0.5m/s
over more than 150mm for all 3 sections at each speed With
this conclusion we can guarantee a uniform and homogeneous
horizontal inlet flow at Z=0 from Y=-75mm to Y= 75mm.

For this first meaurements the rigid plate was not placed in
the cube.

39
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Figure 36: Section 3

Figure 37: Calibration curves, horizontal (Z=0) (see Section 5.1.2 for
information about section positioning)
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Figure 40: Section 3

Figure 41: Calibration curves, Vertical (Y=0) (see Section 5.1.2 for in-
formation about section positioning)

Equal as for the horizontal measurements, the vertical mea-
surements had to be uniform and homogeneous too. 3 graphics
[Figure 41] show the "Vertical" Velocity-profile for 3 different ve-
locities with the associated error bars. Vertical means that the
measurement points were taken parallel to the Z-axis at section
1, 2 and 3. Due to some wall effects the first and last measure-
ment were taken 10mm from the walls. The flexible plate can
just move +-80mm maximum in Z-direction (in the experiments
never more than 60mm), due to it’s geometry, their was no need
to guaranty uniform flow at the upper and lower wall regions.
Comparing all 3 graphics a stable flow for all 3 velocity can be
observed. The velocity keeps constant +-0.5m/s over more than
120mm for all 3 sections at each speed. With this conclusion we
can guarantee a uniform and homogeneous vertical inlet flow
at Y=0 from Z=-60mm to Z= 60mm. Observing the results for
horizontal and vertical measurements a homogeneous and uni-
form inlet-flow for high quality experiments can be granted for
the whole testrig.
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6.1.2 Tables

The following tables show the numerical part of the graphics
explained in the upper section. Each table contains the speed
and the associated error for each measurement point and fan-
velocity.

Table 5: Calibration Section 1 Horizontal

Y(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,517 0,339 7,330 0,424 9,120 0,426

−70,0 6,263 0,225 8,377 0,258 10,239 0,283

−52,5 6,506 0,194 8,776 0,216 10,690 0,223

−35,0 6,700 0,178 9,018 0,197 10,906 0,197

−17,5 6,810 0,165 9,031 0,180 11,026 0,177

0,0 6,891 0,161 8,925 0,193 11,022 0,190

17,5 6,925 0,167 8,745 0,204 10,921 0,211

35,0 6,825 0,176 8,468 0,207 10,646 0,229

52,5 6,742 0,169 8,328 0,211 10,292 0,255

70,0 6,632 0,196 8,194 0,238 9,793 0,331

87,5 5,596 0,306 7,104 0,356 8,228 0,464

Table 6: Calibration Section 1 Vertical

Z(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,472 0,334 6,976 0,389 8,396 0,428

−70,0 6,397 0,217 8,107 0,253 9,659 0,259

−52,5 6,719 0,201 8,473 0,225 10,031 0,265

−35,0 6,929 0,171 8,717 0,216 10,420 0,247

−17,5 7,013 0,159 8,926 0,198 10,744 0,216

0,0 7,015 0,156 9,002 0,182 10,887 0,188

17,5 6,867 0,166 8,952 0,186 10,774 0,205

35,0 6,704 0,180 8,810 0,196 10,573 0,222

52,5 6,550 0,200 8,606 0,231 10,298 0,251

70,0 6,334 0,236 8,355 0,264 10,023 0,289

87,5 5,544 0,374 7,168 0,395 8,794 0,444
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Table 7: Calibration Section 2 Horizontal

Y(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,198 0,314 6,963 0,350 8,374 0,371

−70,0 6,198 0,239 8,275 0,255 9,883 0,273

−52,5 6,530 0,170 8,664 0,207 10,349 0,210

−35,0 6,671 0,155 8,895 0,170 10,640 0,186

−17,5 6,866 0,129 9,008 0,142 10,764 0,169

0,0 6,891 0,120 8,977 0,148 10,764 0,157

17,5 6,770 0,136 8,835 0,175 10,618 0,171

35,0 6,617 0,148 8,614 0,206 10,426 0,193

52,5 6,382 0,163 8,336 0,230 10,151 0,248

70,0 6,139 0,220 7,891 0,285 9,803 0,293

87,5 5,411 0,318 6,664 0,404 8,413 0,418

Table 8: Calibration Section 2 Vertical

Z(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,295 0,292 6,660 0,366 8,019 0,418

−70,0 6,275 0,208 7,914 0,242 9,414 0,308

−52,5 6,519 0,171 8,266 0,206 9,810 0,252

−35,0 6,757 0,159 8,520 0,192 10,187 0,239

−17,5 6,909 0,126 8,792 0,178 10,446 0,201

0,0 6,940 0,124 8,923 0,151 10,615 0,166

17,5 6,880 0,123 8,877 0,148 10,566 0,169

35,0 6,768 0,139 8,754 0,165 10,383 0,199

52,5 6,613 0,165 8,574 0,193 10,233 0,232

70,0 6,458 0,189 8,328 0,235 9,860 0,349

87,5 5,407 0,316 7,183 0,353 8,433 0,423
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Table 9: Calibration Section 3 Horizontal

Y(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,152 0,311 6,804 0,356 8,234 0,368

−70,0 6,178 0,251 8,019 0,293 9,645 0,295

−52,5 6,530 0,176 8,484 0,217 10,201 0,196

−35,0 6,705 0,133 8,709 0,166 10,465 0,183

−17,5 6,836 0,113 8,842 0,140 10,589 0,156

0,0 6,852 0,108 8,883 0,141 10,577 0,163

17,5 6,735 0,131 8,751 0,160 10,462 0,176

35,0 6,576 0,141 8,599 0,173 10,304 0,194

52,5 6,320 0,173 8,273 0,222 10,076 0,242

70,0 5,993 0,253 7,835 0,300 9,589 0,341

87,5 5,047 0,324 6,535 0,375 8,644 0,435

Table 10: Calibration Section 3 Vertical

Z(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 4,878 0,282 6,228 0,362 7,460 0,417

−70,0 6,128 0,237 7,612 0,305 9,026 0,387

−52,5 6,500 0,153 8,065 0,200 9,623 0,252

−35,0 6,682 0,138 8,398 0,191 9,960 0,242

−17,5 6,820 0,124 8,643 0,171 10,260 0,204

0,0 6,856 0,112 8,786 0,143 10,480 0,164

17,5 6,814 0,107 8,777 0,129 10,470 0,160

35,0 6,732 0,129 8,699 0,152 10,355 0,182

52,5 6,602 0,148 8,497 0,195 10,116 0,240

70,0 6,404 0,193 8,220 0,279 9,811 0,325

87,5 5,477 0,291 7,219 0,353 8,590 0,417
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6.2 flow measurements

In this section all relevant graphics and tables from the flow
experiments are listed.

6.2.1 Profile

Graphics

After confirming a homogeneous and uniform inlet-flow, first
flow experiments with the rigid part inserted were realized.
For the next experiments only the vertical measurement points
were taken, since this are the only relevant measurement points,
supposing 2-D movement (no 3-Dimensional effects are taken
in account). Observing the first 3 plots[Figure 42, Figure 43,
Figure 44] we can see that the flow is even more stable than
without the rigid-plate.
As it is logical the velocity decreases to 0m/s for all 3 velocities
and the first 3 sections at Z=0, as at this Z-position the rigid-
plate is fixed. In section 4 a the velocity-profile starts to recover
its original profile. Observing sections 4 to 7 the profile recovers
slowly to its normal profile. Section 7 has almost recovered the
original profile. As for the CFD-validations more exact informa-
tion was needed, Boundary Layer Measurements were taken to
complete the flow experiments (see section Boundary Layers).



46 results

0 2 4 6 8 10 12
−100

−80

−60

−40

−20

0

20

40

60

80

100

Speed(m/s)

Z
(m
m
)

Velocity1

Velocity2

Velocity3

Figure 42: Flow Section 1
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Figure 43: Flow Section 2
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Figure 44: Flow Section 3
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Figure 45: Flow Section 4
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Figure 46: Flow Section 5
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Figure 47: Flow Section 6

6 8 10
−100

−80

−60

−40

−20

0

20

40

60

80

100

Speed(m/s)

Z
(m
m
)

Velocity1

Velocity2

Velocity3

Figure 48: Flow Section 7
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Tables

The following tables show the numerical part of the graphics
explained in the upper section. Each table contains the speed
and the associated error for each measurement point and fan-
velocity.

Table 11: Flow Section 1

Z(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,996 0,313 7,470 0,375 9,653 0,383

−70,0 7,107 0,206 8,789 0,244 10,974 0,257

−52,5 7,336 0,187 9,194 0,254 11,381 0,258

−35,0 7,548 0,162 9,503 0,228 11,733 0,255

−17,5 7,594 0,162 9,788 0,205 12,059 0,233

0,0 0,000 0,000 0,000 0,000 0,000 0,000

17,5 7,160 0,181 9,434 0,214 11,672 0,188

35,0 6,937 0,186 9,323 0,208 11,523 0,184

52,5 6,724 0,196 9,249 0,208 11,289 0,215

70,0 6,675 0,215 9,166 0,220 10,958 0,236

87,5 5,968 0,360 7,825 0,383 10,064 0,351

Table 12: Flow Section 2

Z(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 6,236 0,315 7,839 0,352 10,061 0,346

−70,0 7,031 0,205 8,683 0,235 10,890 0,227

−52,5 7,228 0,168 8,921 0,240 11,201 0,226

−35,0 7,251 0,144 9,022 0,217 11,349 0,226

−17,5 7,089 0,145 9,071 0,188 11,353 0,193

0,0 0,000 0,000 0,000 0,000 0,000 0,000

17,5 6,852 0,164 9,085 0,185 11,289 0,163

35,0 6,746 0,177 9,174 0,181 11,262 0,173

52,5 6,577 0,184 9,200 0,188 11,110 0,193

70,0 6,403 0,260 9,109 0,211 10,782 0,253

87,5 5,169 0,413 7,699 0,347 9,069 0,387
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Table 13: Flow Section 3

Z(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,994 0,294 7,202 0,405 9,500 0,359

−70,0 6,966 0,218 8,506 0,263 10,887 0,226

−52,5 7,178 0,150 8,781 0,254 11,252 0,210

−35,0 7,239 0,136 8,958 0,211 11,427 0,196

−17,5 7,214 0,130 9,144 0,188 11,487 0,193

0,0 3,575 · 10−5 0,000 0,000 0,000 0,126 0,000

17,5 6,934 0,140 9,214 0,177 11,436 0,155

35,0 6,759 0,155 9,220 0,167 11,294 0,163

52,5 6,609 0,169 9,235 0,162 11,113 0,185

70,0 6,478 0,240 9,165 0,191 10,770 0,236

87,5 5,425 0,365 8,009 0,345 9,238 0,383

Table 14: Flow Section 4

Z(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,865 0,321 7,141 0,343 9,311 0,375

−70,0 6,915 0,234 8,600 0,240 10,790 0,241

−52,5 7,179 0,150 8,866 0,211 11,107 0,209

−35,0 7,273 0,127 9,102 0,193 11,354 0,220

−17,5 7,240 0,118 9,269 0,178 11,413 0,202

0,0 6,344 0,165 8,262 0,191 10,247 0,200

17,5 6,934 0,134 9,136 0,171 11,459 0,144

35,0 6,801 0,143 9,122 0,162 11,345 0,149

52,5 6,594 0,169 9,128 0,157 11,104 0,175

70,0 6,161 0,316 9,036 0,200 10,772 0,237

87,5 5,180 0,382 7,634 0,331 9,045 0,359
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Table 15: Flow Section 5

Z(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,656 0,344 6,592 0,427 8,993 0,384

−70,0 6,861 0,271 8,030 0,390 10,715 0,276

−52,5 7,097 0,208 8,572 0,282 11,105 0,239

−35,0 7,229 0,174 8,848 0,257 11,290 0,233

−17,5 7,201 0,165 9,071 0,218 11,403 0,234

0,0 6,589 0,190 8,507 0,228 10,567 0,222

17,5 6,946 0,173 9,080 0,221 11,440 0,182

35,0 6,798 0,179 9,126 0,208 11,320 0,192

52,5 6,652 0,205 9,119 0,198 11,121 0,216

70,0 6,263 0,322 8,981 0,242 10,706 0,279

87,5 5,143 0,408 7,627 0,364 8,988 0,409

Table 16: Flow Section 6

Z(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,515 0,312 6,455 0,393 8,826 0,347

−70,0 6,640 0,316 7,870 0,434 10,536 0,287

−52,5 6,877 0,240 8,566 0,282 11,065 0,217

−35,0 7,068 0,183 8,829 0,227 11,306 0,196

−17,5 7,150 0,128 9,062 0,186 11,317 0,217

0,0 6,620 0,140 8,694 0,173 10,756 0,174

17,5 6,763 0,162 8,977 0,186 11,369 0,156

35,0 6,691 0,149 9,096 0,167 11,285 0,154

52,5 6,510 0,185 9,199 0,155 11,044 0,195

70,0 6,220 0,317 9,011 0,214 10,584 0,250

87,5 5,197 0,375 7,749 0,306 8,737 0,355
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Table 17: Flow Section 7

Z(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 5,504 0,331 6,703 0,378 8,887 0,359

−70,0 6,260 0,390 8,137 0,346 10,570 0,295

−52,5 6,886 0,241 8,710 0,248 11,222 0,195

−35,0 7,121 0,147 9,011 0,200 11,348 0,201

−17,5 7,086 0,106 9,159 0,166 11,342 0,202

0,0 6,685 0,117 8,771 0,148 10,862 0,165

17,5 6,687 0,133 8,899 0,181 11,312 0,150

35,0 6,683 0,146 9,099 0,161 11,302 0,161

52,5 6,634 0,175 9,141 0,153 11,020 0,215

70,0 6,271 0,280 8,834 0,258 10,294 0,339

87,5 5,429 0,313 7,442 0,330 8,557 0,362
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6.2.2 Boundary Layers

Graphics

For detailed velocity-profiles at the airfoil region, Boundary
layer measurements were taken. The following graphics show
the speed evolution from the top of the rigid plate to it’s com-
plete evolution.
2 Boundary layer section were measured as explained in Sec-
tion 5.2.1. Observing graphic Figure 49 the boundary layer has
an height of aprox 1.5mm for all 3 velocities and graphic Fig-
ure 50 aprox 1.8mm.
Theoretically the velocity at Z ′ = 0 should be 0m/s, observing
Figure 49 and Figure 50 the velocity at Z ′ = 0 is >0m/s this is
due to the effect that the air inlet of the boundary layer pitot
tube has an diameter of 0.7mm, that causes an inexactitude in
the measurement.

At the end of the rigid plate, the Reynolds number is about
14666.

u = 11m/s (14)

ν = 1.5× 10−5m2/s (15)
L = 0.2m (16)

That suggests laminar flow supposing that the freestream tur-
bulence level is less than about 1 percent [17].
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Figure 49: Section BL1
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Figure 50: Section BL2

Figure 51: Boundary Layer curves, Vertical (Y=0) (see Section 5.2.1 for
information about section positioning)
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Tables

The following tables show the numerical part of the graphics
explained in the upper section. Each table contains the speed
and the associated error for each measurement point and fan-
velocity.

Table 18: Boundary Layer, Section BL1

Z ′(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

0,0 5,102 7,621 · 10−2 6,930 8,521 · 10−2 9,511 7,102 · 10−2

0,5 5,484 7,634 · 10−2 8,648 7,846 · 10−2 10,260 6,782 · 10−2

1,0 7,329 6,662 · 10−2 9,760 6,863 · 10−2 12,181 5,916 · 10−2

1,5 7,528 5,747 · 10−2 9,804 6,961 · 10−2 12,214 6,835 · 10−2

2,0 7,528 7,668 · 10−2 9,823 6,326 · 10−2 12,161 6,82 · 10−2

2,5 7,478 6,076 · 10−2 9,797 6,69 · 10−2 12,153 6,257 · 10−2

3,0 7,485 6,813 · 10−2 9,757 6,727 · 10−2 12,162 6,232 · 10−2

3,5 7,485 7,802 · 10−2 9,782 6,384 · 10−2 12,151 6,71 · 10−2

15,0 7,084 7,384 · 10−2 9,509 6,639 · 10−2 11,701 7,691 · 10−2

Table 19: Boundary Layer Section BL2

Z ′(mm) V1(m/s) e1(m/s) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

0,0 3,899 7,266 · 10−2 5,554 8,174 · 10−2 7,255 7,174 · 10−2

0,5 5,728 7,389 · 10−2 6,541 7,191 · 10−2 8,829 6,55 · 10−2

1,0 6,634 5,731 · 10−2 8,184 6,276 · 10−2 10,644 6,203 · 10−2

1,5 6,953 6,78 · 10−2 8,887 5,843 · 10−2 11,233 5,443 · 10−2

2,0 7,069 4,852 · 10−2 9,107 6,066 · 10−2 11,407 5,648 · 10−2

2,5 7,068 5,695 · 10−2 9,113 6,106 · 10−2 11,426 6,21 · 10−2

3,0 7,051 4,82 · 10−2 9,149 5,366 · 10−2 11,402 6,294 · 10−2

3,5 7,073 4,838 · 10−2 9,182 5,35 · 10−2 11,387 5,75 · 10−2

15,0 6,859 7,252 · 10−2 9,181 5,965 · 10−2 11,326 5,708 · 10−2
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6.3 fsi

In this section all relevant graphics and tables from the FSI ex-
periments are listed. To get an better impression of the experi-
ments realized two videos of the FSI highspeed recording are
available online [6] and [7].

6.3.1 Profile, reinforced

Graphics

Figure 55 show the average value of the turbulent velocity pro-
file for 3 section behind the flexible part. In this section the
reinforced flexible part (#4 see Figure 19) was used.
All 3 section [Figure 55] are showing a clear gravity effect from
the flexible part. This is due to the weight of the flexible part
provoking that the flag moves asymmetrical respect to the Z=0

plane. The movement of the flexible part produces a decrease
of the velocity in the area where it oscillates and an increase of
the velocity in the rest of the section. Observing section 1 with
higher velocity more decreases the velocity in the area where
the flag moves. Even with this strong deformation of the veloc-
ity profile it recuperates within the 3 section almost completely.
All measurements are time averaged (60 sec).
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Figure 54: Section 7

Figure 55: FSI reinforced curves, Vertical (Y=0) (see Section 5.2.2 for
information about section positioning)
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Tables

Each table contains the speed and the associated error for each
measurement point and fan-velocity.

Table 20: FSI reinforced Section 5

Z(mm) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 7,693 0,729 10,462 0,731

−70,0 7,573 1,142 9,841 0,978

−52,5 6,620 1,354 6,778 1,827

−35,0 5,429 1,450 3,002 3,487

−17,5 5,887 1,375 4,176 1,955

0,0 8,097 0,780 9,000 0,994

17,5 9,544 0,577 11,601 0,581

35,0 9,948 0,423 12,211 0,364

52,5 10,162 0,302 12,097 0,331

70,0 9,957 0,338 11,691 0,391

87,5 8,177 0,477 9,749 0,536

Table 21: FSI reinforced Section 6

Z(mm) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 7,661 0,658 9,620 0,765

−70,0 8,136 0,524 9,845 0,734

−52,5 8,205 0,515 9,518 0,663

−35,0 8,453 0,491 9,551 0,657

−17,5 8,895 0,450 10,187 0,638

0,0 9,264 0,421 11,021 0,565

17,5 9,578 0,431 11,566 0,500

35,0 9,754 0,410 11,777 0,454

52,5 9,841 0,365 11,753 0,431

70,0 9,478 0,389 11,334 0,489

87,5 7,573 0,500 9,337 0,575
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Table 22: FSI reinforced Section 7

Z(mm) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 7,727 0,631 9,631 0,641

−70,0 8,336 0,511 10,063 0,549

−52,5 8,569 0,445 10,231 0,506

−35,0 8,809 0,398 10,466 0,497

−17,5 9,114 0,373 10,871 0,496

0,0 9,379 0,371 11,227 0,479

17,5 9,567 0,376 11,495 0,449

35,0 9,698 0,377 11,600 0,424

52,5 9,644 0,382 11,497 0,441

70,0 9,113 0,383 10,989 0,487

87,5 7,572 0,460 9,356 0,560
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6.3.2 Profile, NON reinforced

Graphics

As with the reinforced flag the velocity decreases at the oscillat-
ing area [Figure 59]. For this measurements the standard flex-
ible part (#2 see Figure 19) was used. One difference to the
reinforced graphics is the higher position of the area where the
velocity decreases. As the reinforced flag is heavier the inlet
flow can not elevate the flag as high as the non reinforced flag.
The main reason to repeat the measurements with and with-
out reinforcement is to clarify if there is an three-dimensional
effect affecting the movement of the flexible plate. In the high-
speed recordings it is clearly to see that the reinforced flexible
plate moves almost perfect in two-dimensions(XZ plane), while
the movement of the non-reinforced flexible plate is nearly 3-
dimensional.
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Figure 58: Section 7

Figure 59: FSI reinforced curves, Vertical (Y=0) (see Section 5.2.2 for
information about section positioning)
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Tables

Each table contains the speed and the associated error for each
measurement point and fan-velocity.

Table 23: FSI NON reinforced Section 5

Z(mm) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 7,907 0,696 10,791 0,697

−70,0 7,723 1,040 10,255 0,875

−52,5 6,896 1,286 7,833 1,523

−35,0 6,440 1,041 5,628 1,773

−17,5 7,059 0,898 5,378 1,610

0,0 8,441 0,799 8,528 1,310

17,5 9,390 0,604 11,172 0,750

35,0 9,750 0,471 11,912 0,497

52,5 10,059 0,284 12,090 0,367

70,0 9,858 0,314 11,700 0,402

87,5 8,134 0,476 9,796 0,539

Table 24: FSI NON reinforced Section 6

Z(mm) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 7,601 0,651 9,769 0,708

−70,0 8,196 0,497 10,299 0,672

−52,5 8,468 0,455 10,021 0,637

−35,0 8,618 0,432 9,948 0,599

−17,5 8,971 0,439 10,333 0,657

0,0 9,328 0,429 10,924 0,670

17,5 9,591 0,410 11,396 0,560

35,0 9,700 0,401 11,582 0,471

52,5 9,699 0,399 11,503 0,458

70,0 9,405 0,388 11,098 0,498

87,5 7,701 0,493 9,280 0,572
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Table 25: FSI NON reinforced Section 7

Z(mm) V2(m/s) e2(m/s) V3(m/s) e3(m/s)

−87,5 7,869 0,574 9,740 0,617

−70,0 8,551 0,449 10,358 0,533

−52,5 8,747 0,409 10,468 0,469

−35,0 8,878 0,373 10,638 0,470

−17,5 9,174 0,358 10,917 0,494

0,0 9,388 0,352 11,146 0,517

17,5 9,593 0,332 11,286 0,487

35,0 9,697 0,327 11,319 0,451

52,5 9,598 0,338 11,239 0,430

70,0 9,052 0,375 10,597 0,503

87,5 7,642 0,444 9,221 0,539
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6.3.3 High-speed Analysis,NON reinforced

The following graphics show the dynamics of the standard flex-
ible part (#2 see Figure 19) itself. Steady state and transitional
recordings were taken. All measurements were done with V2
and V3. With high speed [Figure 60] the frequency is 8.33Hz
in Y-direction and with low speed ][Figure 62] the overall fre-
quency is 3.33 Hz. Observing the movement of Figure 62 each
oscillation has a complex movement in it.
The transitional measurements showing the time depend evo-
lution to the stationary system. The complete development to
the stationary system take 0.85s for Figure 64 and 0.7s for Fig-
ure 66.
The graphics show the movement of the 5 points in Z-and X’-
direction in function of the time, every line represent one point.
The trailing edge of the rigid plate is X’=0. The estimated mea-
surement error for all points is 1.5mm.
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Figure 60: NON-reinforced flexible plate, V3, steady state, Z-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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Figure 61: NON-reinforced flexible plate, V3, steady state, X-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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Figure 62: NON-reinforced flexible plate, V2, steady state, Z-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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Figure 63: NON-reinforced flexible plate, V3, steady state, X-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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Figure 64: NON-reinforced flexible plate, V3, transitional state, Z-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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Figure 65: NON-reinforced flexible plate, V3, steady state, X-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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Figure 66: NON-reinforced flexible plate, V2, transitional state, Z-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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Figure 67: NON-reinforced flexible plate, V2, transitional state, X-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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6.3.4 High-speed Analysis,reinforced

The following graphics show the dynamics of the reinforced
flexible part (#4 see Figure 19) itself. Steady state and tran-
sitional state recordings were taken. All measurements were
done with V2 and V3. With V3 [Figure 68] the frequency is
6.67Hz in Y-direction and with V3[Figure 70] the overall fre-
quency is 4 Hz. Observing the movement of Figure 70 each
oscillation has a complex movement in it.
The transitional measurements showing the time depend evo-
lution of the steady state system. The complete development
to the stationary system takes 0.8s for Figure 72 and 1.05s for
Figure 74. The graphics show the movement of the 5 points in
Z-and X’-direction in function of the time, every line represent
one point. The trailing edge of the rigid plate is X’=0. The esti-
mated measurement error for all points is 1.5mm. Comparing
Figure 70 and Figure 62 it is clear that the movement of the flex-
ible plate with reinforcement is much more stable than without
reinforcement.
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Figure 68: Reinforced flexible plate, V3, steady state, Z-movement,
(see Figure 5.2.2 for information about measurement point
positioning)
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Figure 69: Reinforced flexible plate, V3, steady state, X-movement,
(see Figure 5.2.2 for information about measurement point
positioning)
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Figure 70: Reinforced flexible plate, V2, steady state, Z-movement,
(see Figure 5.2.2 for information about measurement point
positioning)
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Figure 71: Reinforced flexible plate, V2, steady state, X-movement,
(see Figure 5.2.2 for information about measurement point
positioning)
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Figure 72: Reinforced flexible plate, V3, transitional state, Z-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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Figure 73: Reinforced flexible plate, V3, transitional state, X-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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Figure 74: Reinforced flexible plate, V2, transitional state, Z-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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Figure 75: Reinforced flexible plate, V2, transitional state, X-
movement, (see Figure 5.2.2 for information about mea-
surement point positioning)
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6.4 cfd

The following graphic compares the dynamics of the CFD and
the dynamics of the experiment. Only one point will be com-
pared. Point5 in Y direction of the the reinforced, high-speed
(V2), steady state measurement compared with the trailing edge
point of the CFD study. As we can observe the frequency does
not coincide, also the movement and the distribution are slightly
different. This is caused by different problems:

• First of all the input flow velocity of the experiment (Ue)
and the CFD study (U0) are not equal.

U0 = 10m/s (17)
Ue ≈ 11m/s (18)

• Not all necessary material characteristics for the simula-
tion were available at the data sheet. Estimate values from
similar silicone’s were used.

• The gravity force affects the flexible plate in reality much
more than in the simulation (down force equal to the sili-
cone weight was programmed), easy to see as the flexible
part sags much more in the experiment than in the simu-
lation.

• The geometry of the rigid plate is different in the cfd
study (rectangular plate) than in the experiment (full-symmetrical
airfoil).

Taking all these facts in account a qualitative approximation
was obtained.
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Figure 76: Comparison CFD with experiment, stationary Point 5





7
C O N C L U S I O N A N D O U T L O O K

7.1 conclusion

The main interest of thesis was to design and fabricate an ex-
perimental method to validate a CFD code for FSI which will
be used for the treatment of OSAS.

From the design view a simplified structure of the human
respiratory system was realized and planned. After studying
different possibilities, silicon was used to fabricate the flexible
part, which corresponds to the pharynx. Some reinforcements
were plugged into some of the flexible plates to increase the
transverse stability what would help to obtain 2-D results. The
fixed plate corresponds to the fixed structures in the human
airways. Different models were produced with Computer nu-
merical controlled machines (CNC) until a perfect symmetrical
part was obtained to guarantee reliable experimental results.

The project was difficult to realize due to its short time frame,
however high quality results (see Section 6.4) could be obtained.
Observing the results a uniform and homogeneous inlet-flow
was created, the error in all measurements (see tables in Chap-
ter 6) are minimal. Thus, the experimental data can be used
for the validation of CFD tools. Boundary Layer measurements
confirmed a laminar flow in the testrig [Section 6.2.2]. Thanks
to the similarity of the rigid plate to an airfoil the boundary lay-
ers are really thin increasing the Fluid Structure Interaction be-
tween the air and the flexible silicone plate, simplifying also the
CFD calculations. Flow measurements over all sections showed
perfect symmetry lateral and vertical to the rigid plate. FSI mea-
surements taken with pitot tubes showed interesting behavior
(strong decrease of velocity in the oscillation area of the flexi-
ble plate [Figure 55]) at average values. As expected a strong
decrease of the velocity in the "oscillating zone" appeared. Due
to the turbulent flow in FSI measurements, static pressure was
taken outside the testrig, even so, due to the vortices (effect
of the proper movement) in the area behind the flapping part,
the airflow-vector had some Z-components, what produced a
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76 conclusion and outlook

variation in the pitot-tube measurements (just X-axis flow can
be measured) and this produced high errors where the flexible
part moved. The highspeed recordings reveled the dynamics of
the FSI. For the different silicone plates strong differences in
dynamics appeared. The non reinforced flag has a much more
complicated cycle, than the reinforced one. All recordings with
the different velocities and materials showed a repetitive cy-
cling over the time [7, 6], confirming our high quality results.
This master thesis can be concluded, with the satisfaction of
having managed to bring the theoretical studies a little closer
to reality, and thus to get with all participants of this research,
a little bit closer to a treatment for OSAS, that provides quality
and better life expectancy to those affected by this diagnosis.

7.2 outlook

Despite the fact that satisfactory results were obtained, the use
of pitot tube has the inconvenient that just average values could
be obtained. For more detailed flow information the use of
hotwires is of need. Even if no such experimentation were done,
the testrig was constructed to change the inclination angle of
the cube. This would be useful to take more measurements
simulating the inclination of a human being. Another possibil-
ity of the testrig is to change the position of the rigid plate
from horizontal to vertical. Putting the rigid plate vertically in
the cube or using a material with lower density for the flexible
part would possibly eliminate or at least reduce the effect of
gravity.Another possible experiment is to obstruct one of the
inlet areas to simulate a partial obstruction of the human air-
ways. The use of a different material with lower density for the
flapping part would allow to decrease the inflow velocity, what
would increase the similarity to the human breathing. All these
improvement can be realized using the actual testrig without
any changes, if therefore is any need.
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A P P E N D I X





A
A P P E N D I X

a.1 technical drawings

In this sections are all plans used for the construction listed.
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a.6 pressure tables

a.6.1 Calibration

Table 26: Calibration Section 1 Horizontal, pressure

Y(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 18,232 2,194 32,170 3,639 49,751 4,527

−70,0 23,436 1,631 41,919 2,478 62,615 3,307

−52,5 25,284 1,451 45,990 2,151 68,227 2,679

−35,0 26,806 1,364 48,556 2,009 71,010 2,399

−17,5 27,694 1,280 48,695 1,829 72,580 2,160

0,0 28,354 1,256 47,566 1,942 72,529 2,324

17,5 28,633 1,311 45,669 2,019 71,204 2,587

35,0 27,819 1,365 42,824 1,990 67,666 2,753

52,5 27,147 1,300 41,417 1,996 63,250 2,981

70,0 26,276 1,490 40,100 2,230 57,302 3,732

87,5 18,742 2,005 30,195 2,948 40,532 4,465

Table 27: Calibration Section 1 Vertical, pressure

Z(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 17,935 2,146 29,129 3,174 42,178 4,195

−70,0 24,450 1,604 39,266 2,360 55,719 2,856

−52,5 26,963 1,546 42,875 2,171 60,098 3,026

−35,0 28,667 1,345 45,375 2,142 64,836 2,925

−17,5 29,363 1,263 47,573 1,997 68,920 2,608

0,0 29,382 1,240 48,381 1,844 70,754 2,276

17,5 28,161 1,295 47,848 1,871 69,303 2,475

35,0 26,838 1,375 46,344 1,948 66,747 2,647

52,5 25,628 1,506 44,229 2,270 63,324 2,931

70,0 23,974 1,731 41,703 2,539 60,004 3,314

87,5 18,426 2,434 30,752 3,310 46,272 4,558
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Table 28: Calibration Section 2 Horizontal, pressure

Y(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 16,181 1,911 29,011 2,841 41,936 3,615

−70,0 22,963 1,714 40,905 2,422 58,334 3,090

−52,5 25,468 1,268 44,823 2,039 63,941 2,442

−35,0 26,575 1,174 47,237 1,689 67,587 2,203

−17,5 28,148 0,987 48,441 1,412 69,166 2,004

0,0 28,346 0,924 48,107 1,473 69,168 1,849

17,5 27,368 1,038 46,601 1,734 67,300 2,004

35,0 26,143 1,108 44,311 2,015 64,897 2,248

52,5 24,322 1,187 41,506 2,195 61,531 2,862

70,0 22,523 1,561 37,205 2,600 57,400 3,292

87,5 17,532 2,017 26,603 3,153 42,342 4,107

Table 29: Calibration Section 2 Vertical, pressure

Z(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 16,786 1,811 26,553 2,851 38,481 3,913

−70,0 23,529 1,505 37,412 2,194 52,943 3,333

−52,5 25,383 1,269 40,799 1,936 57,466 2,814

−35,0 27,261 1,219 43,347 1,852 61,972 2,756

−17,5 28,496 0,972 46,155 1,761 65,150 2,356

0,0 28,755 0,957 47,532 1,492 67,266 1,944

17,5 28,258 0,942 47,045 1,460 66,646 1,980

35,0 27,349 1,055 45,751 1,621 64,362 2,311

52,5 26,118 1,240 43,896 1,876 62,531 2,683

70,0 24,914 1,395 41,429 2,238 58,091 3,968

87,5 17,507 1,998 30,863 2,955 42,545 4,158
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Table 30: Calibration Section 3 Horizontal, pressure

Y(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 15,899 1,880 27,703 2,830 40,544 3,527

−70,0 22,813 1,797 38,427 2,712 55,573 3,267

−52,5 25,470 1,316 42,988 2,095 62,127 2,239

−35,0 26,842 0,998 45,279 1,622 65,382 2,137

−17,5 27,898 0,853 46,669 1,371 66,935 1,820

0,0 28,025 0,816 47,108 1,383 66,788 1,895

17,5 27,078 0,987 45,719 1,568 65,338 2,041

35,0 25,818 1,046 44,149 1,671 63,388 2,233

52,5 23,856 1,251 40,875 2,093 60,630 2,774

70,0 21,475 1,762 36,687 2,725 54,947 3,771

87,5 15,263 1,917 25,572 2,869 44,703 4,390

Table 31: Calibration Section 3 Vertical, pressure

Z(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 14,247 1,613 23,227 2,640 33,317 3,644

−70,0 22,445 1,682 34,633 2,692 48,711 4,060

−52,5 25,232 1,127 38,844 1,830 55,304 2,765

−35,0 26,656 1,041 42,113 1,811 59,239 2,735

−17,5 27,771 0,944 44,603 1,660 62,847 2,348

0,0 28,061 0,851 46,087 1,390 65,563 1,897

17,5 27,716 0,803 45,982 1,242 65,444 1,840

35,0 27,057 0,971 45,175 1,467 64,012 2,096

52,5 26,024 1,107 43,110 1,878 61,109 2,754

70,0 24,500 1,421 40,369 2,642 57,511 3,667

87,5 17,953 1,862 31,172 2,974 44,138 4,177
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a.6.2 Flow measurement

Table 32: Flow Section 1, pressure

Z(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 21,088 2,151 32,722 3,201 54,592 4,197

−70,0 29,569 1,639 45,220 2,403 70,483 3,133

−52,5 31,506 1,533 49,486 2,612 75,817 3,256

−35,0 33,348 1,354 52,855 2,412 80,567 3,311

−17,5 33,753 1,362 56,074 2,217 85,108 3,086

0,0 0,000 0,000 0,000 0,000 0,000 0,000

17,5 30,010 1,442 52,088 2,234 79,714 2,380

35,0 28,168 1,443 50,873 2,148 77,700 2,297

52,5 26,473 1,477 50,065 2,135 74,581 2,657

70,0 26,092 1,621 49,177 2,239 70,280 2,859

87,5 20,912 2,470 36,126 3,292 59,326 3,995

Table 33: Flow Section 2, pressure

Z(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 22,811 2,247 36,021 3,143 59,284 3,932

−70,0 28,944 1,616 44,135 2,280 69,403 2,721

−52,5 30,576 1,346 46,592 2,390 73,425 2,786

−35,0 30,765 1,147 47,646 2,174 75,377 2,817

−17,5 29,408 1,135 48,159 1,881 75,428 2,377

0,0 0,000 0,000 0,000 0,000 0,000 0,000

17,5 27,481 1,249 48,303 1,851 74,576 1,979

35,0 26,640 1,331 49,250 1,823 74,220 2,103

52,5 25,321 1,358 49,533 1,903 72,234 2,337

70,0 24,020 1,894 48,564 2,130 68,045 3,029

87,5 15,733 2,470 34,743 3,043 48,205 3,995
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Table 34: Flow Section 3, pressure

Z(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 21,071 2,012 30,443 3,349 52,871 3,866

−70,0 28,415 1,712 42,366 2,519 69,370 2,711

−52,5 30,156 1,191 45,148 2,500 74,088 2,586

−35,0 30,664 1,078 46,967 2,095 76,409 2,437

−17,5 30,458 1,021 48,932 1,890 77,220 2,409

0,0 −3,044 0,725 −5,798 1,006 −2,791 2,062

17,5 28,141 1,071 49,681 1,785 76,517 1,886

35,0 26,741 1,162 49,746 1,684 74,637 1,978

52,5 25,572 1,250 49,908 1,629 72,273 2,229

70,0 24,581 1,760 49,159 1,936 67,894 2,817

87,5 17,295 2,280 37,596 3,150 50,012 4,028

Table 35: Flow Section 4, pressure

Z(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 20,183 2,159 29,899 2,797 50,802 3,968

−70,0 28,001 1,828 43,303 2,314 68,144 2,885

−52,5 30,161 1,188 46,008 2,080 72,196 2,538

−35,0 30,956 1,006 48,485 1,944 75,440 2,749

−17,5 30,677 0,929 50,276 1,809 76,229 2,512

0,0 23,560 1,170 39,957 1,753 61,450 2,256

17,5 28,138 1,021 48,843 1,711 76,823 1,748

35,0 27,073 1,077 48,691 1,612 75,309 1,804

52,5 25,451 1,246 48,758 1,557 72,144 2,097

70,0 22,266 2,230 47,791 1,997 67,913 2,822

87,5 15,783 2,282 34,158 2,880 47,932 3,689
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Table 36: Flow Section 5, pressure

Z(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 18,780 2,237 25,526 3,241 47,394 3,931

−70,0 27,578 2,115 37,813 3,577 67,206 3,301

−52,5 29,487 1,657 43,031 2,730 72,179 2,937

−35,0 30,587 1,395 45,834 2,554 74,595 2,904

−17,5 30,350 1,315 48,162 2,204 76,097 2,947

0,0 25,418 1,407 42,369 2,166 65,348 2,589

17,5 28,244 1,338 48,259 2,232 76,582 2,259

35,0 27,054 1,361 48,750 2,105 74,986 2,363

52,5 25,913 1,532 48,668 1,996 72,378 2,644

70,0 23,004 2,307 47,223 2,433 67,102 3,334

87,5 15,570 2,425 34,104 3,169 47,351 4,187

Table 37: Flow Section 6, pressure

Z(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 17,852 1,977 24,461 2,918 45,636 3,474

−70,0 25,851 2,398 36,340 3,917 64,991 3,382

−52,5 27,698 1,865 42,969 2,728 71,647 2,641

−35,0 29,244 1,441 45,635 2,237 74,796 2,418

−17,5 29,913 0,998 48,055 1,856 74,952 2,691

0,0 25,650 1,022 44,238 1,655 67,701 2,033

17,5 26,773 1,219 47,158 1,839 75,626 1,889

35,0 26,203 1,103 48,419 1,666 74,515 1,858

52,5 24,815 1,351 49,519 1,550 71,370 2,351

70,0 22,692 2,255 47,532 2,140 65,566 2,939

87,5 15,884 2,247 35,179 2,694 44,723 3,526
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Table 38: Flow Section 7, pressure

Z(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 17,784 2,091 26,371 2,904 46,279 3,630

−70,0 23,011 2,810 38,804 3,206 65,404 3,492

−52,5 27,774 1,874 44,418 2,421 73,695 2,388

−35,0 29,678 1,156 47,521 1,994 75,357 2,490

−17,5 29,379 0,807 49,093 1,660 75,281 2,500

0,0 26,150 0,854 45,013 1,415 69,039 1,937

17,5 26,169 0,974 46,350 1,778 74,870 1,800

35,0 26,139 1,078 48,447 1,595 74,747 1,946

52,5 25,762 1,294 48,901 1,519 71,067 2,601

70,0 23,051 1,999 45,695 2,562 62,060 3,932

87,5 17,298 1,953 32,463 2,797 42,908 3,521
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a.6.3 Boundary Layer

Table 39: Boundary Layer, Section BL1, pressure

Z ′(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

0,0 15,234 0,419 28,103 0,624 52,918 0,664

0,5 17,595 0,448 43,751 0,689 61,584 0,667

1,0 31,424 0,496 55,728 0,651 86,802 0,636

1,5 33,156 0,427 56,228 0,664 87,271 0,768

2,0 33,155 0,596 56,446 0,592 86,527 0,764

2,5 32,718 0,453 56,150 0,633 86,406 0,683

3,0 32,776 0,518 55,701 0,635 86,539 0,680

3,5 32,775 0,605 55,977 0,597 86,380 0,748

15,0 29,364 0,542 52,901 0,612 80,093 0,861

Table 40: Boundary Layer Section BL2, pressure

Z ′(mm) P1(m/s) e1(m/s) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

0,0 8,896 0,310 18,046 0,488 30,794 0,535

0,5 19,199 0,449 25,029 0,491 45,606 0,568

1,0 25,745 0,383 39,188 0,507 66,278 0,614

1,5 28,287 0,484 46,201 0,497 73,820 0,539

2,0 29,238 0,331 48,522 0,530 76,130 0,572

2,5 29,227 0,401 48,582 0,535 76,382 0,648

3,0 29,083 0,328 48,968 0,457 76,053 0,658

3,5 29,271 0,330 49,321 0,457 75,861 0,585

15,0 27,528 0,516 49,313 0,523 75,046 0,577



A.6 pressure tables 93

a.6.4 FSI, reinforced

Table 41: FSI reinforced Section 5, pressure

Z(mm) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 35,135 6,547 64,727 8,876

−70,0 34,649 10,231 57,587 11,248

−52,5 27,100 10,749 29,478 15,149

−35,0 19,011 9,656 6,621 13,750

−17,5 21,856 9,814 12,139 10,422

0,0 38,964 7,374 48,286 10,482

17,5 53,804 6,370 79,402 7,762

35,0 58,348 4,813 87,838 5,028

52,5 60,830 3,471 86,184 4,516

70,0 58,414 3,825 80,526 5,196

87,5 39,487 4,503 56,105 6,026

Table 42: FSI reinforced Section 6, pressure

Z(mm) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 34,786 5,874 54,798 8,560

−70,0 39,116 4,933 57,365 8,396

−52,5 39,774 4,884 53,580 7,319

−35,0 42,191 4,791 53,942 7,276

−17,5 46,686 4,602 61,317 7,514

0,0 50,614 4,475 71,676 7,168

17,5 54,098 4,734 78,869 6,627

35,0 56,093 4,577 81,743 6,104

52,5 57,072 4,099 81,398 5,767

70,0 52,958 4,219 75,737 6,347

87,5 33,899 4,389 51,505 6,215
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Table 43: FSI reinforced Section 7, pressure

Z(mm) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 35,371 5,672 54,821 7,146

−70,0 41,052 4,929 59,769 6,370

−52,5 43,328 4,387 61,755 5,954

−35,0 45,760 4,022 64,613 5,971

−17,5 48,963 3,893 69,693 6,186

0,0 51,853 3,977 74,308 6,158

17,5 53,953 4,113 77,882 5,894

35,0 55,436 4,176 79,298 5,602

52,5 54,824 4,213 77,913 5,792

70,0 48,963 4,000 71,215 6,137

87,5 33,863 4,025 51,693 6,052
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a.6.5 FSI, NON reinforced

Table 44: FSI NON reinforced Section 5, pressure

Z(mm) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 36,881 6,383 68,437 8,661

−70,0 35,637 9,417 62,035 10,396

−52,5 28,995 10,529 37,469 14,177

−35,0 24,954 7,899 20,933 12,366

−17,5 29,672 7,414 18,759 10,623

0,0 42,099 7,830 43,825 13,170

17,5 51,831 6,535 73,395 9,656

35,0 55,782 5,252 83,205 6,740

52,5 59,279 3,207 85,642 4,994

70,0 56,941 3,485 80,220 5,323

87,5 38,862 4,449 56,335 6,055

Table 45: FSI NON reinforced Section 6, pressure

Z(mm) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 34,060 5,731 56,146 7,979

−70,0 39,466 4,683 62,349 7,971

−52,5 42,095 4,418 59,015 7,348

−35,0 43,584 4,263 58,135 6,853

−17,5 47,216 4,501 62,749 7,816

0,0 51,043 4,574 70,118 8,421

17,5 53,947 4,478 76,205 7,294

35,0 55,171 4,422 78,655 6,205

52,5 55,165 4,401 77,575 5,983

70,0 51,868 4,154 72,238 6,303

87,5 34,853 4,368 50,603 6,110
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Table 46: FSI NON reinforced Section 7, pressure

Z(mm) P2(m/s) e2(m/s) P3(m/s) e3(m/s)

−87,5 36,435 5,214 55,746 6,914

−70,0 42,919 4,395 62,962 6,322

−52,5 44,880 4,091 64,274 5,600

−35,0 46,223 3,773 66,376 5,699

−17,5 49,340 3,731 69,907 6,158

0,0 51,668 3,750 72,876 6,577

17,5 53,935 3,597 74,695 6,258

35,0 55,104 3,587 75,119 5,804

52,5 53,995 3,673 74,045 5,484

70,0 48,044 3,861 65,875 6,088

87,5 34,295 3,893 49,938 5,713
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